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Editorial on the Research Topic 

Engineering future crops through genome editing


Agriculture is facing increasing challenges driven by population growth, climate change, and sustainability demands. In this context, genome editing has emerged as a transformative approach that enables targeted and efficient improvement of crops, accelerating the transition from traditional breeding to precision agriculture.

CRISPR-Cas systems have revolutionized plant biology by allowing highly precise and versatile modification of plant genomes. These technologies are now applied to a wide spectrum of goals, ranging from enhancing resistance to abiotic and biotic stresses to improving nutritional quality, extending shelf life, and minimizing postharvest losses (Tuncel et al., 2023). The CRISPR toolkit continues to expand with the development of new nucleases such as advanced base and prime editors, as well as AI-mediated engineering of novel Cas variants. In parallel, innovations in delivery methods are beginning to address long-standing bottlenecks in plant transformation, including genotype dependence and low regeneration efficiency, with promising results from in planta transformation and virus-mediated delivery (Tuncel et al., 2025).

Amid these developments, this Research Topic brings together fifteen contributions that showcase the breadth of advances in this rapidly evolving field. The Research Topic spans multiple themes, including abiotic and biotic stress resistance, nutritional improvement, tool innovation, transformation and delivery methods, and regulatory perspectives. Together, these articles highlight both the progress achieved and the challenges that remain in translating genome editing breakthroughs into agricultural practice. In the sections that follow, we synthesize these contributions and discuss how they collectively illuminate the path forward for crop genome engineering.




Enhancing stress resistance

Drought and pathogens are among the most significant constraints on global crop yields. Enhancing resilience to these challenges is essential for achieving stable productivity under deteriorating environmental conditions. The five contributions in this Research Topic highlight how CRISPR-based strategies can be applied to enhance stress resistance in diverse crops through both targeted experimental studies and broader reviews of emerging targets and approaches.

Cap-binding proteins (CBPs), which are central to abscisic acid signaling and RNA processing, have been associated with drought resistance in Arabidopsis (Hugouvieux et al., 2001) and barley (Daszkowska-Golec et al., 2017). In potato, RNAi-mediated suppression of StCBP80 improved drought performance (Pieczynski et al., 2013). Building on this knowledge, Decima-Oneto et al. used CRISPR-Cas9 to generate CBP80-edited potato lines with enhanced drought resistance. This work demonstrates the potential of genome editing in developing drought-resilient potato varieties, with broader implications for other crops.

Among biotic stresses, downy mildew is a major disease that severely reduces grapevine yield. Giacomelli et al. targeted the Downy Mildew Resistance 6 (DMR6) susceptibility genes, which are known to play key roles in pathogen interactions (Thomazella et al., 2021). By simultaneously disrupting DMR6–1 and DMR6-2, the authors were able to produce grapevine plants with reduced susceptibility to Plasmopara viticola, the causal agent of downy mildew. This study shows how genome editing can be applied to perennial fruit crops and highlights the potential for disease resistance by modifying host susceptibility genes.

Complementing these experimental studies, several reviews in this Research Topic provide broader perspectives on CRISPR-based stress resistance. Ton et al. offer a comprehensive survey of CRISPR-Cas applications in Brassica crops, covering abiotic stresses like drought, salinity, and temperature extremes, as well as biotic stresses from diverse pathogens. This review highlights promising gene targets and describes a genome editing workflow for developing resilient cultivars. Park et al. further expand this discussion by examining CRISPR-based mutant library screening as a powerful approach to identify novel immune-related genes with a focus on rice and cotton. Chandrasekaran et al. add another perspective by proposing subtilases as genome editing targets to improve yield and quality, citing their roles in immunity, fruit development, and abscission. They present a phylogenetic analysis of pepper subtilases to highlight potential candidates.





Improving nutritional quality

Beyond yield and stress resilience, consumer-oriented traits such as flavor, allergenicity, and food waste reduction are becoming increasingly important in crop improvement. This Research Topic includes two studies that exemplify these goals, addressing enzymatic browning in wheat and seed protein allergens in soybean.

Polyphenol oxidases (PPOs) drive enzymatic browning, which lowers the quality and marketability of plant products and contributes to food waste. In wheat, PPO activity resulting from grain milling causes progressive browning and discoloration of flour, dough, and other end-products (Taranto et al., 2017). To address this issue, Wold-McGimsey et al. employed a sgRNA targeting a conserved region across seven copies of PPO1 and PPO2 in different wheat cultivars. The edited plants exhibited substantially reduced PPO activity, leading to dough with significantly less browning. This study illustrates how genome editing can improve food quality with direct benefits for consumers and food industry.

Soybean allergenicity can be a concern for consumer health. Among soybean seed proteins, GmP34 is considered a major allergen (Helm et al., 2000). Earlier genome editing efforts mainly focused on disrupting GmP34 (Sugano et al., 2020). Baek et al. expanded this strategy by also targeting the homologous genes GmP34h1 and GmP34h2, which share conserved allergenic peptide motifs with Gmp34. Using multiplex CRISPR-Cas9, they generated single, double, and triple mutants with reduced amounts of the allergenic proteins in the seeds. These edited lines provide the groundwork for future allergenicity testing and development of hypoallergenic cultivars.





Developing novel tools

The effectiveness of plant genome editing relies on advancing the methods and resources that enable precise and efficient editing. Four articles in this Research Topic showcase how innovations in multiplexing, nuclease evaluation, mutational diversity, and computational platforms are expanding the CRISPR toolbox for plant genome editing.

Milner et al. addressed the challenges of multiplexing, a key strategy for targeting multiple genes particularly in polyploid crops. They compared two widely used systems for multiplexing, tRNA processing and ribozyme-based guide delivery, by targeting the same genes in rice, wheat, and barley with identical sgRNAs. Both systems performed similarly in rice, but the tRNA system was more efficient in wheat and barley, providing valuable guidance for multiplexing strategies in cereals.

Building on the need for reliable ways to measure nuclease and sgRNA activity, Cao et al. developed a rapid and accessible hairy root-based assay in soybean. The system uses a ruby reporter for visual identification of transformation-positive roots and was first validated by combining it with Cas9 editing. The authors then applied the assay to engineer and optimize the ISAam1 TnpB nuclease, demonstrating its potential as a compact Cas alternative. Unlike protoplast-based assays, this hairy root platform is simple, doesn’t require sterile conditions, and enables rapid in planta evaluation of nuclease and sgRNA efficiency.

In some species, mutational frequency is limited by low transformation and regeneration efficiencies. Ito et al. explored an alternative strategy to generate mutational diversity in tomato by crossing wild type plant with a T0 line carrying biallelic mutations in the RIPENING INHIBITOR (RIN) gene. The F1 progeny displayed novel edits absent in the parent, indicating that CRISPR-Cas9 activity can persist beyond transformation and generate additional variation through crossing. This strategy offers a practical option for species or cultivars where primary transformation yields few or no desirable edits.

Complementing these experimental advances, Saraswat et al. review the computational tools in genome editing. They summarize databases and tools used for classification and prediction of CRISPR systems, as well as platforms for gRNA design and off-target analysis. Such resources are essential for expanding the CRISPR toolbox and improving the accuracy, efficiency, and predictability of editing outcomes.





Delivery methods

Efficient delivery of genome-editing reagents is highly critical in plant biotechnology, particularly for species that are difficult to transform and regenerate (Chen et al., 2022). This Research Topic features three complementary strategies, including viral delivery of compact nucleases, transgene-free RNP editing, and in planta transformation methods that help overcome these challenges.

One major limitation of virus-induced genome editing (VIGE) is the restricted cargo capacity of viral vectors, which hampers delivery of large nucleases such as SpCas9. Workarounds include infecting Cas9-expressing plants with mobile gRNAs (Ellison et al., 2020) and using compact nucleases (Weiss et al., 2025). In this context, earlier work with potato virus X (PVX) showed that SpCas9 could induce mutagenesis in inoculated Nicotiana benthamiana leaves but failed to achieve systemic editing (Ariga et al., 2020). Ishibashi et al. addressed this by deploying an engineered AsCas12f (about one-third the size of SpCas9) via a PVX vector. This enabled systemic, efficient mutagenesis across infected tissues, demonstrating that compact nucleases can circumvent size limitations and expand the reach of VIGE.

Transgene-free genome editing can ease regulatory hurdles and improve public acceptance. Protoplast transformation with subsequent plant regeneration provides a powerful route, especially for perennial fruit trees with long generation cycles. Citrus is a timely example, as canker disease severely reduces yields. In earlier work, (Su et al., 2023) generated canker-resistant citrus using Cas12a ribonucleoproteins (RNPs) with a single crRNA. In their contribution here, Su et al. extended this strategy by employing three crRNAs targeting CsLOB1, the canker susceptibility gene. While the earlier study primarily produced small indels, the multiplex RNP approach yielded long deletions and inversions, demonstrating the feasibility of RNP-based multiplex editing for more complex edits while remaining transgene-free.

Correia et al. review in planta transformation methods as alternatives to tissue culture for perennial grasses. Perennial grasses can be highly beneficial for sustainable agriculture because of their potential to reduce soil erosion and improve carbon sequestration, and they require less inputs than annuals. However, their transformation is hindered by genotype recalcitrance and low regeneration efficiency, leaving progress behind other crops. The review explores approaches such as meristem-targeted and virus-mediated transformation, and discusses their potential for genome editing and domestication of these crops.





Regulatory policies

Although genome editing technologies and applications are advancing rapidly, regulatory and policy frameworks continue to determine how quickly these innovations reach farmers and consumers. Ricroch et al. provide a global overview of field trials, which are essential for assessing the agronomic potential of new traits under real-world conditions, with genetically engineered and genome-edited crops. Their survey shows that research activity is expanding across multiple crop species and trait categories, reflecting strong scientific momentum. Yet persistent obstacles remain, including regulatory delays and, in some regions, restrictive frameworks that slow or prevent field testing. This study highlights the need for harmonized, science-based regulations to ensure that advances in trait engineering move beyond the lab to support sustainable agriculture and global food security.





Conclusion and future perspectives

The Research Topic Engineering Future Crops Through Genome Editing highlights the rapid progress of plant genome editing across traits, methodologies, transformation approaches, and regulatory perspectives. Together, these contributions showcase how CRISPR is being applied to enhance stress resilience, improve consumer-oriented traits, and expand the editing toolbox for diverse crops.

Despite this momentum, barriers such as transformation and editing efficiency, genotype dependence, and regulatory hurdles remain. Moving forward, continued tool development, integration into breeding pipelines, and progressive policies will be essential to realize the full potential of genome editing for food security, consumer health, and sustainable agriculture.
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The reduction of pesticide treatments is of paramount importance for the sustainability of viticulture, and it can be achieved through a combination of strategies, including the cultivation of vines (Vitis vinifera) that are resistant or tolerant to diseases such as downy mildew (DM). In many crops, the knock-out of Downy Mildew Resistant 6 (DMR6) proved successful in controlling DM-resistance, but the effect of mutations in DMR6 genes is not yet known in grapevine.

Today, gene editing serves crop improvement with small and specific mutations while maintaining the genetic background of commercially important clones. Moreover, recent technological advances allowed to produce non-transgenic grapevine clones by regeneration of protoplasts edited with the CRISPR/Cas9 ribonucleoprotein. This approach may revolutionize the production of new grapevine varieties and clones, but it requires knowledge about the targets and the impact of editing on plant phenotype and fitness in different cultivars.

In this work we generated single and double knock-out mutants by editing DMR6 susceptibility (S) genes using CRISPR/Cas9, and showed that only the combined mutations in VviDMR6-1 and VviDMR6-2 are effective in reducing susceptibility to DM in two table-grape cultivars by increasing the levels of endogenous salicylic acid. Therefore, editing both genes may be necessary for effective DM control in real-world agricultural settings, which could potentially lead to unwanted phenotypes. Additional research, including trials conducted in experimental vineyards, is required to gain a deeper understanding of DMR6-based resistance.
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Introduction

Grapevine (Vitis vinifera L.) is a widely cultivated crop of great economic value; the global area dedicated to viticulture is 7.4 Mha (2019 estimate) to produce table grapes, wines, juices and raisins (Bois et al., 2017). In humid weather, the most devastating disease affecting grapevine is downy mildew (DM), caused by the oomycete Plasmopara viticola.

The use of pesticides as a preventive measure against DM is becoming increasingly unsustainable in terms of cost, human health, and environmental concerns. To substantially reduce chemical treatments, one approach is to breed resistant plants that possess a wide range of resistances. This can be achieved by introducing resistance (R) loci from Vitis spp. other than V. vinifera (reviewed by Vezzulli et al. (2022)). Some Rpv (Resistance to Plasmopara viticola) loci have been identified at the gene level (Feechan et al., 2013; Foria et al., 2020). However, the effectiveness of R loci resistance is typically limited to specific pathogens and can be overcome within a few years after their introgression due to pathogen evolution. Additionally, the success of new DM-resistant varieties is hindered by the wine-making industry’s adherence to traditional cultivars. Another approach to achieving DM-resistance in grapevine is through gene editing, which allows for precise and targeted mutations. Today, this technique holds the potential to generate resistant clones of traditional varieties in a DNA-free manner (Najafi et al., 2022; Scintilla et al., 2022). Moreover, by engineering susceptibility (S) genes such as Downy mildew resistant 6 (DMR6) it becomes feasible to achieve broad-spectrum resistance. Mutations in DMR6 genes provide resistance to oomycetes as well as fungi and bacteria in several horticultural crops as well as tree species including banana, apple, and citrus (de Toledo Thomazella et al., 2021; Hasley et al., 2021; Kieu et al., 2021; Shan et al., 2021; Tripathi et al., 2021; Parajuli et al., 2022).

The susceptibility gene DMR6 encodes a 2-oxoglutarate Fe(II)-oxygenase and functions as negative regulator of immunity. Together with DLO (DMR6-like oxygenase) it was shown to function as a salicylic acid (SA)-hydroxylase (Zhang et al., 2013; Zhang et al., 2017). DMR6 and DLO convert SA to 2,5- and 2,3- dihydroxybenzoic acid (DHBA), respectively, and are key-players in maintaining SA homeostasis during plant growth and response to (hemi-) biotrophic pathogens.

In grapevine, the DMR6-DLO family consists of two highly similar DMR6 (VviDMR6-1 and VviDMR6-2) and three DLO genes (VviDLO1, 2 and 3). A recent network analysis of transcriptionally co-regulated genes revealed that a consistent group of defense-associated genes are co-regulated especially with VviDMR6-1, and that over-expression of VviDMR6-1 restores DM-susceptibility in the Arabidopsis dmr6-1 resistant mutant (Pirrello et al., 2022). Collectively, these data indicate VviDMR6-1 as a favorite candidate to be engineered for DM-resistance, but the contribution of each individual gene of the family remains to be investigated, as well as the effect of mutations on the plant phenotype in different cultivars. SA is also involved in regulating growth and development, and its accumulation tightly regulated in a speciesdependent manner (Van Butselaar, 2023). It is therefore key to understand how SA is regulated in grapevine to exploit DMR6 as a target gene for resistance to biotrophic pathogens. In this work, we generated single and double mutants in grapevine by editing VviDMR6-1 and VviDMR6-2 using CRISPR/Cas9, and showed that combined mutations in VviDMR6-1 and VviDMR6-2 are required to reduce susceptibility to DM in two table-grape cultivars by increasing the levels of endogenous SA.





Material and methods




CRISPR/Cas9 constructs

Guide RNAs to specifically target grapevine DMR6 genes were designed on the Pinot PN4004 reference genome using the CRISPR-P software tool (Lei et al., 2014), cloned into level 1 expression vectors behind the AtU6 promoter, and subsequently into a binary vector (pAGM4723) containing a domesticated Cas9 driven by a double 35S promoter (Nekrasov et al., 2013; Hahn et al., 2020). Backbone vectors for Golden Gate cloning were obtained from the Addgene plasmid repository (www.addgene.org, plasmids 46968, 51144, 49771, 48002, 48003, 48018, 48019, and 48015). Target and PAM site regions were sequenced by Sanger and Next Generation Sequencing (NGS) in the different cultivars to check for absence of polymorphisms. The sgRNAs used in this work were: GCCGATGCTTGCAGGCTCTA (DM1a) and GTCCTTGCCGAGGTCGATTA (DM1b) for the VviDMR6-1 gene (Vitvi16g01336); GGGCTCGATCGTCACAACTC (DM2a), GATGTAGTTCTCCGGCAAAG (DM2b), and GGAGGATTGGAGGGCCACTC (DM2c) for the VviDMR6-2 gene (Vitvi13g01119). Guides DM1a and DM1b were used in the constructs pDM2a and pDM2b, respectively, pDM1a and pDM1b to edit VviDMR6-1 alone; guides DM2a and DM2b were used in the constructs pDM2a and pDM2b, respectively, to edit VviDMR6-2 alone. In addition, vectors for simultaneous expression of two sgRNAs were constructed: pDM1a2a (with guides DM1a and DM2a), pDM1a2b (with DM1a and DM2b), and pDM1a2c (with DM1a and DM2c) to edit simultaneously VviDMR6-1 and VviDMR6-2 (Table S1).





Detection of off-target editing

Possible off-target sites were detected by BLAST search for near matches against the PN40024.v4 assembly in EnsemblPlants (http://plants.ensembl.org) using the sgRNA target sequences as query. dmr6-1 and dmr6-2 mutants included in later phenotypic analyses were sequenced to detect possible off-target mutations in regions with a mismatch of up to two nucleotides with the guide RNAs. Off-target mutations were analyzed by Sanger sequencing and NGS.





Plant material and gene transfer

Embryogenic calli were obtained from cultures of ovaries and anthers of V. vinifera cv. Chardonnay, Merlot, Sugraone, Crimson seedless, Thompson seedless, and microvine 04C023V0006 (Chaïb et al., 2010) according to Martinelli et al. (2001). These calli were cultivated in absence of selection to regenerate the wild type plants used in this work, and in parallel they were transformed by co-cultivation with Agrobacterium tumefaciens EHA105 carrying the proper binary vector, essentially as described by Dalla Costa et al. (2016). Embryogenesis was induced in the dark on NN solid medium (Nitsch and Nitsch, 1969) supplemented with 1 g/L activated charcoal, 45 g/L sucrose, 150 µg/L kanamycin, 1 mg/L timentin, 0.9 µM 6-benzylaminopurine, 11.4 µM indole-3-acetic acid, and 10 µM beta-naphthoxyacetic acid. Depending on the cultivar, embryos were cultivated on NN solid medium, 15 g/L sucrose, and 25 µg/L kanamycin with or without the supplement of hormones (4.5 µM 6-benzylaminopurine and 5 µM indole-3-butyric acid) in the light (16 h photoperiod). Transgenic lines were screened by PCR with NPTii specific primers (GCCAACGCTATGTCCTGATA, and ACAATCGGCTGCTCTGATG). DNA was extracted from edited lines and analyzed by targeted amplicon NGS sequencing: short amplicons containing 5-overhang adapters were generated to make the Illumina libraries (Illumina, San Diego, CA, USA) and reads were analyzed through the CRISPResso platform (Pinello et al., 2016) using standard settings for filtering of low-quality reads and trimming of adapter sequences. In addition, the transgene free dmr6-2 mutants (lines H1D, H1C, H1C1) were obtained via single-cell technology by editing of Crimson seedless protoplasts with the ribonucleoprotein complex: TrueCut Cas9 Protein v2 (Thermo Fisher Scientific, Waltham, MA, USA) and sgRNA DM2c, as described in Scintilla et al. (2022).





Plant growth

Regenerated plants (both wild type and edited) were propagated on NN medium with 15 g/L sucrose and maintained in a climate-controlled chamber: 16 h light photo-period, 23°C, 60% relative humidity (RH). Plants were acclimatized in rooting soil with low percentage of pumice, and grown in a clean environment under LED light (400 µmol photons m−2 s−1 at the plant-tip height, 16 h light photo-period), and then transferred to a greenhouse under natural light conditions. Plants were regularly watered.





DM-assay on leaf discs

P. viticola (Berk. & M.A. Curtis) Berl. & De Toni was propagated on susceptible plants in the greenhouse. Symptomatic plants were placed in the dark at 100% RH overnight to induce sporulation. The inoculum was prepared by suspending sporangia in cold water. Discs were obtained from leaves of untreated and healthy plants, maintained in a growth-chamber (16 h light photo-period, 23°C, 60% RH). Leaf discs (0.8 cm diameter) were cut from the third to ninth leaf of actively growing stems, and laid–abaxial-side up–on four sheets of wet absorbing-paper in Microbox containers (Sac O2, Nevele, Belgium) in the light at 25°C. To account for ontogenic resistance, leaves were grouped according to their age, as determined by their position on the stem. Leaves of the same age group were treated together and compared within the group. Discs were sprayed with suspension of 105 sporangia/mL. Severity—calculated as percentage of the leaf-disc area showing sporulation—and incidence were evaluated at 7 days post inoculation (dpi) with the ImageJ software. The average severity of the wild type was used as internal control within each experiment, and used to normalize data across experiments. The lines used were: A43, and S93 (dmr6-1) M60, and M87 (dmr6-2), M57 (dmr6-1_2) of cv. Sugraone, and D39 (dmr6-1), H1D1 (dmr6-2), M54, M42, O26 and O79 (dmr6-1_2) of cv. Crimson seedless.





In planta DM-assay

Healthy plants were acclimatized to greenhouse conditions, and pruned to synchronize growth. Plants were grown for up to six weeks, and treated weekly (Cydely top, Syngenta); treatments were suspended 10 days prior to the DM-assay. Plants were sprayed with a suspension of 2.5x105 sporangia/mL with the aid of an air-compressor, and left at 100% humidity overnight. Sporulation was induced by 100% RH at 6 dpi. Severity was calculated as percentage of the leaf area showing sporulation on a 10%-step scale. Severity was measured on leaves of different age, inferred by their position on the stem on actively-growing shoots. Two experiments were performed considering multiple lines per genotype and plants of the same age within each experiment. The following plants were considered in the first experiment: 15 Crimson seedless plants including three dmr6-1 (lines D39 and D56); one dmr6-2 (line H1C1), four dmr6-1_2 (lines M42, M43, M54 and O26), and six wild types. In the Sugraone background the following 15 plants were used: three dmr6-1 plants (lines S93 and A93), two dmr6-2 (lines M60, and M87), six dmr6-1_2 (lines N12 and M57), and four wild types. Due to the elevated number of plants, in the second experiment the two cultivars were treated separately; the following 33 Crimson seedless plants were considered: eight dmr6-1 (lines E7, B95, D39, and D56), five dmr6-2 (lines H1C1, and H1D), 14 dmr6-1_2 (lines M42, M54, O26, O79, and P21), and six wild type plants. In the Sugraone background the following 22 plants were used: seven dmr6-1 (lines A43, A50, S93 and A93), three dmr6-2 (lines M60, M86, and M87), seven dmr6-1_2 (lines N12 and M57), and five wild type plants. Data relative to the first two (youngest) leaves were not considered due to variability in density and development of the stomata, and thickness of the cuticle.





Statistical analyses

All DM-severity data analyses were performed in R (R Core Team, 2021) relying on the tidyverse package Wickham et al. (2019). In all cases the measurements of severity (bounded between 0 and 1) were subject to logit transformation prior to statistical modeling (Warton and Hui, 2011). In the case of the in planta DM-assay, only leaves of growing shoots were included in the analysis. The first two leaves were always discarded and the remaining were divided into two groups (< 9, and ≥ 9) to account for their expected difference in susceptibility (ontogenic resistance). The data measured for each leaf were aggregated at the level of the plant by using a Generalized Linear Model (GLM). The estimates of such a model were then used to compare the three edited genotypes against the wild type. Since the data were collected across different experiments, a substantial batch variability is expected. In order to compensate for that, the average transformed severity of each experimental run—which was containing all four genotypes—was set to zero. In the case of the DM-assay on leaf-discs, severity was assessed on the individual discs due to the limited number of plants included in this preliminary investigation. Also in this case, the data were collected across a set of independent experiments, which did not always include the full set of genotypes. In this case, to remove the batch effect, the average transformed severity of the wild type was set to zero. As for potted plants statistical testing was performed by a GLM. SA and DHBA quantification data were log-transformed and tested with one-way parametric ANOVA in Python within the Google Colab platform.





SA determination

DHBAs (including SA) were extracted from leaf discs (0.1 g FW) cut from the 10th and 11th leaf (actively growing stem) of greenhouse-adapted plants, according to Zeilmaker et al. (2015): free DHBAs were extracted in methanol spiked with 100 ng SA4d (Merk KGaA, Darmstad, Germany). DHBAs were analyzed by LC–MS/MS on an ExionLC system interfaced with AB6500+ QTrap with electrospray ionization system (Applied Biosystems/MDS Sciex, Toronto, ON, Canada). All samples were analyzed on a reversed phase ACQUITY UPLC 1.8 m 2.1 × 150 mm HSS T3 column (Waters, Milford, MA, USA) at 40°C and with a mobile-phase flow-rate of 0.28 mL/min using solvents A (0.1% v/v formic acid in water) and B (0.1% v/v formic acid in methanol) in a linear gradient: from 10% B to 100% B in 18 min; 18-20 min, 100% B isocratic; 20–20.1 min, 100–10% B; 20.1–23 min 10% B isocratic. The injection volume was 2 µL. The transitions and spectrometric parameters were optimized individually for each standard (5 µg/mL). The two most abundant fragments, to be used as the quantifier and qualifier, were identified for each compound. The compound-specific instrumental parameters are shown in Table S2. The spray voltage was set at 5500V for positive mode and -4500V in negative mode. The source temperature was set to 500°C, the nebulizer gas and heater gas to 50 and 60 psi, respectively.






Results and discussion




Generation of mutants

Mutant classes are referred to as ‘genotypes’ (e.g. dmr6-1, dmr6-2, dmr6-1_2), the individual transformation products within each genotype as ‘lines’, and non-edited plants as ‘wild type’ (non transformed and regenerated from the same callus as the mutant lines).

Embryogenic calli of six cultivars were transformed, and 994 kanamycin-resistant regenerated plants were sequenced: 236 transformed with pDM1a, 100 with pDM1b, 147 with pDM2a, 198 with pDM2b, 192 with pDM1a2a, 121 with pDM1a2c (Table S1). Among all cultivars, the calli of Sugraone and Crimson seedless were the most regenerative, and therefore those producing the highest number of completely edited plants. We analyzed further only Crimson seedless and Sugraone plants because only in these two cultivars we obtained the full set of completely edited single (dmr6-1, dmr6-2) and double (dmr6-1_2) mutants. Considering that (i) even traces of wild type sectors may mask the phenotype of a recessive mutation, and (ii) genetic chimeras are a common product of callus co-cultivation with Agrobacterium, we relied on NGS to select plants with editing in at least 90% of the reads (blue and green sectors in pies of Figure 1A). The discarded group (orange) included non-edited and heterozygous plants, as well as chimeras with non-edited portions. Only plants edited in over 99% of the reads (blue sectors of pies in Figure 1A) showed a stable genotype in propagated cuttings over time (Figure S1), which we would have missed by relying only on Sanger sequencing for selection of mutants. We refer to these lines as ‘completely edited’; the editing types of completely edited lines selected for further phenotypic analysis are illustrated in Figure 1B. Complete editing of VviDMR6-1 was obtained with both DM1a and DM1b sgRNAs. Editing of VviDMR6-2 with DM2a was effective only in cv. Thompson seedless (Figure 1B, Table S1), while DM2b was virtually ineffective. Conversely, 85% of the screened plants were completely edited (Figure 1A), and mostly mono-allelic when DM2c was used. This guide was used in a ribonucleoprotein complex with Cas9 to edit Crimson seedless protoplasts and to regenerate non-transgenic (DNA-free) dmr6-2 mutants (Scintilla et al., 2022), namely lines H1C, H1D, and H1C1 (Figure 1B).

[image: Five pie charts (A) show editing results for VviDMR6-1 and VviDMR6-2 with sgRNA DM1a, DM1b, DM2a, DM2b, and DM2c. Colors indicate editing levels: completely edited (blue), 90–99% (green), 1–90% (orange), and non-edited (yellow). Corresponding sequences (B) detail specific edits and reference sequences for each sgRNA.]
Figure 1 | Genotype of selected edited plants. (A) Grouping of edited plants based on the fraction of edited reads in NGS sequencing. Completely edited plants were defined as those with more than 99% of edited reads. (B) Editing types of plants selected for phenotypic analysis. Color coding: PAM sequence (gray); Sugraone (blue), Crimson seedless (red), Thompson seedless (black). Non-transgenic dmr6-2 mutants obtained from edited protoplasts are underlined.

Mutants included in phenotypic analyses were checked for possible off-target editing: DM2c produced off-target mutations in VviDMR6-1 in all transgenic dmr6-2 mutants in Crimson seedless—therefore considered double mutants—but not in Sugraone (lines M60, M61, M86, M87), suggesting that editing efficiency depends both on the guide and on the genetic background (Figure 1B).





Reduced susceptibility to DM of dmr6 mutants

Single and double dmr6 mutants in cultivars Crimson seedless and Sugraone were compared to nontransformed wild type plants regenerated from the same calli. The mutants grown and maintained in greenhouse conditions for over one year did not show any evident growth phenotype, and were not distinguishable from non-edited plants (Figure 2).

[image: Two sets of grapevine plants labeled "Crimson S." and "Sugraone" are shown. Each set includes four potted plants with varying growth and leaf density. Plant lines are labeled as wild type, D39, M50, O79, A50, M60, and M57. Genotypes are marked as "wt," "dmr6-1," "dmr6-2," and "dmr6-1_2." The growth difference is visually evident across the genotypes.]
Figure 2 | Images of mutants in two genetic backgrounds: Greenhouse-adapted plants of cv. Crimson seedless and Sugraone. From right to left are the non-edited wild type, and lines of dmr6-1, dmr6-2, and double dmr6-1_2 mutants. Pictures were taken six weeks after pruning, at the time of DM-inoculation.

A preliminary artificial inoculation with P. viticola was performed on detached leaf-discs of young plants (up to 10 leaves on the main shoot, Figure 3A). This experiment suggested that single and double mutants were less susceptible than the wild type in Crimson seedless, while no relevant differences between genotypes was observed in Sugraone (Figure 3A and Figure S2). As expected, we observed a reduction of susceptibility with increasing leaf age (Figure S2).

[image: Chart A shows scatter plots of transformed severity for "Crimson seedless" and "Sugraone" grape genotypes with experiments one, two, and three. Chart B includes box plots comparing transformed severity under two leaf conditions ("Leaf < 9" and "Leaf >= 9") for the same genotypes across experiments one and two. Genotypes are color-coded: wt (blue), dmr6-1 (orange), dmr6-2 (green), and dmr6-1_2 (yellow). Statistical significance is marked in some plots.]
Figure 3 | (A) DM-assay on detached leaf-discs of young plants. Bullets represent the relative severity (logit transformed) of leaf discs at 7 dpi in Crimson seedless and Sugraone collected in three experiments. (B) In planta DM-assay. Boxplots show average severity (logit transformed, colored bullets) of individual greenhouse-adapted plants collected from two inoculation experiments per cultivar. Each experiment included multiple lines per genotype for a total of 85 individual plants, as described in the methods. P values of significant differences are indicated.

To evaluate the effect of mutations in DMR6 genes on DM-resistance with the support of a robust statistical method, we performed two independent in planta inoculation assays on a large number of greenhouse-acclimatized plants (85) including multiple independent lines in both cultivars (Figures 3B, S3), and data were statistically analyzed with a Generalized Linear Model. Plants tested in these experiments were older than those used in the detached leaf-discs assay, and counted up to 30 leaves on the main shoot. The average severity (logit transformed) of each individual plant was calculated for young leaves (<9: 3rd to 9th leaf) and older leaves (≥9), based on their position on actively growing shoots; the data are summarized in boxplots of Figure 3B (grouped by genotype) and Figure S3 (grouped by line). According to the statistical model, only the double mutant dmr6-1_2 always showed a significant reduction in susceptibility to as compared to wild type plants in both cultivars, while DM knock-out mutations in either VviDMR6-1 or VviDMR6-2 were ineffective in obtaining any level of reduced susceptibility (Figure 3B). The reduced susceptibility observed in the double mutant is consistent across experiments, despite the high variability observed–due to different cultivars, lines within each genotype, and plants within each line– especially in older leaves, with P values of 0.01 for Crimson seedless and 0.06 for Sugraone.

Consistently with the experiment on detached leaf-discs performed on young plants, reduced susceptibility of the double dmr6-1_2 is more evident in Crimson seedless than in Sugraone (P values of 0.02 and 0.08, respectively). This suggests that the effectiveness of the simultaneous knock out of VviDMR6-1 and VviDMR6-2 may depend on the genetic background, and will require specific assessment for each cultivar.





The dmr6-1_2 double mutant accumulates higher levels of SA

Previous results in Arabidopsis and tomato (Zeilmaker et al., 2015; de Toledo Thomazella et al., 2021) suggest that improved DM-resistance of dmr6 mutants is due to accumulation of endogenous SA. We therefore measured the content of free SA in leaves of unchallenged plants, and our results indicate indeed a higher accumulation of SA in the double mutant than in the wild type in both cultivars (Figure 4). However, higher levels of SA were not observed in dmr6-1 or dmr6-2 single mutants (Crimson seedless), indicating that elevated SA is only obtained by the double knock out of both DMR6 genes, at least in plants unchallenged by pathogens. This may be due to a partly redundant function of VviDMR6-1, VviDMR6-2 and the three grapevine DLO genes in maintaining SA homeostasis, which will need further investigation.

[image: Box plots compare ng/gFW values for Crimson Seedless and Sugraone cultivars. The Crimson Seedless plot shows data for wt, dmr6-1, dmr6-2, dmr6-1_2, with various colored markers. The Sugraone plot shows wt and dmr6-1_2, with wt consistently lower. Significant differences are marked with asterisks.]
Figure 4 | Quantification of free SA in the two cultivars. Data points represent the SA content in different biological replicates (10th-11th leaf of individual plants) of wt (blue), dmr6-1 (red), dmr6-2 (green) and dmr6-1_2 (yellow) mutants. Different lines within each genotype were analyzed as described in the legend: D39, D56 (dmr6-1), H1D, H1C1 (dmr6-2), O26, P21, O79, M42 (double mutants, Crimson seedless), and M57 and N12 (double mutants, Sugraone). Significantly different groups are indicated by asterisks (**P<0.01).





Concluding remarks

Only the simultaneous knock-out of VviDMR6-1 and VviDMR6-2 is effective in reducing susceptibility to DM–as compared to non-edited plants–and is required to increase the level of endogenous SA, while mutations in either of the individual genes seem ineffective. We therefore conclude that editing of both genes may be required to effectively control DM in the field, implying a possible increase in the chances of unwanted phenotypes. Consequently, additional research including tests in experimental vineyards are needed to better understand DMR6-based resistance. The need for dual mutations to successfully achieve DM-control poses a challenge in obtaining DM-resistant plants through gene editing using the existing DNA-free technology.
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Introduction

Polyphenol oxidases (PPO) are dual activity metalloenzymes that catalyse the production of quinones. In plants, PPO activity may contribute to biotic stress resistance and secondary metabolism but is undesirable for food producers because it causes the discolouration and changes in flavour profiles of products during post-harvest processing. In wheat (Triticum aestivum L.), PPO released from the aleurone layer of the grain during milling results in the discolouration of flour, dough, and end-use products, reducing their value. Loss-of-function mutations in the PPO1 and PPO2 paralogous genes on homoeologous group 2 chromosomes confer reduced PPO activity in the wheat grain. However,limited natural variation and the proximity of these genes complicates the selection of extremely low-PPO wheat varieties by recombination. The goal of the current study was to edit all copies of PPO1 and PPO2 to drive extreme reductions in PPO grain activity in elite wheat varieties.





Results

A CRISPR/Cas9 construct with one single guide RNA (sgRNA) targeting a conserved copper binding domain was used to edit all seven PPO1 and PPO2 genes in the spring wheat cultivar ‘Fielder’. Five of the seven edited T1 lines exhibited significant reductions in PPO activity, and T2 lines had PPO activity up to 86.7% lower than wild-type. The same construct was transformed into the elite winter wheat cultivars ‘Guardian’ and ‘Steamboat’, which have five PPO1 and PPO2 genes. In these varieties PPO activity was reduced by >90% in both T1 and T2 lines. In all three varieties, dough samples from edited lines exhibited reduced browning.





Discussion

This study demonstrates that multi-target editing at late stages of variety development could complement selection for beneficial alleles in crop breeding programs by inducing novel variation in loci inaccessible to recombination.
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Introduction

Polyphenol oxidases (PPO) are di-copper metalloenzymes found in all land plants except the Arabidopsis genus (Tran et al., 2012). PPOs are dual activity enzymes, catalysing the hydroxylation of monophenols to diphenols (tyrosinase activity, Enzyme Commission (EC) 1.14.18.1) and the oxidation of o-diphenols to o-quinones (catechol oxidase activity, EC 1.10.3.1) (van Gelder et al., 1997). Quinones react non-enzymatically with cellular thiol and amine groups to produce melanin pigments, causing browning and discolouration of plant tissues. The active site in the PPO proteins for these reactions includes two highly conserved copper binding domains (CuA and CuB) each with three histidine residues that coordinate interactions between phenols and molecular oxygen (Demeke and Morris, 2002). While their physiological function remains unclear, there is indirect evidence that PPO contributes to biotic stress resistance. Many PPO proteins are localized in the chloroplast and come into contact with their phenolic substrates only following senescence, wounding, or physical disruption. In several plant species, PPO genes are upregulated in response to wounding or pathogen infection, and variation in PPO activity is associated with resistance to bacterial and fungal pathogens (Zhang and Sun, 2021). PPO may also play a role in plant secondary metabolism (Araji et al., 2014; Sullivan, 2014).

For the food industry, PPO activity is generally undesirable because it causes the discolouration of plant tissues and changes in flavour profile during post-harvest processing. A readily observed example is the browning of fresh fruit and vegetables following cutting. In common wheat (Triticum aestivum L.) PPO enzymes released from the aleurone layer of the grain during milling catalyse biochemical reactions that result in the time-dependent darkening and discolouration of flour, dough, and end-use products such as noodles, an undesirable trait for consumers (Taranto et al., 2017). Although this can be mitigated by reducing the flour extraction rate during milling or by using food additives, a more cost-effective approach is to breed wheat varieties with low PPO activity in their grains.

PPO activity in the grain is an amenable trait for wheat breeders, with a broad sense heritability of 0.97 (Baik et al., 1994; Liu et al., 2020). Genetic linkage and association studies consistently find that homoeologous loci on group 2 chromosomes are the most important sources of genetic variation for PPO grain activity (Beecher et al., 2012; Liu et al., 2020; Zhai et al., 2020). Underlying these loci are paralogous PPO1 and PPO2 genes that encode PPO enzymes. The genome of the wheat landrace ‘Chinese Spring’ contains a total of 20 PPO genes, among which the PPO1 and PPO2 genes are notable for their high expression levels during grain development (Liu et al., 2020). Both PPO1 and PPO2 have single homoeologous copies on chromosomes 2A and 2D, but the number of PPO1 and PPO2 genes on chromosome 2B ranges from one to three in different wheat varieties (Table S1). In ‘Chinese Spring’, PPO1 is duplicated on chromosome 2B (PPO1-B1 and PPO1-B2), giving seven PPO1 and PPO2 genes in total at these loci (Liu et al., 2020). On each chromosome, these genes are separated by short physical distances (Figure 1).
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Figure 1 | Position of PPO1 and PPO2 genes on homoeologous group 2 chromosomes of the wheat landrace ‘Chinese Spring’ IWGSC RefSeq v1.1 genome assembly. Gene positions are drawn to scale and homologous genes linked by lines determined using the Triticeae Gene Tribe microhomology tool (Chen et al., 2020). Physical distances between the start of each gene are labelled. PPO genes are named according to guidelines endorsed by the Wheat Initiative (Boden et al., 2023).

Breeding programs can use marker assisted selection to introgress null PPO1 and PPO2 alleles to help develop low-PPO varieties. For example, the ppo-A1i and ppo-D1c alleles are non-functional and confer reduced PPO activity in the wheat grain (He et al., 2007; Hystad et al., 2015). However, to date no natural null alleles have been described for PPO2-A1, PPO2-D1 or for any of the PPO1 or PPO2 genes on chromosome 2B that also contribute to PPO activity (Beecher et al., 2012; Taranto, 2015; Liu et al., 2020). In addition to the close physical distances between genes at these loci, this limited natural variation complicates the recombination of non-functional natural variants for each PPO1 and PPO2 gene using marker assisted selection.

The genome editing tool CRISPR/Cas9 is now routinely used to induce novel variation at specific genetic loci in crop genomes (Gao, 2021). This technology is particularly useful when multiple simultaneous gene knockouts are required. Recently, CRISPR/Cas9 was used to edit three PPO1 homoeologues in the spring wheat variety ‘Fielder’ resulting in significant reductions in PPO activity in the T2 and T3 generations of edited plants (Zhang et al., 2021). The goal of the current study was to edit all seven PPO1 and PPO2 genes in different elite wheat cultivars to drive extreme reductions in grain PPO activity. Long-read genome assemblies were used to inform the design of a CRISPR/Cas9 construct with one sgRNA targeting a region conserved in all PPO1 and PPO2 genes. ‘Fielder’ plants transformed with this construct exhibited significant reductions in PPO grain activity in the T1 and T2 generations. The same construct was used to edit two elite winter wheat varieties, resulting in a reduction in PPO activity of more than 90%, including several individuals with undetectable PPO activity. This study demonstrates that carefully designed CRISPR/Cas9 constructs can be used to edit multi-gene families in polyploid crop species and that direct editing of beneficial alleles during the late stages of elite variety development could complement traditional breeding methods for crop improvement.





Results




PPO1 and PPO2 genes are highly expressed in developing wheat grains

An analysis of a developmental RNA-seq dataset from the wheat landrace ‘Chinese Spring’ showed that among the 20 PPO genes, the seven paralogous PPO1 and PPO2 genes on group 2 chromosomes are predominantly expressed in developing grain tissues (Figure 2). Some PPO1 and PPO2 genes were also expressed in other plant tissues; PPO1-D1 was highly expressed in stem and spike tissues during anthesis while PPO1-B1 transcripts were detected in leaf tissues post-anthesis (Figure 2). By contrast, transcript levels of other members of the PPO family were low in the developing grain and were more highly expressed in vegetative tissues (Figure 2). These results are consistent with previous studies (Liu et al., 2020), demonstrating that wheat PPO genes are developmentally regulated and that PPO1 and PPO2 genes contribute the majority of PPO transcripts in the grain.
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Figure 2 | Expression profiles of 20 wheat PPO genes in different wheat tissues. RNA-seq reads from a hexaploid wheat developmental timecourse (Choulet et al., 2014) were mapped to the IWGSC RefSeq v1.1 wheat reference genome. The developmental stage in each tissue is presented in the Zadoks scale (Zadoks et al., 1974). Expression in transcript per million (TPM) values are scaled for each timepoint using the scale(Data_num) function in the R package pheatmap.





Multi-target PPO1 and PPO2 editing confers significant reductions in PPO grain activity

Based on their expression profile and known association with PPO activity in the grain, all seven PPO1 and PPO2 genes were targeted for knockout by genome editing in the spring wheat variety ‘Fielder’. The ‘Fielder’ genome contains 25 PPO genes (defined by the presence of tyrosinase, DWL and KWDV domains in their encoded proteins), including all 20 PPO genes described in ‘Chinese Spring’ and expansions in PPO gene number on chromosomes 3A and 6B (Table S2). Note that PPO genes have been named based on their phylogenetic relationships in accordance with guidelines endorsed by the Wheat Initiative (Boden et al., 2023) and do not necessarily match earlier publications. Of the seven PPO1 and PPO2 genes in ‘Fielder’, three are predicted to encode non-functional proteins, including a PPO1-A1 allele with a 54-nucleotide deletion in exon 3 not previously described (Table S3).

Alignment of all 25 PPO genes revealed a 38-nucleotide region within the CuB binding domain that shared 100% identity in all seven PPO1 and PPO2 target genes, which was used to design a CRISPR/Cas9 construct to edit all seven genes (See Experimental procedures).

All seven T0 plants regenerated from embryos transformed with the CRISPR/Cas9 construct exhibited different types of induced variation in PPO1 and PPO2 genes 3-4 nucleotides upstream of the PAM, consistent with the typical cleavage sites of Cas9-induced double stranded breaks. Of the seven derived T1 lines, five exhibited significant reductions in PPO activity compared to wild-type ‘Fielder’ (P < 0.01), ranging from a 45.1% reduction in line 81.5a to an 80.7% reduction in line 81.12a (Figure 3A, Table S6). Grain PPO activity in lines 81.8b and 81.16a were not significantly different from wild-type ‘Fielder’ (P >0.05), with the latter line exhibiting higher mean PPO activity than in wild-type ‘Fielder’ (Figure 3A, Table S6).
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Figure 3 | PPO activity in wild-type and edited wheat lines. Mean PPO activity from wild-type, T1 and T2 lines in (A) the spring variety ‘Fielder’ (n = 12 to 18) and (B) the winter varieties ‘Steamboat’ and ‘Guardian’. ‘Ripper’ (high-PPO common wheat), ‘Platte’ (low-PPO common wheat) and ‘Kronos’ (low-PPO durum wheat) were included as control lines (n = 10). **P < 0.01. ***P < 0.001. ns, not significant.

The variation in PPO activity both between and within T1 lines suggests a complex segregation pattern of edited alleles for each target gene. This was reflected in genotypic data from Sanger sequencing of each PPO1 and PPO2 gene. Two different T1 individuals from line 81.5a exhibited examples of different edited alleles of the same target gene (PPO1-D1), biallelic edits (PPO1-A1), and the absence of edits in some target genes (PPO1-D2) (Table S7). Two individuals that exhibited the lowest PPO activity in T1 line 81.5a were selfed to generate T2 lines. Genotyping of selected T2 individuals revealed that they carry a greater number of fixed, non-functional induced alleles than T1 plants (Table S7). Mean PPO activity in these T2 lines was 80.9% and 86.7% lower than in wild-type ‘Fielder’ (P < 0.001) which was greater than the reduction in the corresponding T1 lines and with a lower standard deviation (Figure 3A, Table S6).





Genome editing reduces PPO activity in two elite winter wheat cultivars

The sequence of the sgRNA-PAM is 100% identical in all PPO1 and PPO2 genes in fifteen wheat varieties with assembled genomes (Walkowiak et al., 2020), suggesting this construct can be used to edit PPO1 and PPO2 genes in diverse wheat germplasm. To test this, the editing construct was transformed into the elite winter wheat cultivars ‘Guardian’ and ‘Steamboat’. No genome assembly is available for these cultivars, so PCR amplification was used to confirm the presence of each PPO1 and PPO2 gene. Homoeolog-specific PCR assays for PPO1-B1 and PPO1-B2 consistently failed to generate an amplicon in either ‘Guardian’ and ‘Steamboat’, suggesting the absence of these genes in these varieties. PPO1-B1 and PPO1-B2 were also absent from eight other common wheat genomes (Table S1) likely because the progenitors of these lines did not carry the duplication event that originated these genes (Figure S1).

Two independent T0 ‘Guardian’ plants and one T0 ‘Steamboat’ plant exhibited edits in all five target PPO1 and PPO2 genes, determined by Sanger sequencing. Derived T1 populations from each of these plants all exhibited significant reductions in PPO activity (P < 0.001) ranging from an 80.2% reduction in ‘Steamboat’ line 23.2b to a 91.6% reduction in ‘Guardian’ line 19.2a compared to their respective wild-type controls (Figure 3B, Table S6). The reduction in grain PPO activity was even greater in T2 lines derived from T1 plants exhibiting the lowest PPO activity, including a 96.0% reduction compared to wild-type in ‘Guardian’ line 19.2a.6 and a 92.4% reduction in ‘Steamboat’ line 23.2a.8 (Figure 3B, Table S6). Genotyping of selected individuals confirmed that both T1 and T2 plants carried induced edits in each target gene (Tables S8, S9). Mean PPO activity in these T1 and T2 lines is lower than in the durum wheat ‘Kronos’ (Figure 3B), a genotype that is commonly included as an extremely low-PPO control line and in which only PPO1-A1 and PPO2-A1 encode functional PPO enzymes (Table S10). Furthermore, multiple individuals within these T2 populations exhibited undetectable PPO activity (Table S6), demonstrating that by editing PPO1 and PPO2 genes, it is possible to eliminate grain PPO activity in elite wheat varieties.





Low PPO grain activity confers reduced dough browning

To determine the association between PPO grain activity and browning, the color of dough samples produced from whole-grain flour was evaluated across a 24-hour time course. Dough samples produced from the high-PPO control line ‘Ripper’ exhibited stronger browning than other genotypes, illustrated by low quantitative brightness values across the time course (Figure 4A, Table S11) and by visual assessment at 0 h and 24 h time points (Figure 4D). Dough browning was less pronounced in wild-type ‘Fielder’, consistent with the lower levels of grain PPO activity in this variety (Figure 4A). The ‘Fielder’ T2 edited lines 81.5a.1 and 81.5a.6, which exhibit the greatest reductions in PPO grain activity (Figure 3A), exhibited significantly (P < 0.01) higher brightness values at every time point compared to the wild-type (Figure 4A, Table S11) and at the 24h time point, dough samples were noticeably lighter in edited lines (Figure 4D). Similarly, T2 edited lines in ‘Steamboat’ (Figure 4B) and ‘Guardian’ (Figure 4C) backgrounds exhibited significantly (P < 0.01) higher brightness values at 24 h (Table S11) and less pronounced dough browning compared to their respective wild-type (Figure 4D).
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Figure 4 | Reduced PPO activity is associated with lower dough browning. Brightness (L*) values of dough samples produced from grains of different genotypes in (A) Fielder, (B) Steamboat and (C) Guardian. Wild-type ‘Ripper’ was included as a high-PPO control. (D) Photos of representative dough samples at 0 h and 24 h timepoints from different genotypes.






Discussion




Multi-target genome editing in polyploid wheat

One application of the genome editing tool CRISPR/Cas9 is to simultaneously induce novel genetic variation at multiple loci, including those in the same linkage block. This is especially powerful when targeting multi-gene families such as PPO that are subject to a high rate of gene expansion (Tran et al., 2012). Another recent example is the use of CRISPR/Cas9 to edit multiple ω- and γ-gliadin genes arranged in tandemly duplicated gene clusters (Yu et al., 2023). A growing set of wheat genomes assembled using long-read sequencing data (Walkowiak et al., 2020) facilitates the characterization of this variation and ensures the appropriate design of CRISPR/Cas9 constructs for each target variety. The goal of the current study was to edit all PPO1 and PPO2 genes in different elite wheat varieties to reduce PPO activity in the grain. The ‘Fielder’ genome (Sato et al., 2021) was used to design a sgRNA targeting a region of the highly conserved CuB binding domain that is 100% identical between all seven target PPO1 and PPO2 genes (Figure 5). In addition to facilitating multi-target editing, designing protospacers in a conserved domain increases the likelihood that in-frame deletions or insertions will disrupt gene function. For example, the 15-bp deletion in PPO1-B2 in ‘Fielder’ (Table S7) eliminates the highly-conserved His and Phe amino acid residues that likely play a critical role in PPO enzyme function (Tran et al., 2012). This contrasts with an earlier CRISPR/Cas9 study to edit PPO1 genes that used a sgRNA targeting a genomic region between the conserved CuA and CuB binding domains (Zhang et al., 2021). There are polymorphisms between this protospacer sequence and four of the seven PPO1/PPO2 genes from ‘Fielder’, including four mismatches with PPO2-A1, PPO2-B1, and PPO2-D1 (Table S12). These genes are expressed during grain development (Figure 2) and likely contribute to PPO activity in this tissue (Beecher et al., 2012; Taranto, 2015; Liu et al., 2020) suggesting that null alleles in all PPO1 and PPO2 genes will be required to maximize reductions in PPO activity by editing.
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Figure 5 | A sgRNA designed to target seven PPO1 and PPO2 genes in wheat. The 20-nucleotide protospacer sequence and three nucleotide protospacer adjacent motif (PAM) are indicated. The targeted region encodes the conserved copper binding site II (CuB) domain required for PPO protein function. The codon encoding the third conserved histidine residue (CAC or CAT) is highlighted within the CuB binding domain. Sequence alignments are displayed in 5’-3’ orientation to show the position of the sgRNA, which is designed to the antisense strand. The displayed region is from nucleotides 1,442 to 1,501 based on the distance from the ATG start of the genomic DNA of PPO1-A1 in ‘Fielder’. The protospacer position is 1,462-1,481 on the reverse strand and is preceded by a ‘GGG’ PAM site. Number of mismatches between the protospacer and each target gene is shown to the right of the alignment.

In the current study, wheat plants with extremely low PPO activity in their grains were developed for all three target varieties that carried disruptive mutations in all PPO1 and PPO2 genes, including three individual T2 plants with undetectable PPO activity. These observations suggest that despite the presence of PPO4-D2 transcripts in the developing grain (Figure 2) and genetic studies that identified QTL associated with PPO activity overlapping with PPO3A-1 and PPO7D-1 (Liu et al., 2020; Zhai et al., 2020), other PPO genes do not make a major contribution to PPO activity in the wheat grain. It is interesting to note that while dough brightness was significantly higher in edited lines compared to the wild-type in all varieties, darkening occurred in all samples (Figure 4). This might be accounted for by the presence of residual PPO activity in edited samples, or the involvement of additional factors driving dough browning which will require further investigation (Bhattacharya et al., 1999).





CRISPR/Cas9 design in wheat

It is important to note that while a high rate of editing was achieved using the sgRNA described in the main text, two other sgRNAs targeting a region approximately 150 nucleotides upstream that is also conserved in all seven PPO1 and PPO2 genes exhibited zero editing efficiency in 15 T0 plants screened for edits (Table S4). It is possible that these CRISPR/Cas9 constructs may have induced transgenerational editing in the T1 generation, as observed in previous studies (Wang et al., 2018; Zhang et al., 2021), but this was not evaluated due to the high rate of editing observed with the selected sgRNA. These results strongly suggest major differences in editing efficiencies for sgRNAs targeting DNA sequences in close proximity and that the protospacer sequence composition is critically important for editing efficiency. This is despite the sgRNAs exhibiting comparable “Rule Set 2” (RS2) scores (Table S4), a metric predicting on-target editing efficiency used in CRISPR design tools (Liu et al., 2017a; Cram et al., 2019). This score is derived from models built on empirical editing data from hundreds of constructs used in animal studies (Doench et al., 2016). It is possible that these models do not capture factors that influence editing efficiency in plant species. As the use of CRISPR/Cas9 across different plant species becomes increasingly common, it would be valuable for the plant research community to coordinate editing datasets to develop genus- or species-specific models that can more accurately predict editing efficiency. Highly predictive models would be especially useful when designing editing strategies with a limited number of potential protospacer sequences, such as in multi-target editing or when a highly specific target edit is required.





Physiological role of PPO in wheat

Despite indirect evidence from some species, the physiological role of PPOs in the plant kingdom remains unclear. Unusually for oxidative enzymes, the size of the PPO gene family is highly variable between species and might be driven by clade-specific responses to diverse environmental stresses (Tran et al., 2012). The absence of PPO genes from the Arabidopsis genome shows they are not essential and are unlikely to play a role in primary metabolism, but might instead be involved in either environmental responses or secondary metabolism (Tran et al., 2012). In cereals, it has been suggested that PPO activity in grain tissues may contribute to the biochemical resilience to decay in the dormant seed (Fuerst et al., 2014) and in reducing the incidence of black-point, a condition that reduces the quality and aesthetics of wheat products (Liu et al., 2017b). The edited lines exhibiting extremely low PPO activity are ideal near-isogenic materials to test these hypotheses and to characterize the role of PPO1 and PPO2 genes in field conditions. In addition, lines carrying different combinations of PPO1 and PPO2 null alleles would help determine the extent to which genes in this family exhibit functional redundancy.





Applications in breeding

The protospacer sequence used in the current study is 100% conserved in all PPO1 and PPO2 genes from 17 wheat genome assemblies screened and conferred significant reductions in PPO activity in all three varieties tested (Figure 3), suggesting this approach can be applied in diverse wheat germplasm. This protospacer sequence is also 100% conserved in orthologous PPO1 and PPO2 genes from barley (Hordeum vulgare) (Taketa et al., 2010) and rye (Secale cereale) (Table S13), so could likely be applied in these species by cloning the sgRNA into an appropriate transformation construct. However, the orthologous PPO1 and PPO2 genes from rice (Oryza sativa) (Yu et al., 2008), maize (Zea mays), and millet (Sorghum bicolor) all contained multiple polymorphisms in the protospacer sequence (Table S13). The high conservation of the CuB binding domain in PPO proteins make this region an excellent target for multi-target gene editing in other species, including to generate non-transgenic low-PPO varieties of crops such as mushrooms, potatoes and apples for which RNAi and amiRNA have previously been applied to reduce PPO activity (Murata et al., 2001; Chi et al., 2014; Waltz, 2016; González et al., 2019). This approach may also find application in pea (Pisum sativum) and faba bean (Vicia faba L.) breeding, where natural null PPO alleles conferring a pale hilum colour have been selected in cultivated varieties for their preference by consumers (Balarynová et al., 2022; Jayakodi et al., 2023).

Advances in genotype-independent transformation technologies facilitates genome editing directly in elite wheat cultivars (Debernardi et al., 2020; Wang et al., 2022). Editing PPO1 and PPO2 genes in the late stages of variety development would eliminate the need to select for PPO activity in earlier generations, saving breeders time and resources, expand access to high-PPO wheat germplasm, and maximise profits for growers by ensuring high flour yield and quality for all markets. This trait is likely to be especially desirable for applications using whole white wheat flour which retains a higher proportion of aleurone tissue that is removed during white flour refining. It will be necessary to comprehensively phenotype low-PPO edited wheat plants in the field for any undesirable pleiotropic phenotypes, including biotic stress resistance or secondary metabolism. Crosses have been initiated between edited and wild-type plants to generate individuals segregating for the transgene insertion to select edited, non-transgenic lines to phenotype these materials in replicated field trials.

As the application of different CRISPR-derived tools becomes more efficient in different crops and as laws and regulations in some key markets show some signs of loosening (for example, the recent passage of the Genetic Technology (Precision Breeding) Act 2023 through the UK parliament), the question of which alleles to edit becomes more urgent. Evolutionary selection favours mutations in genes with low pleiotropy, that are expressed in a small number of tissues, and which are predicted to be associated with few biological processes (Stern and Orgogozo, 2008). Reported applications of CRISPR/Cas9 in wheat including the PPO1 and PPO2 genes described here, as well as TaASN2 (Raffan et al., 2023) and glutenin genes (Yu et al., 2023) match this profile. An underexplored source of adaptive mutations are gain-of-function alleles that affect transcriptional regulation (Martin and Orgogozo, 2013) as demonstrated previously (Rodríguez-Leal et al., 2017; Song et al., 2022). Identifying beneficial, non-pleiotropic allelic variants that can be directly edited into elite varieties will be essential to fully exploit the power of genome editing for crop improvement.






Conclusions

Seven PPO genes were edited using one sgRNA in hexaploid wheat to generate plants with extremely low grain PPO activity and reduced dough browning. Directly editing these genes in the late stages of elite variety development may be a complementary approach to accelerate crop improvement, reducing the burden of selecting for multiple loci during early stages of selection. Before these alleles can be deployed in breeding programs, it will be important to assess the performance of low-PPO edited wheat lines in replicated field experiments to understand the impacts on wheat physiology and performance.





Experimental procedures




Plant materials and growth conditions

The common wheat (Triticum aestivum L.) varieties ‘Fielder’, ‘Guardian’, ‘Steamboat’, ‘Ripper’ and ‘Platte’, and the durum wheat (Triticum turgidum subsp. durum Desf.) variety ‘Kronos’ were used in this study. Seeds of ‘Fielder’ were provided by Dr. David Garvin (USDA-ARS, St. Paul, MN) and seeds of all other varieties were provided by the Colorado State University Wheat Breeding Program. Seeds were germinated in Anchor Paper Co. germination paper for 7 days until emergence, then sown into 1-gallon pots, 2 seedlings per pot, containing water-saturated Promix HP Plus Biofungicide and Mycorrhizae potting mix and Osmocote Plus 15-9-12. Two-week-old seedlings of ‘Guardian’ and ‘Steamboat’ were first transferred to plastic bags and vernalized for 6 weeks at 4°C before being transferred to 1-gallon pots. All plants were grown in greenhouse conditions supplemented by light to maintain a 16 h photoperiod. Temperatures were maintained between 22°C and 25°C during the day and between 18°C and 22°C during the night. Plants were treated with pesticides as required.





PPO sequence analysis

Genomic DNA sequence of the 20 PPO genes previously described (Liu et al., 2020) were extracted from the ‘Chinese Spring’ IWGSC v2.0 reference genome (IWGSC, 2018; Zhu et al., 2021) and used as BLASTn queries to identify PPO genes in the assemblies of the spring wheat variety ‘Fielder’ (Sato et al., 2021) and 14 other common wheat varieties (Walkowiak et al., 2020). All PPO genes, including those absent from 'Chinese Spring' but identified in ‘Fielder’, were named following the guidelines endorsed by the Wheat Initiative (Boden et al., 2023). HMMscan was used to confirm the presence of tyrosinase, DWL and KWDV domains in each encoded protein. Microhomology was determined and visualized using the online Triticiae Gene Tribe tool (Chen et al., 2020). The coding sequences of TaPPO1-A1 and TaPPO2-A1 were used as queries in BLASTn searches to identify orthologous PPO sequences from the genomes of Hordeum vulgare (version: MorexV3_pseudomolecules_assembly), Secale cereale (version: Rye_Lo7_2018_v1p1p1), Oryza sativa japonica (version: IRGSP-1.0), Zea mays (version: Zm-B73-REFERENCE-NAM-5.0), and Sorghum bicolor (version: Sorghum_bicolor_NCBIv3).

Expression levels of all PPO genes were calculated from mapping a developmental timecourse RNA-seq dataset (Choulet et al., 2014) to the IWGSC v1.2 genome assembly as previously described (IWGSC, 2018) (Pearce et al., 2015). Derived transcript per million (TPM) values were displayed as a heatmap using the R package “pheatmap” and scaled for each timepoint using the function “scale(Data_num)”.





CRISPR/Cas9 plasmid assembly and transformation

The CRISPR design tools CRISPR-P (Liu et al., 2017a) and wheatCRISPR (Cram et al., 2019) were used to support sgRNA design, incorporating “Rule Set 2” scores to estimate editing efficiency (Doench et al., 2016) and scanning the wheat genome to identify potential off-target editing effects. The protospacer was selected based on its high RS2 score, 100% identity to all seven target PPO1 and PPO2 genes and low predicted off-target activity in other genes in the wheat genome (Figure 5, Table S4). No off-target effects are predicted in the protein-coding region of any other gene in the wheat genome and while the promoters of eight genes are potentially targeted, each had at least three mismatches with the protospacer sequence (Table S5). A single G nucleotide was added to the start of the 20 nucleotide protospacer sequence, and the 21-nucleotide sequence (GCGTGGTGCGCGAAGAAGATG) was synthesized as overlapping, complementary oligos with overhanging 5’ and 3’ ends complementary to the insertion site of the target vector. The JD633 vector (Debernardi et al., 2020) was digested with AarI and the hybridized oligos were inserted by Golden Gate cloning. This sgRNA was integrated immediately downstream of the U6 promoter. The vector also contains ZmUbi1::SpCas9 and TaGRF4:TaGIF1 coding sequences which confer improved regeneration rates in transformed callus tissue (Debernardi et al., 2020). Ligated vectors were confirmed by Sanger sequencing and transformed into DH5-α Escherichia coli cells from which purified plasmid DNA was extracted. After confirming sequence insertion and integrity by Sanger sequencing, plasmid DNA was transformed into Agrobacterium tumefaciens strain AGL1 by heat shock and transformed into each wheat genotype using embryo transformation as described previously (Hayta et al., 2021).





Genotyping

Leaf tissue was harvested from regenerated plants after they had been moved to wheat rooting and growth media (Hayta et al., 2021) and had developed a minimum of 3 leaves at least 4 cm in length. DNA was extracted using the standard CTAB extraction method (Allen et al., 2006) and normalized to 200 ng/µL. Putative transgenic plants were validated by PCR assays to amplify two fragments of the transformed plasmid using the primers listed in Table S14. To characterize induced edits, homoeolog-specific PCR assays were designed to amplify each of the seven target PPO1 and PPO2 genes (Table S14). Because of variation in the target sequence, assays for PPO1-D1 and PPO2-D1 were customized for different genotypes.

Each PCR consisted of 2.5 µL 10X Standard Taq Reaction Buffer (NEB, Ipswich, MA, USA), 0.5 µL 10 mM dNTPs (Invitrogen, Life Technologies, Carlsbad, CA, USA), 0.5 µL 10 µM Forward Primer, 0.5 µL 10 µM Reverse Primer, 5 µL Template DNA (50 ng/µl), 0.125 µL Taq DNA Polymerase (NEB, Ipswich, MA, USA) and nuclease-free water to a total reaction volume of 25 µL. For some reactions, HotStarTaq DNA polymerase (Qiagen, Hilden, Germany) was used, using the appropriate buffers and heat activation thermocycler steps recommended by the manufacturer. Reactions were run on a thermocycler using the following conditions: 95°C 5 min; 40 cycles of 95°C 30 s, 55-65°C 30 s, 68°C 30 s – 2 min; 72°C 7 min. Annealing temperature and extension time varied by PCR assay and are described with the corresponding primers in Table S14. Selected PCR amplicons were purified using ExoSAP-IT™ PCR Product Cleanup Reagent (Thermo Fisher Scientific, Waltham, MA, USA) and sequenced with Sanger sequencing (Genewiz, Azenta Life Sciences).





Phenotyping

PPO content was assessed using the L-DOPA method (AACC International Method 22-85.01) using mature harvested wheat grains from greenhouse-grown plants. For each genotype, 5 kernels were placed into a 2 mL microcentrifuge tube before adding 1.5 mL of a solution of 5 mM L-DOPA solution in 50 mM MOPS (pH 6.5). The tubes were sealed, then rotated at 10 rpm for two hours to allow oxygen into the reaction. Absorbance of the resulting solution was measured using 1 mL of sample in a spectrophotometer set to measure at 475 nm using L-DOPA solution as a zero sample. Grains from three other wheat varieties harvested from field experiments in the Colorado State University wheat breeding program were included as controls: ‘Kronos’, as an extremely low PPO sample, ‘Ripper’, as a high PPO control, and ‘Platte’, as a low PPO control. Seeds from untransformed wild-type plants of ‘Guardian’, ‘Steamboat’ and ‘Fielder’ were used as comparisons for the corresponding edited lines. The number of replications used for each genotype is listed in Table S6. To determine the significance of differences between lines, pairwise two-tailed Student’s t-tests were applied.

To evaluate the association between PPO grain activity and browning, the color of dough samples produced from whole grain flour were evaluated across a 24-hour time course based on the protocol described by Brütsch et al. (2018). For selected lines, five biological replicates were used, each consisting of grain from three different T3 individual plants. Grains were milled using a Cyclone sample mill (UDY Corporation, Fort Collins, CO, USA) to produce 4 g of whole-grain flour which was mixed with sterile water to 40% wb for three minutes using a Mixograph (National Manufacturing, Lincoln, NE, USA). The dough was pressed between two petri dishes to obtain a uniform, 2 mm thick disc. Dough color was measured at seven timepoints (0 h, 30 min, 1 h, 2 h, 4 h, 8 h and 24 h) using a Minolta CR-300 chromameter (Minolta Camera Co., Ltd., Tokyo, Japan) set to measure the International Commission on Illumination (CIE) L*a*b color space. Between measurements, the dough samples were kept in sterile petri dishes sealed with parafilm and stored at 22°C. Pairwise two-tailed Student’s t-tests were performed to determine differences in brightness (L) values between wild-type and edited lines of each variety. Photographs were taken of representative dough samples at 0 h and 24 h timepoints.
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Introduction

Citrus canker, caused by Xanthomonas citri subsp. citri (Xcc), is a devastating disease worldwide. Previously, we successfully generated canker-resistant Citrus sinensis cv. Hamlin lines in the T0 generation. This was achieved through the transformation of embryogenic protoplasts using the ribonucleoprotein (RNP) containing Cas12a and one crRNA to edit the canker susceptibility gene, CsLOB1, which led to small indels.





Methods

Here, we transformed embryogenic protoplasts of Hamlin with RNP containing Cas12a and three crRNAs.





Results

Among the 10 transgene-free genome-edited lines, long deletions were obtained in five lines. Additionally, inversions were observed in three of the five edited lines with long deletions, but not in any edited lines with short indel mutations, suggesting long deletions maybe required for inversions. Biallelic mutations were observed for each of the three target sites in four of the 10 edited lines when three crRNAs were used, demonstrating that transformation of embryogenic citrus protoplasts with Cas12a and three crRNAs RNP can be very efficient for multiplex editing. Our analysis revealed the absence of off-target mutations in the edited lines. These cslob1 mutant lines were canker- resistant and no canker symptoms were observed after inoculation with Xcc and Xcc growth was significantly reduced in the cslob1 mutant lines compared to the wild type plants.





Discussion

Taken together, RNP (Cas12a and three crRNAs) transformation of embryogenic protoplasts of citrus provides a promising solution for transgene-free multiplex genome editing with high efficiency and for deletion of long fragments.





Keywords: CRISPR/Cas12a, genome editing, non-transgenic, inversion, Xanthomonas, CsLOB1, disease resistance





Introduction

CRISPR/Cas-mediated genome editing has shown enormous potential in genetic improvements of crops. It has been used to improve disease resistance, yield, quality, and tolerance against abiotic stress among others (Zhu et al., 2020). For the adoption of the genome-edited crops, the plants are usually required to be transgene-free to address the public concerns and regulatory issues (Turnbull et al., 2021). In addition, other putative impacts have also been reported to result from transgenic expression of CRISPR/Cas including unintended genome editing owing to the consistent expression of CRISPR/Cas and disruption of gene functions at the insertion site (O'Malley and Ecker, 2010; He et al., 2018; Sturme et al., 2022). Most genome-edited plants were generated via Agrobacterium-mediated transformation resulting in transgenic plants. For the transgenic genome-edited plants, foreign genes can be removed relatively easily for annual crops by segregation through selfing or backcrossing (Bhattacharjee et al., 2023) and using a transgene-killer strategy (He et al., 2018). In addition, multiple technologies have been reported to generate transgene-free genome-edited plants in the T0 generation. For instance, transient expression of ribonucleoproteins of Cas9/gRNA or Cas12a/crRNA, as well as CRISPR/Cas DNA and RNA have been successfully used to generate transgene-free genome edited Arabidopsis thaliana, tobacco, lettuce, rice, wheat grape, apple, soybean, and cabbage (Woo et al., 2015; Malnoy et al., 2016; Svitashev et al., 2016; Zhang et al., 2016; Kim et al., 2017; Liang et al., 2017; Murovec et al., 2018). Viral vectors have also been used to generate transgene-free plants (Ma et al., 2020).

Citrus is one of the top three tree crops worldwide. Traditional citrus breeding usually takes 20-30 years owing to the long juvenility (Gmitter et al., 2012). Cas9/sgRNA was firstly used for citrus genome editing in 2013 (Jia and Wang, 2014a). Significant progress in citrus genome editing has since been made (Jia and Wang, 2014b; Jia et al., 2016, Jia et al, 2017; Leblanc et al., 2017; Peng et al., 2017; Zhang et al., 2017b; Jia et al., 2019; Zhu et al., 2019; Zou et al., 2019; Dutt et al., 2020; Huang et al., 2020;Huang et al., 2021; Jia et al., 2022; Mahmoud et al., 2022). It was reported that the biallelic/homozygous mutation rates was 89% for Carrizo citrange and 79% for Hamlin sweet orange via Agrobacterium-mediated transformation of epicotyls (Huang et al., 2021). Interestingly, genome editing via hairy root genetic transformation using Agrobacterium rhizogenes has also shown promises (Irigoyen et al., 2020; Ma et al., 2022; Wang et al., 2023).

CRISPR/Cas genome editing has successfully improved disease resistance against citrus canker by mutating LOB1, the canker susceptibility gene (Hu et al., 2014; Jia et al., 2016, Jia et al, 2017; Peng et al., 2017; Huang et al., 2021). Citrus canker caused by Xanthomonas citri pv. citri (Xcc) is arguably one of the top two citrus diseases in the world (Gottwald et al., 2002; Ference et al., 2018). The LOB1-edited pummelo, grapefruit, and sweet orange all showed no canker symptoms when inoculated with Xcc (Jia et al., 2016, Jia et al, 2017; Peng et al., 2017; Huang et al., 2021;Huang et al, 2022;Jia et al., 2022). Importantly, we have generated transgene-free canker resistant C. sinensis cv. Hamlin through transformation of embryogenic protoplasts with Cas12a/crRNA RNP (Su et al., 2023). In addition, a co-editing strategy based on Agrobacterium transformation has also been successfully used to generate transgene-free genome edited pummelo (Huang et al., 2023) and sweet orange (Jia et al., 2024).

In a previous study, one crRNA was used to guide the genome editing of the canker susceptibility gene LOB1 to generate transgene-free canker-resistant C. sinensis cv. Hamlin (Su et al., 2023). The mutations were mostly short deletions. Multiple gRNAs have been used to improve genome editing efficiency and generate long deletions (Xie et al., 2015). Here, we have conducted genome editing of the LOB1 gene in C. sinensis cv. Hamlin using three crRNAs through transformation of embryogenic protoplasts with Cas12a/3 crRNAs RNP. Three crRNAs indeed achieved high genome editing efficiency, led to multiplex genome editing, long deletions as well as inversions.





Materials and methods




Citrus plants and cell culture conditions

C. sinensis seedlings were grown in a greenhouse at the Citrus Research and Education Center in Lake Alfred, Florida. Embryogenic callus lines originating from immature ovules of C. sinensis cv. Hamlin were established and maintained using the Murashige and Tucker (1969, MT) medium (PhytoTech Labs, Lenexa, KS, USA). This medium was supplemented with 5.0 mg/L of kinetin (KIN) and 500 mg/L of malt extract. Meanwhile, the suspension cell culture of C. sinensis cv. Hamlin was maintained in darkness at 22°C and sub-cultured biweekly. The cultivation medium was the H+H medium (Omar et al., 2016a). After 7-10 days following subculturing, the suspension cells were used for protoplast isolation.





Protoplast isolation

Protoplast isolation was conducted as described previously (Su et al., 2023). Briefly, embryogenic C. sinensis cv. Hamlin protoplasts were isolated from the suspension cells with digestion solution (2.5 × volume BH3 (Omar et al., 2016a) and 1.5× volume enzyme solution (0.7 M mannitol, 24 mM CaCl2, 6.15 mM MES buffer, 2.4% (w/v) Cellulase Onozuka RS (MX7353, Yakult Honsha, Minato-ku, Tokyo, Japan), 2.4% (w/v) Macerozyme R-10 (MX7351, Yakult Honsha), pH 5.6) for 16-20 hours at 28°C. The digested protoplast mixture was then filtered with a 40 μm cell strainer (431750, Corning, Durham, NC, USA) into a 50 mL Falcon tube, which were centrifuged at 60 g for 7 min. The pellets were resuspended with BH3 medium to rinse the protoplast. After repeating the washing step, the protoplasts were resuspended in 2 mL BH3 medium and diluted to 1 ×106 cell/mL and kept in dark at room temperature for 1 hour.





Transformation of embryogenic citrus protoplasts and plant regeneration

Protoplast transformation with RNP and plant regeneration were conducted as previously described (Omar et al., 2016a; Liu et al., 2023). Briefly, for RNP assembly, 0.81 nmol LbCas12U protein and 0.45 nmol of each of three crRNAs were assembled in 1 x Nuclease Reaction Buffer (NEB). Protein and crRNAs were mixed and incubated for 10 min at room temperature. For transfection, 1 mL protoplast cells, preassembled RNP, and 1 mL PEG-CaCl2 (0.4 M mannitol, 100 mM CaCl2, and 40% PEG-4000) were mixed and kept at room temperature for 15 min in dark followed by washing with BH3 medium twice. Transfected citrus protoplast cells were kept in liquid medium (1:1:1 (v:v:v) mixture of BH3 and EME sucrose 0.6 M and EME sucrose 0.15 M) for 3 – 4 weeks at 28°C in dark without shaking. Then citrus cells were transferred to EME sucrose medium supplemented with 1:2 mixture of BH3 and EME maltose 0.15 M and kept at 28°C for 3–4 weeks in dark. Calli were regenerated from protoplasts and transferred to EME maltose solid medium supplemented with 1:2 mixture of BH3 and EME maltose 0.15 M and kept at 28°C in dark for 3 – 4 weeks to generate embryos. Embryos were transferred to EME maltose solid medium and kept at room temperature under light for 3 – 4 weeks, and then to solid EME1500 medium and kept at room temperature under light for 3 – 4 months to generate shoots. Small plantlets were transferred to MS medium and kept at room temperature for 3 – 4 weeks. The regenerated shoots were micro-grafted onto Carrizo citrange rootstock in liquid media and kept in tissue culture room at 25°C under light for 3 – 4 weeks, grown in stonewool cubes in a growth chamber at 25°C under light for 1 month, then planted in soil.





Mutation identification and off-target test

Genomic DNA was isolated from leaves of both wild-type and cslob1-edited lines of C. sinensis cv. Hamlin. The Supplementary Table S1 lists the primers employed in the PCR. For PCR amplification, the CloneAmp HiFi PCR Premix (639298, TakaraBio USA, San Jose, CA, USA) was utilized, in accordance with the manufacturer’s guidelines. The amplification procedure consisted of an initial step at 98°C for 30 seconds, followed by 40 cycles at 98°C for 10 seconds, 54°C for 10 seconds, and 72°C for 45 seconds. A final extension was performed at 72°C for 5 minutes. The resulting PCR amplicons were cloned and subjected to sequencing employing the amplifying primers. The cloning was conducted using the Zero Blunt TOPO PCR Cloning Kit (450245, Thermo Fisher, San Jose, CA, USA), followed by transformation into Stellar Competent Cells from Takara. For the amplification and Sanger sequencing of single colonies, M13-F (GTAAAACGACGGCCAGTG) and M13-R (CAGGAAACAGCTATGACC) primers were used.

The off-target candidate sites sequences were listed in Supplementary Table S1. The off-target sites were predicted using CRISPR-P 2.0 program (Liu et al., 2017). Then the predicted off-target sites with TTTV PAM site were further confirmed as off-target candidate sites and aligning target sequence with whole genome using BLAST program. Based on the whole genome sequencing mapping results, mutations of off-target sites were detected using the SAMtools package version 1.2 and deepvariant program version 1.4.0. There were no any off-target mutations detected in mutated plants.





DNA library construction, sequencing, and data analysis

Following the manufacturer’s protocol of short read DNA sequencing from Illumina, the library was prepared. 150-bp paired-end reads were generated using the Illumina NovaSeq 6000 platform according to the manufacturer’s instructions at Novogene, China. The raw paired-end reads were filtered to remove low-quality reads using fastp program version 0.22.0 (Chen et al., 2018b). On average, more than 17.21 Gb of high-quality data was generated for each edited sweet orange lines (Supplementary Table S2). To identify the mutations (single nucleotide polymorphisms, deletions and insertions) in the edited plant genomes, high quality paired-end short genomic reads were mapped to sweet orange (Wang et al., 2021) reference genome using Bowtie2 software version 2.2.6 (Langmead and Salzberg, 2012). Based on the mapping results, mutations were identified using the SAMtools package version 1.2 (Li et al., 2009) and deepvariant program version 1.4.0 (Poplin et al., 2018) The identified mutations were filtered by quality and sequence depth (mapping quality > 10 and mapping depth >10). The mutations of target sites were visualized using IGV software version 2.15.4 (Robinson et al., 2011).





Quantitative reverse-transcription PCR

Xcc strain 306 was infiltrated into wild type C. sinensis cv. Hamlin and transgene-free cslob1 mutants at the concentration of 1 × 107 cfu/mL. The infiltration areas of the leaf samples were collected at 9 days post-inoculation (dpi) for RNA isolation. Four biological replicates were used, each leaf is one biological replicate. Total RNA was extracted by TRIzol Reagent (15596026, Thermo-Fisher) following the manufacturer’s instructions. cDNA was synthesized by qScript cDNA SuperMix (101414, Quantabio, Beverly, MA, USA). Primers used for qRT-PCR were listed in Supplementary Table S1. Briefly, qPCR was performed with QuantiStudio3 (Thermo-Fisher) using SYBR Green Real-Time PCR Master Mix (4309155, Thermo-Fisher) in a 10 μL reaction. The standard amplification protocol was 95°C for 3 min followed by 40 cycles of 95°C 15 s, 60°C for 60 s. The CsGAPDH gene was used as an endogenous control. All reactions were performed in triplicate. Relative gene expression and statistical analysis were calculated using the 2-ΔΔCT method (Livak and Schmittgen, 2001). qRT-PCR was repeated twice with similar results.





Microscopy assay

The infiltration areas of Xcc-infiltrated leaves and non-Xcc-infiltrated leaves from both the wild type C. sinensis cv. Hamlin and the cslob1 mutant were carefully excised using sterilized blades. These excised portions were fixed using 4% paraformaldehyde for a minimum of 2 hours. Subsequently, the specimens underwent a dehydration process before embedded into paraffin chips. The paraffin-embedded chips were cut using a Leica 2155 microtome. Each section was crafted to a thickness of 8 μm. These thin ribbons were positioned onto glass slides and incubated at 37°C overnight to ensure proper heat fixation. Following this, a process of dewaxing and rehydration was performed. The slides were subsequently stained using a 0.05% toluidine blue solution for 30 seconds. After staining, they were rinsed in ddH2O, subjected to dehydration, and then a drop of mounting medium was added before covering with a coverslip. Once the mounting medium had solidified, photographs of the slides were captured using the Leica LasX software (Leica Biosystems Inc., Lincolnshire, IL, USA). These images were taken under a bright-field microscope (Olympus BX61; Olympus Corporation, Shinjuku City, Tokyo, Japan).





Xcc growth assay

For Xcc infiltration assay, the pictures were captured at 9 days after infiltration. For Xcc spraying assay, Xcc strain 306 was spraying onto wild type C. sinensis cv. Hamlin and transgene-free cslob1 mutants at the concentration of 5 × 108 cfu/mL. and the leaves were punctured with syringes, creating 8 wounds/leave before spray. After spraying, the plants were covered with plastic bag to maintain the humidity for 24 hours. Images were taken at 18 days after spray. Leaf discs with a diameter of 0.5 cm were collected from the leaves of the plants and leaf discs were ground in 0.2 mL of sterilized H2O. To facilitate the assessment of bacterial concentration, serial dilutions of the grinding suspensions, each amounting to 100 μL, were meticulously spread across NA plates (dilutions ranging from 10-1 to 10-6). Bacterial colonies were counted after 48 h and the number of CFU (colony-forming units) per cm2 of leaf disc was calculated and presented with Prism GraphPad software.





Quantification of H2O2 concentration

H2O2 concentration measurement was conducted (Sels et al., 2008; Liu et al., 2023). Briefly, four 0.5-cm-diameter leaf disks from the same leaf that had been injected with water or Xcc (1 × 107 cfu/mL) were pooled and stored in a 1.5 mL tube with 0.5 mL of double-distilled (DD) water. The samples were rotated on a platform at 20 rpm for 30 min, and ddH2O was replenished with fresh ddH2O. Samples were incubated for an additional 6 h on a rotating platform at 20 rpm. H2O2 concentration was quantified in the supernatants using the Pierce Quantification Peroxide Assay Kit (23280, Thermo Fisher Scientific, Waltham, MA, USA).





Data availability

The raw reads of genome resequencing for sweet orange plants generated in this study were deposited in the NCBI Bioproject database under the accession number PRJNA1077621. The reference genome of sweet orange was downloaded from Citrus Pan-genome to Breeding Database [http://citrus.hzau.edu.cn/index.php].






Results




Genome editing efficacy via Cas12a/crRNAs RNP using 3 crRNAs

For evaluating the gene-editing efficacy via Cas12a/crRNAs RNP using 3 crRNAs, we targeted the CsLOB1 gene (canker susceptibility gene) by designing three crRNAs. The three crRNAs were located at the promoter region (crRNA1), exon1 region (crRNA2), and exon2 region (crRNA3) (Figure 1A). LbCas12aU/3 crRNAs RNP mixture was transfected into C. sinensis cv. Hamlin protoplast cells via PEG-mediated protoplast transformation (Omar et al., 2016b; Su et al., 2023). The DNA samples of transfected protoplast cells at 3 days post transformation (DPT) were isolated and PCR-amplified. The corresponding PCR products were shorter than wild type Hamlin (Figure 1B), which indicated long deletion in the CsLOB1 gene caused by the Cas12a/3 crRNAs RNP transformation. The short DNA band (Figure 1B) was cut and subjected to colony PCR and Sanger sequencing. All eight colonies were confirmed to harbor different long deletions (Figure 1C).
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Figure 1 | Schematic representation of 3 crRNAs targeting CsLOB1 gene and evaluation activity of Cas12a RNPs containing three crRNAs in C. sinensis cv. Hamlin protoplast at 3 days post transformation (dpt). (A) The schematic representation of the CsLOB1 gene and crRNAs. EBE: effector-binding element. Line fragments indicate introns. The PAM (protospacer adjacent motif), either TTTC or GAAA, is highlighted in red. The corresponding crRNAs’ location are labeled below the crRNA sequence. The space between promoter region and the start codon is ‘0’. (B) Gel picture of CsLOB1 PCR product amplified from protoplast at 3 days post transformation (dpt). Electrophoresis was performed using a 2% agarose gel. The bands enclosed in the red box correspond to long deletion PCR products, which were subsequently excised, purified, and employed for ligation and colony PCR. (C) Sequencing results of colonies from PCR products that were excised from the red box region in panel (B). Among the 8 sequencing reactions, all revealed distinct long deletions associated with crRNAs. “-” indicates deletion at target sites.





Transgene-free genome editing of the CsLOB1 gene in C. sinensis cv. Hamlin

Next, we employed Cas12a/crRNAs RNP to generate transgene-free canker-resistant C. sinensis cv. Hamlin by editing both promoter region and coding region with 3 crRNAs (Figure 1A). Approximately 9 to 15 months post transformation, we obtained a total of 10 individual regenerated lines from transformed embryogenic citrus protoplasts (Table 1). The 10 regenerated lines exhibited normal growth characteristics akin to the wild type (Figure 2A). Sanger sequencing analysis and whole genome sequencing demonstrated that the 10 lines were mutated in the CsLOB1 gene (Figure 2B, Supplementary Figure S1–S20). Among them, 7 lines (#1, 2, 3, 6, 7, 11 and 12) contained biallelic mutations (Table 1). Three lines (#4, 8, and 13) were chimeric (Table 1). Nevertheless, all the edited lines showed 100% mutation rate regardless of being biallelic or chimeric.

Table 1 | Summary of transgene-free CsLOB1-edited C. sinensis cv. Hamlin plants generated by LbCas12a-CsLOB1(3crRNAs) transformation of embryogenic protoplasts.
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Figure 2 | Identification of transgene-free cslob1 mutants of C. sinensis cv. Hamlin via Sanger sequencing. (A) Transgene-free cslob1 mutants of C. sinensis cv. Hamlin were grafted on Carrizo citrange (Poncirus trifoliate × Citrus sinensis) rootstock and kept in greenhouse. The genotypes of the mutants were shown. Wild type Hamlin generated from seed was grafted on the same rootstock as a control. The pictures were taken 20 months after potting. (B) Representative sequencing chromatogram results of transgene-free cslob1 mutant line 1, which has -3 bp, -10 bp, and -2 bp deletions in type I allele and -2 bp, -7 bp, and -15 bp deletions in type II allele. “-” indicates deletion at target sites.

Notably, 5 of the 10 lines contained long deletions, among which 3 lines displayed large inversions (Table 1). Two distinct types of large sequence inversions were identified (Figure 3, Supplementary Figures S5, S10, S12). One type (e.g., line 6) involved a large deletion (over 100 bp) between two target sites, followed by inversion (Figure 3A, Supplementary Figure S5), while the other type (e.g., line 12) displayed a short deletion occurring at three target sites, followed by inversion (Figure 3B, Supplementary Figure S10).
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Figure 3 | The representative genotypes of inversion events in the cslob1 mutants. (A) Type I allele contains inversion in line 6. The three crRNAs resulted in a deletion of 119 bp between the crRNA1 and crRNA2 sites and a deletion of 18 bp at the crRNA3 site. A large fragment as indicated by two arrows was inverted and ligated between the crRNA1 and crRNA3 sites. (B) Type I allele contains inversion in line 12. The three crRNAs resulted in deletions of 4 bp at the crRNA1 site, 7 bp at the crRNA2 site and 6 bp at the crRNA3 site. A large fragment as indicated by two arrows was inverted and ligated between crRNA1 and crRNA3 sites. “-” indicates deletion at target sites.

To assess potential off-target mutations, we employed the CRISPR-P v2.0 program (Liu et al., 2017) to identify putative off-target sites with up to 4 nucleotides mismatches with the TTTV PAM site within the citrus genome for the three crRNAs. The analysis revealed zero off-target candidate sites for crRNA1, two candidate sites for crRNA2, and one candidate site for crRNA3 (Supplementary Table S1). However, off-target mutations were not identified via whole-genome sequencing in all 10 lines.





Evaluation of resistance to citrus canker in cslob1 mutants

Subsequently, we assessed whether the cslob1 mutants were resistant to Xcc. Following Xcc inoculation for 9 days, the wild type displayed typical canker symptoms, while the cslob1 mutants exhibited no canker symptoms similar as the non-inoculated leaves (Figures 4A, C, 5). Quantification of Xcc titers further corroborated the findings, showing that at 4 dpi and 9 dpi, Xcc titers in the wild type were significantly higher than those in the cslob1 mutants (Figures 4B, 5). To simulate Xcc infection in the natural setting, we conducted Xcc inoculation via foliar spray. Typical canker symptoms were observed on wild-type leaves 18 days after spray, whereas no canker symptoms were observed on the cslob1mutants (Figure 4D). Moreover, the Xcc titer was significantly reduced in the cslob1 mutants compared to the wild-type at 18 days after spray (Figure 4E).
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Figure 4 | Assessment of disease resistance of the cslob1 mutant line 6 of C. sinensis cv. Hamlin against Xcc via injection and foliar spray. (A) Symptoms of citrus canker on both wild-type and the cslob1 mutant line 6 of C. sinensis cv. Hamlin. The plants were inoculated with Xcc through injection using needleless syringes. Inoculation was performed by injecting Xcc at a concentration of 1 × 107 CFU/ml into fully expanded young leaves using needleless syringes. The photograph was captured 9 days post inoculation, and a representative image was displayed. The experiment was conducted two times with 3 biological replicates for each experiment with similar results. (B) Xcc growth curve in citrus leaves. Three biological replicates were employed for each experiment and the experiment was repeated two times with similar results. Statistical analysis was conducted using Student’s t-test. Significant differences were indicated by asterisks (P-value<0.05). ‘***’ indicates P-value<0.001. (P-values at 0 dpi, 2 dpi, 4 dpi, 6 dpi and 9 dpi were 0.8636, 0.2787, 0.0003, 0.0664, and 0.0006, respectively). (C) Thin cross-section images of (A). A typical hypertrophy and hyperplasia phenotype in leaf tissues caused by Xcc can be observed in wild-type plants treated with Xcc. (D, E). Canker symptom and Xcc growth of wild-type C. sinensis cv. Hamlin and the cslob1 mutant line 11 after Xcc inoculation via spray. Foliar spray was conducted at a concentration of 5×108 cfu/mL and the leaves were punctured with syringes to make 8 wounds/leave before spray. The plants were covered with plastic bag to maintain the humidity for 24 hours after spray. The image was captured at 18 days after spray (D) and the Xcc titer of (D) was presented €. Student’ s t-test was used for statistical analysis (E). ***indicates P-value <0.001.
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Figure 5 | Evaluation of canker resistance of multiple cslob1 mutants of C. sinensis cv. Hamlin via injection. Inoculation was performed by injecting Xcc at a concentration of 1 × 107 CFU/ml into fully expanded young leaves using needleless syringes. The photograph was captured 9 days after inoculation (dpi), and a representative image was displayed for each line (A). The experiment included three biological replicates, with similar results. (B) Xcc growth in citrus leaves at 9 dpi. Four biological replicates were used, and the mean values ± SD (n = 4) are displayed. The experiments were conducted two times with similar results. Statistical analysis was conducted using Student’s t-test, revealing significant differences indicated by asterisks(P-value<0.05). ‘**’ indicates P-value < 0.01.

Concomitantly, we analyzed the gene expression levels of Cs7g32410 (expansin), Cs6g17190 (RSI-1), and Cs9g17380 (PAR1), known to be up-regulated by CsLOB1 during Xcc infection, 9 days post-Xcc inoculation (Zhang et al., 2017c; Duan et al., 2018; Zou et al., 2021). The expression levels of these three genes were significantly reduced in the cslob1 mutants compared to the wild type plants (Figure 6A). Concurrently, the H2O2 levels showed no obvious differences in the cslob1 mutants compared to the wild type (Figure 6B).
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Figure 6 | Gene expression and H2O2 concentration comparison between wild-type and the cslob1 mutant of C. sinensis cv. Hamlin plants in response to Xcc inoculation. (A) The expression levels of Cs6g17190, Cs7g32410, and Cs9g17380 genes known to be up-regulated by CsLOB1 during Xcc infection, were examined in both the cslob1 mutant and wild-type C. sinensis cv. Hamlin. This assessment was performed under conditions of Xcc inoculation at a concentration of 1 × 107 cfu/mL using syringes. CsGAPDH, a housekeeping gene encoding glyceraldehyde-3-phosphate dehydrogenase in citrus, served as the endogenous control. Mean values ± SD (n=4) from four biological replicates were presented. Statistical analysis was conducted using a two-sided Student’s t-test, with single asterisks (*) denoting significant differences (P values of Cs6g17190, Cs7g32410, and Cs9g17380 were 0.0412, 0.000447, and 0.0000179, respectively). The experiments were replicated two times with similar results. (B) Quantification of H2O2 concentration was performed one day post-inoculation. Each experiment was conducted with four biological replicates. Both the wild type and cslob1 mutant of C. sinensis leaves were subjected to Xcc inoculation (1 × 107 cfu/mL) or water, utilizing needleless syringes. The values presented depict means ± SD (n=4). This experiment was repeated twice with similar results. All box plots encompass a median line, where the box represents the interquartile range (IQR), and the whiskers delineate the remainder of the data distribution, excluding outliers. The lower and upper hinges of the boxes correspond to the 25th and 75th percentiles.






Discussion

In this study, we have demonstrated that transformation of embryogenic protoplasts of citrus with Cas12a/3 crRNAs RNP successfully generates transgene-free biallelic mutants. This is another example of transgene-free genome editing of citrus using this method in addition to a previous report (Su et al., 2023). In the previous report, 38 of 39 of the edited lines were biallelic/homozygous mutants, representing 97.5% mutation rate. In this study, all the edited lines achieved 100% mutation rate with 7 being biallelic mutants whereas 3 being chimeric mutants. It is probable that multiple crRNAs reduce the editing efficacy of individual crRNAs owing to competing for Cas12a but increase the overall editing efficacy. This is consistent with a previous report that higher number of gRNAs leads to reduction of editing efficiency which is likely due to the competition for Cas9 among gRNAs (Xie et al., 2015). Similarly, multiple sgRNAs cause dCas9 bottlenecks in CRISPRi targeted repression by dropping off roughly 1/N, where N is the number of sgRNAs expressed (Chen et al., 2018). On the other hand, it was reported that more gRNAs are more efficient than one gRNA in genome editing (Huang et al., 2023). The high genome editing efficacy of transformation of embryogenic protoplasts of citrus with Cas12a/crRNA was also reported by Zhang et al (Zhang et al., 2022). Despite few reports on generating transgene-free genome-edited citrus through transformation of embryogenic protoplasts with Cas12a/crRNA RNP (Zhang et al., 2022; Su et al., 2023), it has been successfully used in other plants including Arabidopsis thaliana, tobacco, lettuce, rice (Woo et al., 2015), grapevine and apple (Malnoy et al., 2016), maize (Svitashev et al., 2016), soybean and tobacco (Kim et al., 2017), wheat (Liang et al., 2017), and cabbage (Murovec et al., 2018), demonstrating enormous potential for its application in genetic improvements of plants.

As expected, transgene-free LOB1-edited lines with long deletions were obtained using 3 crRNAs in the RNP complex. Multiple crRNAs induce two or more DSBs in a single chromosome, which is known to mainly lead to deletions (Siebert and Puchta, 2002) and sometimes inversions (Qi et al., 2013; Zhang et al., 2017a). Long deletions were obtained in 5 of the 10 edited lines when 3 crRNAs were used for citrus genome editing, but none of the mutations were long deletions when only one crRNA was used (Su et al., 2023). Additionally, 3 edited lines contained inversions. Importantly, these 3 lines all contained long deletions whereas only two edited lines with long deletions did not contain inversions. This suggests that long deletions maybe required for occurrence of inversions. The occurrence of inversions suggests that knockin is highly possible when donors are provided in combination with multiple gRNAs, e.g., 3 crRNAs.

Biallelic/homozygous/chimeric mutations were observed for each of the three sites in 4 of the 10 edited lines (#1, #2, #3 and #7) when 3 crRNAs were used. Our data demonstrate that transformation of embryogenic citrus protoplasts with Cas12a/crRNA RNP can be very efficient for multiplex editing. Importantly, this approach avoids the complicated and lengthy process for construction of multiplex vectors or multiple individual vectors (Xie et al., 2015; Čermák et al., 2017; Huang et al., 2020).

CRISPR genome editing has been widely used for genetic improvements of crops (Zhu et al., 2020). However, most of the genome edited plants have not been commercialized despite improved traits such as yield, quality, and disease resistance. This is because most of the genome-edited plants were transgenic, which require lengthy and expensive deregulation process and are also a concern of consumers. Transgene-free genome editing, on the other hand, can address those issues (Gong et al., 2021; Turnbull et al., 2021; Bhattacharjee et al., 2023). We have previously generated transgene-free canker resistant C. sinensis cv. Hamlin plants which were exempted from the regulation of APHIS and is in the process of registration and commercialization (Su et al., 2023). The newly generated transgene-free canker resistant C. sinensis cv. Hamlin lines contain long deletions, indels and inversions and need to go through rigorous field testing for canker resistance and other horticultural traits. Despite different mutation types, the long deletions, indels, and inversions in the lob1 gene are all loss-of-function mutations of the single gene locus (LOB1) without introducing foreign DNAs, thus meeting the requirements of exempt of USDA Animal and Plant Health Inspection Service (APHIS). As expected, the CsLOB1 mutations abolish the induction of genes known to be induced by Xcc (Hu et al., 2014; Zhang et al., 2017c; Duan et al., 2018; Zou et al., 2021). The cslob1 mutants were resistant to citrus canker by reducing growth of Xcc. This reduction probably results from limiting hypertrophy and hyperplasia which are known to provide nutrients to Xcc growth, without affecting ROS production as indicted by H2O2 (Brunings and Gabriel, 2003). Additionally, the lob1 mutants generated using the three crRNAs RNP approach in this study exhibit resistance to canker similar as the lob1 mutants produced using one crRNA RNP method in our previous work (Su et al., 2023).

Overall, Cas12a/3 crRNAs RNP transformation of embryogenic protoplasts of citrus can be used for transgene-free multiplex genome editing with high efficiency. It can be used for deletion of long fragment and has potential for knockin of useful genes.
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Generating CRISPR/Cas9-mediated mutants in tomato (Solanum lycopersicum L.) involves screening shoots regenerated from cultured cells transformed with a T-DNA harboring sequences encoding Cas9 and single guide RNAs (sgRNAs). Production of transformants can be inconsistent and obtaining transformants in large numbers may be difficult, resulting in a limited variety of mutations. Here, I report a method for generating various types of mutations from one transgenic plant harboring the CRISPR/Cas9 system. In this method, a wild-type plant was crossed with a T0 biallelic mutant expressing two sgRNAs targeting the RIPENING INHIBITOR (RIN) gene, and the resulting F1 seedlings were classified using a kanamycin resistance marker on the T-DNA. Genotyping of the RIN locus revealed that kanamycin-sensitive F1 seedlings, which carried no T-DNA, always harbored the wild-type allele and a mutant allele from the transgenic parent. Kanamycin-resistant F1 seedlings, which do carry the T-DNA, harbored a variety of novel mutant alleles, but not the wild-type allele, suggesting that it was mutated during crossing. The novel mutations included one-base insertions or short deletions at each target site, or large deletions across the two target sites. This method was also successfully applied to produce mutations in Geranylgeranyl pyrophosphate synthase 2 (GGPS2). Because this method involves crossing rather than transformation, it can be readily scaled up to produce numerous novel mutations, even in plant species or cultivars for which transformation is inefficient. Therefore, when initial transgene experiments fail to induce the desired mutation, this method provides additional opportunities for generating mutants.




Keywords: CRISPR (clustered regularly interspaced short palindromic repeat)/Cas9 (CRISPR associated protein 9)-mediated genome editing, tomato, RIN (ripening inhibitor), mutagenesis, GGPS2




1 Introduction

The CRISPR/Cas9 system produces mutations at a target site in the genome; although the target requires an NGG protospacer-adjacent motif (PAM), it can be altered flexibly by customizing 20-nt sequences in a single guide RNA (sgRNA) (Jinek et al., 2012). The Cas9 nuclease forms a complex with the sgRNA and cleaves double-stranded DNA at the site determined by the sgRNA. The cleaved site is repaired via error-prone non-homologous end-joining (NHEJ), resulting in mutations at the target site. One-base insertions or deletions of a few to more than several hundred bases are observed frequently, while base substitutions occur infrequently (Zhang et al., 2014; Ito et al., 2015). However, there appear to be no obvious rules for repairing the double-stranded DNA break at the target site. Among mutations that modify gene function, frameshift mutations producing a knockout gene or a gene encoding a C-terminal truncated protein are readily expected. For example, C-terminal truncation of a tomato (Solanum lycopersicum L.) glutamate decarboxylase mediated by genome editing removed a domain regulating enzyme activity, resulting in constitutive enzyme activity and hyper-accumulation of γ-aminobutyric acid (GABA) (Nonaka et al., 2017). By contrast, when a specific mutation is desired, such as an in-frame deletion mutation to remove one or several amino acids from a protein or a large deletion mutation, researcher may have to screen many mutants originating from multiple mutagenesis experiments.

To activate the CRISPR/Cas9 system in most plants, a vector that includes a T-DNA encoding sequences for Cas9 and sgRNA is constructed; the T-DNA is then inserted into the genome by Agrobacterium (Agrobacterium tumefaciens)–mediated infection. Except for Arabidopsis (Arabidopsis thaliana), production of transgenic plants typically requires tissue culture. Transformation and regeneration protocols have not yet been established for all species, and many are efficient only for a specific cultivar. Using tissue culture to regenerate shoots from cells infected with Agrobacterium is a bottleneck to producing mutants. This can be a limiting factor in generating a variety of mutations through genome editing.

In this study, I demonstrated that various novel mutations can be produced in F1 progeny by crossing a wild-type tomato plant with a transgenic line expressing transgenes for the CRISPR/Cas9 system. In fertilized cells, a wild-type allele from pollen can be targeted by Cas9 derived from the genome of the transgenic line just after fertilization or at an early developmental stage. This method can be used to increase the variety of mutations created, even when only a limited number of mutations are identified among the first generation of transgenic plants.




2 Materials and methods



2.1 Plant transformation using the CRISPR/Cas9 system expressing plasmid vectors

The CRISPR-P program (http://crispr.hzau.edu.cn/CRISPR2/) (Lei et al., 2014) was used to select targeting sites in the RIPENING INHIBITOR (RIN) and Geranylgeranyl pyrophosphate synthase 2 (GGPS2) genes. Plasmid vectors expressing Cas9, NptII, and two sgRNAs were constructed from pZK_gYSA_FFCas9 (Mikami et al., 2015). The plasmids were transformed into the wild-type tomato (Solanum lycopersicum L.) cultivar Ailsa Craig (AC) via the Agrobacterium-mediated method according to a procedure described previously (Sun et al., 2006). A T0 biallelic mutant was grown to the flowering stage, and the anthers were removed from the flowers at the pre-anthesis stage. The flowers were pollinated using pollen from AC flowers. Resulting F1 seeds were sterilized and placed on germination medium [1.5 g/L Hyponex powder (Hyponex Japan), 5 g/L sucrose, 8 g/L agar, pH 5.8] with 25 mg/L kanamycin. Germinated seedlings were classified into kanamycin-sensitive or -resistant groups according to root growth into the medium.




2.2 PCR amplification, heteroduplex mobility assay, and sequencing analysis

Genomic DNA was prepared from seedlings. A 3-mm-square leaf fragment was homogenized with 50 μL of extraction buffer [100 mM Tris-HCl (pH 9.5), 1 M KCl, 10 mM EDTA] in a 1.5-mL tube and then incubated at 95°C for 5 min. After centrifugation at 13,000 ×g for 3 min at 4°C in a microcentrifuge, 5 μL of supernatant was diluted with 45 μL of 1/10 TE buffer [1 mM Tris-HCl (pH 8), 0.1 mM EDTA] and subjected to PCR amplification. Target genomic regions were amplified using KOD FX neo polymerase (Toyobo). Primer sequences are listed in Supplementary Table 1. A heteroduplex mobility assay (HMA) was performed by electrophoresis of amplified DNA fragments in a 5% (w/v) acrylamide gel in 0.5× Tris-borate-EDTA buffer. For DNA sequencing, amplified samples were cleaned using a MagExtractor kit (Toyobo) and labeled using a BigDye Terminator v3.1 Cycle Sequencing kit (Applied Biosystems). DNA sequences were determined using a SeqStudio Genetic Analyzer (Applied Biosystems).





3 Results

The method for inducing novel mutations in F1 progeny after crossing a T0 mutant with a wild-type (WT) plant is illustrated in Figure 1. A binary vector designed to induce CRISPR/Cas9-mediated mutations at the RIPENING INHIBITOR (RIN; Solyc05g012020) locus in the tomato genome was constructed. RIN encodes a MADS-box transcription factor regulating tomato fruit ripening (Vrebalov et al., 2002; Ito et al., 2017), and several studies have targeted this locus for mutation using the CRISPR/Cas9 system (Ito et al., 2015; Li et al., 2020; Nizampatnam et al., 2023). The T-DNA was designed to express Cas9, two sgRNAs that target genomic regions within RIN located 20 bp apart, and NptII conferring kanamycin resistance. T0 plants were regenerated after Agrobacterium-mediated transformation of the tomato cultivar Ailsa Craig (AC), and a line with biallelic mutations at the RIN locus was identified. One allele had insertions of one cytosine base at the Guide 2 (G2)–targeted site and of one thymine at the Guide 4 (G4)–targeted site (+C/+T) (Allele I), and the other allele had a three-base deletion at the G2 site and a seven-base deletion at the G4 site (Δ3/Δ7) (Allele II) (Figures 1, 2C). The T0 biallelic mutant was grown to the flowering stage. After meiosis, egg cells carrying one of the mutant alleles and with or without the T-DNA were produced; these were fertilized using pollen from AC harboring the WT allele (Figure 1). The F1 seeds were placed onto kanamycin-containing medium. Regardless of whether the seeds carried the T-DNA or not, germination was not affected by kanamycin, but root growth of the seedlings could be clearly classified as kanamycin resistant or kanamycin sensitive (Figure 2A), indicating segregation of the T-DNA among the progeny.

[image: Diagram illustrating a gene editing process using CRISPR-Cas9: Cas9 expression, sgRNA insertion, and editing of a wild type allele are depicted, leading to mutagenesis and biallelic mutations. The plant undergoes meiosis, resulting in F1 progenies with varied resistance to kanamycin (KanR or KanS) and novel mutations.]
Figure 1 | Schematic diagram illustrating a method for inducing novel mutations in the F1 generation. A T-DNA containing sequences encoding two sgRNAs (G2 and G4), Cas9, and NPTII is introduced into the tomato genome and induces mutations at the target locus. A biallelic T0 plant is pollinated using wild-type (WT) pollen. F1 progeny are selected on the basis of kanamycin sensitivity. Kanamycin-resistant (KanR) plants carry novel mutant alleles, which are generated from a WT allele immediately after fertilization or during early embryo development, whereas kanamycin-sensitive (KanS) progeny carry the intact WT allele.

[image: Panel A shows two rows of seedlings, with kanamycin-sensitive seedlings appearing weak and kanamycin-resistant seedlings appearing healthy. Panel B displays gel electrophoresis results for kanamycin-sensitive and resistant F1 lines with different genotypes. Panel C depicts DNA sequence mutations in the G2 and G4 regions, with details on insertions and deletions in alleles I and II, as well as various mutations in F1 lines.]
Figure 2 | Novel mutations at the RIN locus identified in F1 progeny. (A) F1 seedlings grown on kanamycin-containing medium. (B) Heteroduplex mobility assay for the RIN gene fragment containing two sgRNA-targeted regions. Arrowheads show the common major bands, which are composed of homoduplexes. Other minor bands, which are presumably heteroduplexes composed of different combinations of diverse mutated fragments. Genotype I and II represent WT/Allele I and WT/Allele II, respectively; representative electropherograms of these genotypes are shown in Supplementary Figure 1B. Letters below each lane correspond to the lines indicated in panel (C) and Supplementary Figure 1B. This image shows representative results; additional electrophoresis images are shown in Supplementary Figure 1A. (C) Parental mutations and novel mutations identified in F1 progeny. Red letters in the sequence indicate the target regions of the two sgRNAs, G2 and G4, including the PAM. Electropherograms of the sequencing analysis are shown in Supplementary Figure 1B. Ins, insertion; Del, deletion.

A fragment of the RIN locus encompassing the two target sites was amplified and analyzed using a heteroduplex mobility assay (HMA), which distinguishes different types of heteroduplexes formed from partially mismatched DNA fragments. Analysis of the kanamycin-sensitive lines revealed two electrophoresis patterns, most likely representing heteroduplexes of the WT allele and Allele I and of the WT allele and Allele II, respectively (Figure 2B, upper panel). By contrast, the HMA electrophoresis patterns for the kanamycin-resistant lines were diverse (Figure 2B, lower panel, Supplementary Figure 1A). In addition to a common major signal composed of homoduplexes with similar mobility, diverse minor signals, presumably comprising heteroduplexes between various mutated gene fragments, were observed in each sample, suggesting that different mutations might have been generated in each F1 line.

Sequencing of the amplified DNA fragments from F1 lines showing kanamycin sensitivity revealed only two types of electropherogram pattern. The electropherograms showed overlapping signals from two alleles, the WT allele and either Allele I or Allele II (Supplementary Figure 1B), indicating that the allele from WT pollen was intact. By contrast, the kanamycin-resistant F1 lines had diverse genotypes. Analyses of these F1 lines identified overlapping signals representing two or more different alleles (Supplementary Figures 1B, C). Analyses of 10 electropherograms showing two overlapping alleles revealed the presence of one parental mutant allele (Allele I or Allele II) and another novel mutant allele; however, the WT allele was not detected in any of the F1 lines. Among 10 novel mutant alleles, five had large deletions across the two sgRNA target regions, and the other five had point mutations in both target regions (Figure 2C, Supplementary Figure 1B). Of the five large deletion mutations, three were an identical 44-base deletion and the other two were located in a similar region, with both terminals of each deletion located within the targets of the two sgRNAs (Figure 2C, lines a, b, d, i, and j), suggesting that cleavage at the two target regions occurred synchronously. Because of the intricate patterns, genotypes could not be determined from electropherograms with three or more overlapping alleles (Supplementary Figure 1C). These electropherograms, however, consisted of one main signal and other multiple minor signals, and the main signals were either Allele I or Allele II but not the WT allele. This suggests that the alleles indicated by the minor signals were derived from the WT allele and were mutated independently after the first division of the fertilized cell (Supplementary Figure 2B). These results indicate that WT alleles derived from pollen are efficiently attacked by Cas9 during fertilization and early embryogenesis. Throughout the genotyping experiments, all F1 plants contained either Allele I or Allele II; no plants with genotypes that would have been generated from self-fertilization of the T0 mutant were observed. These results are consistent with the assumption that the T0 plant was a biallelic mutant and that outcrossing with WT was performed appropriately.

To evaluate the suitability of this mutagenesis method for other loci, the Geranylgeranyl pyrophosphate synthase 2 (GGPS2; Solyc04g079960) gene was targeted. GGPS2 encodes an enzyme involved in the carotenoid biosynthesis pathway and is specifically upregulated during ripening (Fujisawa et al., 2013; Ito et al., 2020). As in the experiment targeting the RIN gene, two regions in the GGPS2 gene located close together were chosen as targets for the two sgRNAs (Figure 3B). A vector containing a T-DNA expressing the two sgRNAs and Cas9 was transformed into tomato cultivar AC, and a T0 plant with biallelic mutations at the GGPS2 locus was selected as the parent for crossing. The T0 plant had two mutant alleles: one carrying a two-base deletion at the Guide 51 (G51)–targeted site and a three-base deletion at the Guide 23 (G23)–targeted site (Allele III), and the other carrying a four-base deletion at the G51-targeted site and a four-base deletion at the G23-targeted site (Allele IV) (Figure 3B). After fertilization with pollen of the WT cultivar AC, F1 seedlings showing kanamycin resistance were selected. HMA revealed diverse electrophoresis patterns for amplified fragments of the target region from F1 lines (Figure 3A), suggesting that independent mutagenesis events had occurred among these lines. DNA sequencing analysis of the amplified fragments allowed the genotypes of lines with two overlapping electropherograms, although not those with three or more overlapping electropherograms, to be determined, as in the experiment with RIN. Genotyping analysis of 13 F1 lines with two alleles revealed a novel mutant allele with either Allele III or Allele IV in each line (Figure 3B and Supplementary Figure 3). Of the novel mutant alleles, eight had point mutations at both target regions, and the other five had long deletions across the two target sites. Of the long-deletion alleles, two had extended deletions over the two target regions, which were 159 and 857 bp, respectively (Figure 3B, Supplementary Figure 3C).

[image: Gel electrophoresis image labeled "Kanamycin resistant F1 lines" showing DNA bands for samples a to m. Panel B displays a DNA sequence with alleles and mutations. Alleles III and IV each show deletions, while mutations in lines a to m depict various deletions and insertions, marked with arrows, along with base pair changes.]
Figure 3 | Novel mutations at the GGPS2 locus identified in F1 progeny. (A) Heteroduplex mobility assay for the GGPS2 gene fragment containing two sgRNA-targeted regions. Letters below each lane correspond to the lines indicated in panel (B) Arrowheads show the common major bands, which are composed of homoduplexes. Other minor bands, which are presumably heteroduplexes composed of different combinations of diverse mutated fragments. (B) Parental mutations and novel mutations identified in F1 progeny. Red letters in the sequence indicate target regions of the two sgRNAs, G51 and G23, including the PAM. Electropherograms of the sequencing analyses are shown in Supplementary Figure 3. Ins, insertion; Del, deletion.




4 Discussion

CRISPR/Cas9 is an excellent system for developing mutants at a target genomic region in many organisms, and diverse mutants have been developed in tomato using this approach (Larriba et al., 2024). The conventional method to produce mutants in tomato and many other plant species involves transforming Agrobacterium carrying a vector containing a T-DNA harboring the CRISPR/Cas9 system into a plant tissue, followed by in vitro tissue culture to regenerate transgenic shoots. In many plants, the procedure for regenerating shoots from transformed cells in tissue culture represents a critical bottleneck for obtaining large numbers of mutants. In addition, some kanamycin-sensitive tomato shoots regenerate under kanamycin selection, and such false-positive plants have no T-DNA and thus no mutation. Furthermore, regenerated tomato plants often have a tetraploid genome due to duplications arising during tissue culture (Sigareva et al., 2004). These factors reduce the efficiency with which mutants can be produced. In this study, I demonstrated that the F1 progeny of a cross between a tomato plant transformed using the CRISPR/Cas9 system and a WT plant harbor diverse, novel mutations not found in the parental mutant. The method for producing these mutants is simple and can be readily scaled up to generate many novel and diverse mutants; it just requires crossing a transformant possessing a T-DNA with a WT plant. Ideally, the desired mutant would be found among regenerated T0 plants. However, if candidate mutants are not identified among the regenerated plants, this method may provide another chance to obtain a variety of mutations, expanding the possibility of identifying mutants with the traits of interest. For example, an in-frame deletion mutation of codons encoding one or more amino acids, i.e., deletion of three bases or multiples of three bases, may be desired to remove amino acids at an active site or a phosphorylation site of a protein, which might change protein function, enzyme activity, or protein stability. In-frame deletion mutation of RIN changes the ripening phenotype of tomato (Nizampatnam et al., 2023). In this study, I found a mutant carrying a 51-bp deletion mutation at the RIN locus (Figure 2C), which resulted in an in-frame deletion of 17 amino acids. A long deletion may be useful for developing a protein with a defective domain or for removing the entire function of genes specifying long non-coding RNAs, which are transcripts of more than 200 nt that lack an evident open reading frame (Cao et al., 2024). Applying this method may be especially useful for other plant species or even tomato cultivars in which production of transgenic plants occurs with low efficiency. For example, there are well-established protocols for producing transgenic tomato plants, but the transformation efficiency varies between cultivars and production is not always stable between experiments (Sigareva et al., 2004; Sun et al., 2006; Rai et al., 2012). Even if only a few transgenic plants are obtained from such low-efficiency experiments, the method described here will increase the variety of mutations available in the next (F1) generation. In this study, T0 plants were crossed as the female parent with WT plants as the male parent, but reciprocal crosses were not performed. Crossing with a T0 plant as the male parent may also be effective for inducing novel mutations in the F1 progenies. F1 mutants obtained using this method carried biallelic (or multiallelic) mutations but were not homozygous mutants. To examine the effects of a mutation, a homozygous mutant should be selected among plants in the next (F2) generation.

To efficiently induce mutations using this method, the parental T0 plant requires sufficient activity of transgenes, e.g., sgRNA expression and Cas9 activity. T0 plants with biallelic mutations may be better candidates than plants carrying monoallelic mutations, which may have insufficient Cas9 activity to induce a mutation in another WT allele. However, monoallelic mutants carrying the transgene can produce novel mutations in their progeny by self-fertilization (Fauser et al., 2014). In addition, screening using kanamycin resistance is an effective way of selecting F1 plants with active transgenes and avoiding those with silenced transgenes. Prior to DNA sequencing, HMA electrophoresis patterns for a target genomic region are a good indicator of diverse mutations among F1 plants. Although the patterns may not be helpful for detecting heteroduplexes between fragments with only one base mismatched (Ito et al., 2015), a modified HMA that detects such slight mismatches has recently been developed (Kakui et al., 2021).

Sequencing analyses in this study revealed that F1 plants harboring the T-DNA possessed novel mutant alleles; plants with two alleles were frequently identified, and plants with more than three alleles were also generated. The two alleles comprised one allele from the mutant parent and one novel allele representing a mutated form of the WT allele, suggesting that the novel mutation was generated just after fertilization and before the first cell division of the fertilized cell (Supplementary Figure 2A). In F1 plants with more than three alleles, the mutagenesis would have occurred after the first cell division (Supplementary Figure 2B). Plants with two alleles are useful because genotyping from the sequencing electropherogram is easy and the genotypes of the progeny are predictable. The T-DNA that was introduced into the tomato genome in this study uses AtU6 and parsley ubiquitin promoters to induce the sgRNAs and Cas9, respectively (Mikami et al., 2015). Although these promoters are originally expected to drive during cell culture to induce mutations, the activity also appeared to be sufficient in fertilized cells.




5 Conclusion

This study demonstrated that CRISPR/Cas9-mediated mutagenesis occurs frequently within fertilized cells produced by crossing a WT tomato plant with a transgenic tomato plant harboring the CRISPR/Cas9 system. This simple crossing makes it easy to obtain F1 seeds with a wide variety of novel mutations at the target site. If a specific mutation is desired but not identified among T0 populations, subsequent crossing with a WT plant will provide another reliable chance for obtaining the desired mutations. This method offers promise for specific cultivars or plant species that only yield transgenic plants at a low efficiency.
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Because virus vectors can spread systemically autonomously, they are powerful vehicles with which to deliver genome-editing tools into plant cells. Indeed, a vector based on a positive-strand RNA virus, potato virus X (PVX), harboring SpCas9 and its single guide RNA (sgRNA), achieved targeted mutagenesis in inoculated leaves of Nicotiana benthamiana. However, the large size of the SpCas9 gene makes it unstable in the PVX vector, hampering the introduction of mutations in systemic leaves. Smaller Cas variants are promising tools for virus vector–mediated genome editing; however, they exhibit far lower nuclease activity than SpCas9. Recently, AsCas12f, one of the smallest known Cas proteins so far (one-third the size of SpCas9), was engineered to improve genome-editing activity dramatically. Here, we first confirmed that engineered AsCas12f variants including I123Y/D195K/D208R/V232A exhibited enhanced genome-editing frequencies in rice. Then, a PVX vector harboring this AsCas12f variant was inoculated into N. benthamiana leaves by agroinfiltration. Remarkably, and unlike with PVX-SpCas9, highly efficient genome editing was achieved, not only in PVX-AsCas12f-inoculated leaves but also in leaves above the inoculated leaf (fourth to sixth upper leaves). Moreover, genome-edited shoots regenerated from systemic leaves were obtained at a rate of >60%, enabling foreign DNA–free genome editing. Taken together, our results demonstrate that AsCas12f is small enough to be maintained in the PVX vector during systemic infection in N. benthamiana and that engineered AsCas12f offers advantages over SpCas9 for plant genome editing using virus vectors.
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1 Introduction

Genome editing using sequence-specific nucleases (SSNs) enables the introduction of mutations into a target gene in plants. In many cases, conventional genetic transformation using Agrobacterium has been employed to introduce and express SSN-encoding genes. However, this method restricts the range of plant species to which genome editing can be applied as some species are recalcitrant to tissue culture and transformation (Altpeter et al., 2016). Direct introduction of SSNs such as the ribonucleoprotein complex of clustered regularly interspaced short palindromic repeats - CRISPR associated protein 9 (CRISPR-Cas9) into shoot apical meristems is one of the DNA/tissue culture-free genome-editing technologies available in plants (Imai et al., 2020). However, the preparation of seed embryos is laborious. The delivery of SSNs through virus vectors is an alternative method that does not require the long and labor-intensive process of tissue culture-mediated transformation, although the large size of SSN-encoding genes makes them prone to deletion from viral genomes, posing a significant obstacle to virus vector–mediated genome editing. Somatic and systemic genome editing is induced using negative-strand RNA virus vectors expressing Cas9 derived from Streptococcus pyogenes (SpCas9) (Ma et al., 2020; Liu et al., 2023). However, the genomic RNA of a negative-strand RNA virus is masked by the viral nucleocapsid protein throughout an infection cycle. As a result, it may not be suitable for embedding RNA elements, such as meristem-directed sequences, to introduce heritable mutations (Ellison et al., 2020). A potato virus X (PVX)–based vector (a positive-strand RNA virus) was able to express SpCas9 and induce targeted mutagenesis in inoculated leaves of N. benthamiana (Ariga et al., 2020) but cannot do so in systemic leaves due to instability of the large SpCas9 gene.

Cas12f (formerly Cas14a) is a miniature Cas protein [400–700 amino acids; Harrington et al. (2018)] with a double-stranded DNA cleavage activity (Karvelis et al., 2020) that has been used for targeted mutagenesis in plants. Cas12f derived from an uncultured archaeon and Syntrophomonas palmitatica has been used for targeted mutagenesis in maize, rice, tobacco, and tomato (Bigelyte et al., 2021; Sukegawa et al., 2023; Gong et al., 2024; Tang et al., 2024). Cas12f protein derived from Acidibacillus sulfuroxidans (AsCas12f) comprises 422 amino acids, i.e., one-third the size of SpCas9 (1,368 amino acids) and recognizes 5′-TTR-3′ (R=A/G) as a protospacer-adjacent motif (PAM) (Bigelyte et al., 2021). This compact AsCas12f protein could be a candidate tool for virus vector–mediated targeted mutagenesis and could represent a long-awaited SSN for transformation-free genome editing in plants. However, no mutations were detected after application of AsCas12f to targeted mutagenesis using geminiviral DNA replicons in N. benthamiana (Gong et al., 2024). The AsCas12f protein and its sgRNA have been engineered to improve its genome-editing activity to levels comparable with those of SpCas9 (Hino et al., 2023; Wu et al., 2023a, b). Very recently, targeted mutagenesis using two engineered AsCas12f variants produced by Hino et al. (2023) was reported in rice (Ye et al., 2024).

In this study, we carefully compared targeted mutagenesis frequencies among six engineered AsCas12f variants produced by Hino et al. (2023) and Wu et al. (2023a) in rice and found that the D195K/D208R/V232A-type variants produced by Hino et al. (2023) were superior to others. Based on these results, we applied the engineered AsCas12f variant exhibiting enhanced genome-editing frequencies in rice to virus vector–mediated targeted mutagenesis in N. benthamiana and succeeded in improving targeted mutagenesis frequency significantly using a PVX vector.




2 Materials and methods



2.1 Oligonucleotides

The primers used in this study are listed in Supplementary Table S1.




2.2 Vector construction

Rice codon– or Arabidopsis codon–optimized AsCas12f-coding sequence and sgRNA (Hino et al., 2023) including an OsU6 promoter were synthesized by GeneArt Gene Synthesis (Thermo Fisher Scientific). For rice genome editing, rice codon-optimized AsCas12f fused to a nuclear localization signal at the C terminus was replaced with SpCas9-NG in the vector pPZP ZmUbi-SpCas9-NG, yielding pPZP_ZmUbi_AsCas12f-Os C-NLS. To replace wild-type AsCas12f with six engineered AsCas12f variants, PCR-amplified fragments or synthesized DNA fragments of AsCas12f were inserted into PstI/KpnI or StuI/SacI-digested pPZP_ZmUbi_AsCas12f-Os C-NLS vector by an In-fusion reaction (TaKaRa). The annealed oligonucleotide pairs for the target sequences of OsTubA3 and OsDL (Supplementary Figure S1B) were cloned into the BbsI site in pUC19 AsCas12f-sgRNA vector by ligation reaction. The resultant sgRNA expression cassette for OsTubA3 (Os03g0726100) or OsDL (Os03g0215200) was digested with AscI/PacI and inserted into the AscI/PacI site in the AsCas12f binary vectors by ligation (Figures 1A, B). For PVX-mediated N. benthamiana genome editing, the AsCas12f-coding sequence and the sgRNA were organized tandemly and cloned into pPZPVX301 (Ariga et al., 2020) to obtain pPZPVX-AsE10-NbPDS and pPZPVX-AsE10-NbTOM1 (Figure 2A and Supplementary Figure S4). Guide RNA sequences were designed to target all four alleles of the amphidiploid genome with appropriate restriction enzyme sites for cleaved amplified polymorphic sequences (CAPS). The nucleotide sequences of binary vectors are provided in Supplementary Table S2.
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Figure 1 | Genome editing using engineered AsCas12f in rice. (A) Schematic representation of binary vectors expressing AsCas12f and its sgRNA. (B) Target sequence of AsCas12f in OsTubA3 and OsDL. Purple and red letters represent the PAM sequence and the target sequence, respectively. (C) Representative examples of heteroduplex mobility assay (HMA) to detect mutations in OsTubA3 in calli transformed with wild-type AsCas12f and engineered AsCas12f YKRA variant. Triangles indicate the amplicon size in wild-type. WT, wild-type; NC, no template control. (D) Mutation frequency using engineered AsCas12f at the target site of OsTubA3 and OsDL in transformed rice calli. #1, wild type AsCas12f; #2–6, AsCas12f variants produced by Hino et al. (2023); #7, enAsCas12f produced by Wu et al. (2023a). Circles and bars indicate the mutation frequency in each experiment and the average frequency, respectively. Different letters indicate significant differences (P < 0.05, Tukey’s test). Raw data are listed in Supplementary Table S3.
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Figure 2 | Genome editing using PVX vector expressing engineered AsCas12f in N. benthamiana. (A) Schematic representation of PVX vectors expressing AsCas12f or SpCas9. The nucleotide sequence around the sgRNA of pPZPVX-AsE10-NbPDS is shown below. The full nucleotide sequence is available in Supplementary Table S2. (B) Target sequence of AsCas12f in NbPDS. Purple and red letters represent the PAM sequence and the target sequence, respectively. (C) Detection of targeted mutations in PVX-AsCas12f or PVX-SpCas9-inoculated N. benthamiana plants by CAPS at 7 dpi for inoculated leaves (bottom panel) and 17 dpi for uninoculated upper leaves (upper panels). IL indicates inoculated leaves, and upper uninoculated leaves are shown as the leaf number counted from the inoculated leaf. Lanes represent independent plants. Similar results were obtained in five independent experiments, each involving inoculation of two or three plants. (D) Leaves of PVX-AsCas12f-NbPDS– or PVX-SpCas9-NbPDS–inoculated N. benthamiana plants at 27 dpi. (E) Summary of the mutation rates in shoots regenerated from the second (L2) or third (L3) upper leaves from PVX-AsCas12f-inoculated leaves. Mutations were detected by PCR and fragment analysis. (F) Inheritance of introduced mutations in the regenerated plants. Albino plants are marked by red circles. Asterisk indicates the 12-bp in-frame deletion that did not significantly impair protein function. The photograph shows 24 of the 72 plants from Line 1, with wt/-26 and wt/-11 mutations as indicated in the table on the right.




2.3 Genome editing of rice using Agrobacterium

Binary vectors were introduced into Agrobacterium strain EHA105 (Hood et al., 1993) by electroporation. The transformation procedure essentially followed that of previous studies (Toki, 1997; Sukegawa et al., 2023). One-month-old calli derived from mature seeds (cv. Nipponbare) were infected with Agrobacterium harboring a binary vector, and co-cultivated for 3 days at 23°C under constant dark. Infected calli were washed and selected on hygromycin-containing medium for 6 weeks, transferring to fresh medium every 2 weeks at 30°C under constant light. Transformed calli were cultured on regeneration medium and subsequently on hormone-free medium to obtain regenerated seedlings at 28°C under 16-h light/8-h dark conditions.

Genomic DNA was extracted from transformed calli (after 6 weeks of selection) and plants regenerated as described by Edwards et al. (1991). PCR was conducted with the KOD One PCR Master Mix (Toyobo), and primers are listed in Supplementary Table S1 following the manufacturer’s protocols. Heteroduplex mobility assay (HMA) was performed by electrophoresis of the diluted PCR products on a microchip electrophoresis device, MultiNA (Shimadzu). Statistical analysis was performed using Tukey’s test using the program, MEPHAS (http://www.gen-info.osaka-u.ac.jp/MEPHAS/tukey.html). PCR products amplified from regenerated plants were used for Sanger sequence analysis. Sanger sequencing and fragment purification were performed using a BigDye Terminator v3.1 Cycle Sequencing Kit and a BigDye XTerminator Purification Kit (Thermo Fisher Scientific) following the manufacturer’s protocols. DNA sequences were determined using a 3500xL Genetic Analyzer (Thermo Fisher Scientific) and analyzed with SnapGene (GSL Biotech).




2.4 Genome editing of N. benthamiana using a PVX vector

Growth of N. benthamiana, inoculation of a PVX vector by agroinfiltration, and shoot regeneration from infected leaf tissues were performed as described previously (Ariga et al., 2020). DNA was extracted from agro-inoculated plants or regenerated shoots using the Kaneka Easy DNA Extraction Kit version 2 (Kaneka). PCR was performed with primers listed in Supplementary Table S1, and PCR products were digested with NcoI or KpnI for CAPS of the target sites in NbPDS or NbTOM1, respectively, cloned for Sanger sequencing, or subjected to fragment analysis using SeqStudio and GeneMapper (Thermo Fisher Scientific). RNA was extracted from leaves using the RNeasy Plant Mini Kit (QIAGEN). PVX RNA was detected in total RNA by reverse transcription (RT)-PCR using the PrimeScript One-Step RT-PCR Kit (TaKaRa) for 40 reaction cycles.





3 Results and discussion



3.1 Comparison of genome-editing frequencies among AsCas12f variants in rice

We have previously established a reliable and efficient genome-editing system using SpCas9 (Mikami et al., 2015a, b). In addition, we succeeded in SpCas12f-mediated genome editing in rice (Sukegawa et al., 2023). This established rice genome-editing system was thought to be the best choice to evaluate genome-editing frequencies in AsCas12f variants. First, we compared targeted mutagenesis frequencies using six engineered AsCas12f variants [YHAM (F48Y/S188H/V232A/E316M), HAMN (S188H/V232A/E316M/I388N), YKRA (I123Y/D195K/D208R/V232A), HKRA (I123H/D195K/D208R/V232A), MKRA (Q93M/D195K/D208R/V232A) (Hino et al., 2023), and enAsCas12f (D196K/N199K/G276R/N328G/D364R) (Wu et al., 2023a)] in rice. Rice calli (cv. Nipponbare) were transformed via the Agrobacterium-mediated method with expression vectors harboring rice-codon-optimized AsCas12f driven by the maize ubiquitin promoter and its truncated sgRNA [ΔS3-5_v7; Hino et al. (2023)] including a 20-nt target sequence for OsTubA3 and OsDL (Figures 1A, B). Six weeks after transformation, mutation frequencies were calculated as the ratio of mutated calli, in which heteroduplex bands were observed by HMA (Figure 1C, D). For both targets, mutation frequencies of the six engineered AsCas12f variants were higher than those obtained with wild-type AsCas12f (Figure 1D). Among six engineered AsCas12f variants, those produced by Hino et al. (2023) (Figure 1D, #2–6) showed higher mutation frequencies than the enAsCas12f produced by Wu et al. (2023a) (Figure 1D, #7). The mutation frequencies achieved in OsTubA3 using engineered AsCas12f variants (YHAM, HAMN, YKRA, HKRA, and MKRA) were quite high (60%–90%) (Figure 1D). On the other hand, mutation frequencies achieved in OsDL using engineered AsCas12f variants (YKRA, HKRA, and MKRA) were ca. 70%, 70% and 40%, respectively, although the mutation frequency with engineered AsCas12f variants YHAM and HAMN was less than 5% (Figure 1D). These results suggest that D195K/D208R/V232A-type AsCas12f variants work better than S188H/V232A/E316M-type AsCas12f variants in targeted mutagenesis in rice as reported by Ye et al. (2024), although the genome-editing activities of S188H/V232A/E316M and D195K/D208R/V232A were comparable in human HEK293 cells (Hino et al., 2023). We obtained regenerated plants from calli transformed with AsCas12f variants harboring YHAM and YKRA mutations. As in our previous report of targeted mutagenesis via SpCas12f (Sukegawa et al., 2023), and a report of AsCas12f-mediated targeted mutagenesis (Ye et al., 2024), deletions ranging from several to dozens of base pairs were confirmed at the targeted site, some of which were thought to be derived from microhomology-mediated end-joining repair (Supplementary Figure S1). Unlike SpCas12f-mediated targeted mutagenesis (Sukegawa et al., 2023), biallelic regenerated plants in OsTubA3 were obtained successfully using either engineered AsCas12f variant. Unfortunately, no mutated regenerated plants in OsDL were obtained using the YHAM variant. Overall, the engineered AsCas12f variant YKRA was considered a promising candidate for targeted mutagenesis using a virus vector.




3.2 Virus vector–mediated genome editing using AsCas12f in N. benthamiana

Next, we cloned the engineered, Arabidopsis codon–optimized, AsCas12f (YKRA variant) and the truncated sgRNA ΔS3-5_v7 (Hino et al., 2023) targeting the N. benthamiana PDS gene (NbPDS) into the PVX vector (Figures 2A, B). The resulting plasmid, pPZPVX-AsE10-NbPDS, was transformed into Agrobacterium and inoculated into the fifth true leaves of N. benthamiana plants by agroinfiltration. Highly efficient genome editing was detected in pPZPVX-AsE10-NbPDS–inoculated leaves, comparable with levels achieved using pPZPVX-Cas9-NbPDS encoding SpCas9 (Ariga et al., 2020), as monitored by CAPS (Figure 2C). No mutations were detected in uninoculated upper leaves of pPZPVX-Cas9-NbPDS–inoculated plants (Figure 2C). In contrast, targeted mutations were detected in the second to fourth upper leaves or higher, counting from the inoculated leaf, in pPZPVX-AsE10-NbPDS–inoculated plants (Figure 2C). Introduced mutations were confirmed by sequencing (Supplementary Figure S2). Photobleaching, suggestive of knockout of the PDS gene, was observed in systemic leaves of pPZPVX-AsE10-NbPDS–inoculated plants, whereas the proportion of white versus green areas decreased gradually in the higher leaves (Figure 2D). RNA was extracted from each leaf, and the presence of the inserted sequences in the PVX vectors was examined by RT-PCR. Amplified fragments with an expected length of the intact AsCas12f and sgRNA sequence (1.7 kbp) were detected in uninoculated (up to sixth) leaves of pPZPVX-AsE10-NbPDS–inoculated plants, whereas those of the SpCas9 and sgRNA sequence (4.4 kbp) were detected only in inoculated leaves, and smaller fragments (0.6–0.7 kbp) were detected in upper uninoculated leaves of pPZPVX-Cas9-NbPDS–inoculated plants (Supplementary Figure S3). Thus, AsCas12f is small enough to be maintained in the PVX vector during systemic infection in N. benthamiana. Another sgRNA targeting the NbTOM1 gene introduced in the PVX vector also induced systemic mutations (Supplementary Figure S4). A PVX vector harboring a sgRNA for SpCas9 and a truncated Flowering locus T (FT) sequence induces heritable mutations in N. benthamiana (Uranga et al., 2021), and pPZPVX-AsE10-NbPDS had the truncated FT sequence by which we aimed to induce genome editing in germline cells (Supplementary Table S2C). However, no gene-edited progenies from seeds from pPZPVX-AsE10-NbPDS–inoculated plants were obtained under our conditions. For foreign DNA–free genome editing, shoots were regenerated from uninoculated upper leaves of pPZPVX-AsE10-NbPDS–inoculated plants. Approximately 60% of the shoots regenerated from the second upper leaves had mutations in NbPDS (Figure 2E)—an efficiency comparable with that of pPZPVX-Cas9-NbPDS–agroinoculated leaves (Ariga et al., 2020). Introduced mutations were inherited to the next generation according to Mendelian laws of inheritance (Figure 2F). Note that a previous study had revealed that PVX remains in most regenerated shoots but is not transmitted to the progeny (Ariga et al., 2020). Taken together, these results demonstrate that engineered AsCas12f offers advantages over SpCas9 for plant genome editing using virus vectors.





4 Conclusion

In conclusion, we have demonstrated the usefulness of engineered AsCas12f in targeted mutagenesis in rice and Nicotiana and succeeded in the significant improvement of targeted mutagenesis frequency using a PVX vector. The AsCas12f–virus vector system thus shows promise as a powerful tool in plant genome editing.
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Field trials (FTs) are a necessary step towards future commercialization of biotech crops and products thereof, whether for research and development or cultivation approval. A total of 187 FTs in 30 countries have been compiled for 2022 and 2023 using a survey and intergovernmental databases. FTs have been classified according to methods, crops and traits. Compiled FTs are mostly conducted by the public sector on eight plant species with improved stress resistance, industrial application, yield, and quality. Regarding genome editing (GenEd), 23 FTs (12% of total) are carried out in 6 countries, on 10 crops. Regulations were examined in 141 countries to discuss why in some countries FTs are not performed, although basic biotech research is carried out. The EU particularly is compared to the rest of the world. Regarding the new proposal in the EU for GenEd product classification, it was found that all recent FTs of such products fall in the category that the EU would consider as ‘equivalent to conventional plants’ (NGT-1). We also studied current cultivation approvals to highlight differences with crops tested in the field and those may be approved in the future.
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1 Introduction

Field trials (FTs) often have a crucial importance for both research in plant breeding and for compliance with relevant risk assessment policies. This is illustrated by recent articles dealing with rice (Andrew-Peter-Leon et al., 2021; Hu et al., 2019; Zhang et al., 2021), tomato (Chandrasekaran et al., 2021), trees (Chanoca et al., 2019; Lu et al., 2017), banana (Dale et al., 2017), barley (Cheng et al., 2023), citrus (Huang et al., 2018), poplar (Jang et al., 2021), soybean (Kambhampati et al., 2017), wheat (Raffan et al., 2023), maize (Gao et al., 2020; Simmons et al., 2021), camelina (Han et al., 2022), potato (Hofvander et al., 2022), and cotton (Perumalla et al., 2018), that stressed the importance of FTs for research. However, there are heterogeneous regulatory policies in the world with respect to the acceptance of biotech techniques for crop improvement including FT policies (Metje-Sprink et al., 2020; Schiemann et al., 2020; Sprink and Wilhelm, 2024). Hence, although genome editing (GenEd) using CRISPR-Cas9 has been used in plant breeding since 2014, only 3 crops are commercialized up to now. Independently of the necessity of performing FTs to comply with specific (risk) regulation imposed on biotech crop, deregulated crops also need to be assessed by FTs in some countries, for example in countries (e.g. European countries) which comply to the UPOV system of Proprietary Plant Variety Protection Certificates (COV): it is mandatory to perform FTs under various geographical environments in order to obtain such a certificate which is a prerequisite for marketing.

The points mentioned above show that FTs are important (and often mandatory) for various reasons. Therefore in present study, we compiled the information on the ongoing FTs with biotech crops worldwide, using our own survey encompassing 55 countries which was completed by a survey and by screening available databases. We wanted to determine what countries are pursuing laboratory (confined) research and whether it was followed by FTs, and for which traits. As FTs are a step upstream to the acceptance of an event for commercialization, we completed our study by an analysis of events approved for cultivation between 2021 and 2023. These approvals were considered the result of FTs that occurred upstream and show innovation close to the market release of new plants, traits, and biotech events. A particular attention was paid to GenEd (CRISPR-Cas9 or Talen) compared with transgenesis (Agrobacterium mediated gene transfer and RNAi).

Furthermore, we also examined to what extent regulation influences FTs acceptance, since in the European Union (EU) for example, under Directive 2015/412 Member States (MS) can either restrict or prohibit GMO cultivation on their territory and this Directive was found to have a direct effect on FTs in some MS (Ricroch, 2020). In addition, we performed a bibliometric analysis on recent publications mentioning FTs to provide a holistic overview of the fragmented literature on the topic by delineating research hotspots and hidden network patterns between scientific actors including countries and institutions.




2 Methods



2.1 Survey

We conducted a survey of over 55 countries in 2022-2023 contacting researchers competent in the domain of biotech plants, either transgenic (Tr) or genome edited (GenEd) (Supplementary Methods S1 file of Supplementary File), which was completed with numerous databases: the governmental site of each country when the data were available, the website of the European Commission (EC), the USDA GAIN (November 2022 for the most recent report) and the FAO survey (2016-2022), OECD and BCH for Cartagena Protocol.

FTs performed for several years are considered once (the year they were initiated). From 2015 to mid-2023 we examined the trends up based on previous data (Ricroch, 2020). Thus, UK is included in this update as it was part of the EU until 31 January 2020. GenEd crops have been tested in the EU since 2017 while they were tested before as in the USA. We considered the date of acknowledgement from the Member State Competent Authority as the beginning of the FT as in the previous study.

For cultivation approvals, we examined all events recorded in the ISAAA GM approval database (which includes biotech events that have been approved for commercialization/planting and importation at https://www.isaaa.org/gmapprovaldatabase/) and in governmental databases (the databases were used by the researcher interviewed as part of the survey).

The term ‘plant species’ is used both for cultivated plants and model plants (Arabidopsis).




2.2 Bibliometric data extraction and analysis

To extract bibliographic data from the WoS and Scopus databases, we used the following search strings within document title, abstract and author keywords:

((“ field tr*” OR “field test*”) AND (“GM” OR “gen* edit*”)) AND (“gene edit*” OR “genome edit*” OR CRISPR OR ODM OR TALEN OR NBT OR NGT OR SDN1 OR SDN2 OR SND3 OR mutat* OR “allele replacement”) NOT (rodent* OR mosqui* OR embryo OR therapy OR virus OR covid OR consum* OR animal* OR human* OR pig* OR *fish*)

The Boolean operators (AND and OR) and wildcards were utilized to find publications with various combinations of the specified keywords in both singular and plural forms. The search was conducted in May 2023, and the syntax resulted in 35 documents in WoS and 36 documents in Scopus. The data from both databases were merged, duplicates were detected and removed (which resulted in 41 documents) utilizing Bibliometrix package in R studio. After that the content of each manuscript was read and 8 irrelevant papers with the topic were discarded. The final data consisted of 33 publications on the field.

The bibliographic data in this work was subjected to bibliometric analysis utilizing Bibliometrix package and Biblioshiny interface in R studio (Aria and Cuccurullo, 2017; R Core Team, 2022). Keyword and network analysis were performed.





3 Results and analysis

The present compilation of FTs of biotech plants used a cross-reference of multiple sources (see Methods) to ensure data veracity and recentness. FTs performed in the EU, Iceland, Switzerland, and the UK could be analyzed in more details as these regions disseminate the relevant information openly. However, in spite of the examination of all databases, no data could be obtained for some countries, which prompted us to investigate whether these countries conduct laboratory research on biotech plants (Supplementary Table S1).



3.1 Worldwide landscape of FTs

The results of our large-scale study have shown that, out of 193 UN countries, general data on biotech FTs could be obtained for 141 countries (Supplementary Tables S1, S2 of the Supplementary File), including, among the 89 countries, 41 countries with ongoing FTs (green), 48 with no ongoing FTs (red) and 52 with no public data (grey) (see map in Figure 1). Further analysis showed that 66 countries authorize FTs on their territory, but only 41 actually have ongoing FTs (Supplementary Table S2). The Supplementary Table S2 listed all the 89 countries including 62 countries outside the EU and the 27 EU member states.

[image: World map displaying countries colored in green, red, and gray, representing a range from zero to one. Green indicates a value of one, red indicates zero, and gray indicates no data. A gradient scale is shown at the bottom for reference.]
Figure 1 | Map of countries with ongoing FTs (green), no ongoing FTs (red), and no public data (grey).

It was also found that in 36 countries FTs with biotech plants are allowed, but additional approval of the authorities is needed, while in only two countries those FTs are allowed without additional approvals (Czech Republic and Egypt). In 11 countries this type of FTs is not allowed or not possible in the local context, with almost half of these countries being members of the EU (Cyprus, Estonia, France, Ireland and Portugal). As is apparent from Figure 1, the countries in Asian (including Middle East) and American continents have more favorable attitude to the FTs with biotech crops than the EU and Africa, although in Africa some countries, such as Egypt, Ethiopia, Ghana, Kenya, Mozambique, Nigeria, are currently performing FTs. It should also be noted that in some countries the regulation changed in favor of FT acceptance as in Japan or in Italy in June 2023 (Global Gene Editing Regulation Tracker, 2023). In Spain some requests for FTs in 2023 are pending. In South Africa since 2021 no FTs have been registered in the governmental database (DALRRD, Department of Agriculture, Land Reform and Rural Development). Since our survey also examined whether laboratory research on biotech plants is being performed, we found out that 11 countries carry out laboratory research but do not perform FTs (Supplementary Tables S1, S2).

In Supplementary Table S1, we have listed the countries where laboratory biotechnology research is being carried out, and in Supplementary Table S2, the countries where field trials are being conducted. These two tables provide information on the current state of research. Some countries carry out laboratory research but are not authorized to carry out field trials.

The compiled FTs were further classified according to the traits that have been introduced (Figure 2). These traits are related to biotic stress resistance (20%), herbicide tolerance (15%), industrial application (12%), yield (11%), quality improvement (11%), abiotic stress resistance (7%), and fundamental research with model plant (3%).

[image: Donut chart illustrating the distribution of various purposes for a dataset. NA is 21, Biotic Stress Resistance 20, Herbicide Tolerance 15, Industrial Application 12, Yield Improvement 11, Nutritional Improvement 11, Abiotic Stress Resistance 7, Research Purposes 3.]
Figure 2 | Biotech traits tested in FTs in percentage.

Data obtained in our work showed that canola and maize are the most field-tested crops for herbicide tolerance (Supplementary Table S3). We identified ‘new’ herbicide tolerant crop species tested in FTs, that is the ones not already approved for cultivation (see section 3.3). These ‘new’ species are bent grass, pine trees, and wheat. Regarding countries, most FTs of herbicide tolerant crops are conducted in Asia-Pacific region. However, Canada stands out with 5 different crops tested (camelina, canola, maize, soybean, wheat).

Our study showed that six non-EU countries field-tested abiotic stress resistance and only one EU country (Belgium) performed such FT (Supplementary Table S4). ‘New’ crops tested are barley, chickpea, poplar, rice, and turf grass, mostly for drought tolerance. Resistance to biotic stress is by far the most tested trait in current FTs (Supplementary Table S5). Those took place in all five continents. Potatoes are largely represented for this trait, with occurrences in 6 different countries and one FT with GenEd potatoes in Sweden.

Quality improvement FTs are mostly related to biofortification in ‘new’ crops (apple, beans, wheat) and oil content also in ‘new’ crops (camelina, Indian mustard, wheat) along with canola (Supplementary Table S6). In this category, only one variety of maize is edited with CRISPR-Cas9, for decreasing lignin content. As for industrial applications, ten crops in seven countries in the EU, Asia-Pacific and America were tested (Supplementary Table S7).

Yield improvement traits were related to the nutritional efficiency and the global architecture of the plant (Supplementary Table S8). ‘New’ crops were tested (barley, camelina, pine trees, wheat) for yield. Barley, maize, wheat represent the majority of the FTs in this category. Canada and Asia-Pacific performed most of such FTs, with only one EU country performing FTs along with the UK. In 2022 one FT with yield improved crop was set in Japan for the first time since 2016. Finally, plant species used in FTs for research purposes were Arabidopsis, aspen, grass, pine, poplar, sorghum, and white clover (Supplementary Table S9). Most of these FTs are funded by the public sector.

Regarding more specifically GenEd species tested in FTs, they are 10, namely barley (yield in the UK), camelina (yield in the UK), chili (biotic stress resistance in Indonesia), citrus (biotic stress resistance in Indonesia; quality improvement, biotic stress resistance in the USA), potato (biotic stress resistance, industrial applications in Denmark; herbicide tolerance in Indonesia; biotic stress resistance, industrial applications in Sweden), poplar (yield in Sweden; USA), maize (abiotic stress resistance, quality improvement, yield in Belgium; herbicide tolerance in USA), rice (abiotic and biotic stress resistance, yield in Indonesia), soybean (herbicide tolerance in USA), and wheat (yield in UK) (Supplementary Table S10).




3.2 The current FT situation in Europe



3.2.1 Crops and traits

As GenEd is becoming a mature and increasingly used technology, researchers are faced with the necessity to evaluate their new crops in field growing conditions. However, knowing that the EU has very strict regulations on GMO cultivation (since 1998 it only authorized a Bt maize and a potato which is no longer marketed), it is interesting to compare the 27 MS of the EU and other countries in Europe with the rest of the world to evaluate the impact of regulation on innovation, as revealed by FTs. It is also interesting to analyze whether MS conduct field trials for proof of concept or for risk assessment at the EU level. Another question is whether some MS are more permissive than others regarding FTs since the ‘opt-out’ Directive (EU) 2015/412.

Data were collected from 33 countries of geographical Europe (including non-EU countries) (Figure 3). Among the 11 countries performing FTs, only 9 countries provided data precise enough to be analyzed. In the non-EU countries Ukraine and Albania, FTs are forbidden (no details are available). Figure 4A shows that for most crops both GenEd and Tr are used. Potato is the most field-tested crop among the 10 crops listed and it is mostly for GenEd products. In Europe, Belgium, Sweden, and UK appear as the most innovative countries as revealed by both the total number of FTs and the testing of GenEd products (Figure 4B). One can note that Denmark is focusing its FTs on GenEd techniques. Among the 31 FTs, the transgenic (Tr) technique was still used in 58% of the cases (18 FTs). Traits modified are yield improvement (22.9% of total), research purposes (5.7%), nutritional aspects (8.6%), industrial characteristics (25.7%), biotic stress (34.3%) and abiotic stress resistance (2.9%) (Figure 4C).

[image: Map of Europe with countries shaded in green, blue, and red. Green indicates a high value, blue a medium value, and red a low value, according to a scale from 0 to 1.]
Figure 3 | Map of countries in Europe where FTs are ongoing (green), allowed (blue), forbidden or currently non-existing (red). Cyprus, not seen on the map, is pictured in red.

[image: Chart A shows the number of FT for various crops, with potato having the highest and camelina the lowest. Chart B shows FT by country, with Sweden leading. Chart C displays FT distribution across crops based on different characteristics such as industrial and yield improvement, with wheat and maize highlighted.]
Figure 4 | Number of FTs using GenEd and Tr crops in the EU, Iceland, Switzerland and UK (2022-2023). (A) Listed by crops; (B) Listed by countries; (C) Listed by traits.




3.2.2 Regulatory status of FTs in Europe

FTs authorization procedures in the EU are defined in Part B (deliberate release of GMOs for any other purpose than for placing on the market) of Directive 2001/18/EC of the European Parliament and of the Council of 12 March 2001. The current political context is that some EU countries perform FTs with biotech crops, while in other countries such FTs are not permitted (see Figure 3). In addition, since the Court of Justice of the EU ruled on July 25th, 2018 that organisms obtained by modern forms of mutagenesis are not exempt from the EU GMO legislation (EU Directive 2001/18), GenEd crops, like transgenic ones are considered as GMOs.



3.2.2.1 Countries where FTs are/were forbidden

In France, FTs are not prohibited by law. However, according to a report from the French Ministry of Agriculture, “No field experimentation of genetically modified plants is currently authorized in France. The last GM field trial in France was in 2013. No application for authorization has been filed since then”, hence the situation of Tr and GenEd FTs can be likened to a de facto ban. This is why French researchers and private companies have been in the recent past forced to relocate their trials in the UK or in Argentina, for example. The situation could change due to the start of a new national “priority research and equipment program” devoted to “advanced plant selection”, meaning “to select new species and new traits favorable to an agroecological transition and adaptation to climate change”. It should also be mentioned that the country prohibits by law cultivation of all “genetically modified” maize since 2014. This de facto includes edited maize varieties since the above-mentioned ruling of Court of Justice of the EU on July 25th, 2018. However, the French Minister of Agriculture Marc Fesneau declared in May 2023 to be in favor of the deregulation of GenEd plants and thus avoiding the long and costly authorization process for these plants currently classified as GMOs (as imposed by European Regulation 1829/2003 of 22 September 2003 and Commission Implementing Regulation No 503/2013 of 3 April 2013).

Germany, the country where the headquarters of major players in agricultural biotechnology such as Bayer CropScience or BASF are located, appears colored in red on the Figure 3. It is in a similar regulatory situation as France or Italy. Germany has “opted out” of the cultivation of the only transgenic event authorized in the EU (maize MON810). Nevertheless, FTs took place until 2017. The cessation of these trials has nothing to do with regulations and was more of a political choice of the new government at this time, which was strongly opposed to biotech crops. Even before the end of FTs in Germany, due to the rejection of GMs on the EU market, the large firms mentioned above moved their R&D centers outside the EU.

Biotech crops are not allowed to be cultivated in Italy as well, since it “opted out” (EC Directive 2015/412) in 2015. However, some research is conducted on tomato, olive and grapevine. The public opinion made it difficult to defend biotech plants for cultivation and for research purposes. This situation resulted in defunding of research and development of biotech crops. However, the regulation recently changed in favor of FT acceptance since in June 2023 Italian political groups voted unanimously to authorize field experimentation of products of new breeding technologies (NBTs) (ISAAA, 2023).




3.2.2.2 European countries where FTs are authorized but no FTs were performed in 2022-2023

Spain is the biggest producer of biotech crops in the EU and defended a non-opt-out position in 2015. FTs are allowed, but notifications to the EC remain low as a reflection of a lack of interest to develop biotech crops adapted to the biotic and abiotic conditions of the country (Guerrero, 2023; OECD 2024). The same stands for Portugal where the cultivation of biotech plants is authorized for research purposes (Directive 2001/18/EC), but the reluctance of the farmers and the public for new biotech crops make it uninteresting to develop such plants.




3.2.2.3 European countries where FTs were performed in 2022-2023

The United Kingdom (UK) is probably one of the most pro-innovation countries in Europe on this subject and especially on GenEd. Since Brexit, the UK Government has reduced the administrative burden on plant FTs. The Genetic Technology (Precision Breeding) Act 2023 (28 March 2023) has been passed by the British Parliament to reduce the regulatory burden on genome-edited plants, thus distinguishing them from conventional GMOs and facilitating research. As a consequence of this new policy, in April 2022, the Crop Science Centre, announced planting of a FT of Tr and GenEd barley with the aim of reducing dependency on synthetic fertilizers to promote improved soil health, and sustainable and equitable means of food production. Another country where FTs were performed was Switzerland where FTs are performed in dedicated and protected sites with fences (barley, maize and wheat resistant to biotic stress, see Supplementary Table S5).

The above-mentioned examples highlight that among opposing countries, there is not necessarily a regulation that prohibits FTs, sometimes the socio-political context pushes the governments to prevent the development of these tests even in the absence of a clear law prohibiting FTs. “The national media debate on biotech crops and plant experimentation has made it politically unpalatable to support biotech research and cultivation. Therefore, public and private research funding on biotech products has gradually been cut to zero and currently no biotech field trials are being conducted in Italy” (USDA, 2020).





3.2.3 Status of FTs according to the proposed new regulation for GenEd products

The EU institutions are currently debating on the status of GenEd products (termed ‘new genetic techniques’, NGT), with a proposed different classification dependent on the nature of the modification. Basically, minor mutations that could have occurred ‘naturally’ would have a permissive NGT-1 status, while others would have the NGT-2 status (with still a heavy regulatory burden).

Whether the current FTs in the EU fall in one or the other category was determined (see Supplementary Table S10). Interestingly all collected FTs fall in the NGT-1 category. This trend holds true for the most recent FTs (see update in Supplementary Table S10). Two explanations can be proposed (which are not mutually exclusive): EU laboratories may anticipate that NGT-2 products may be difficult to bring to the European market and are avoiding developing such products; transgenesis may still be the preferred techniques for larger genome modifications such as DNA insertions. Belgium, Denmark and Sweden are the first EU countries where edited crops are tested in field trials. Belgium, Denmark and Sweden have always loosened the rules on biotech techniques (including gene editing) along with the UK.





3.3 Approvals for cultivation

To examine whether FTs bear new innovation promises with respect to recently authorized biotech events, we collected information on the latter crops and traits in order to compare this data with those of FTs over the same period. All events approved for cultivation between 2021 and 2023 are Tr events. No trait was obtained by GenEd, but this conclusion does not take USA into account, since in this country the events authorized for cultivation are not accessible in the USDA database. The EUGINIUS database includes biotechnology trials, but it is not complete for Europe (https://www.euginius.eu). No database is provided for the USA. The EUGINIUS database lists only a few trials conducted in the USA.

Since 2021 there were 198 authorized events that were related to 16 different plant species, while during the same period 36 crops were tested in FTs. Regarding traits, it can be noted that more than 90% of the events approved during the years 2022 and 2023 are related to the response to a biotic stress, and two thirds of these crops are tolerant to at least one herbicide (Figure 5). In Figure 5, all the events approved for cultivation are cited with percentages for abiotic stress resistance (4%), nutritional improvement (3%), yield increase (1%) and industrial application (1%). All data (countries and crops) are presented by trait with percentages in Supplementary Tables S2–S8. This data contrasts with the FT data shown in Figure 2.
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Figure 5 | Number by category of traits of biotechnological crops approved for cultivation during years 2022-2023.

To clarify the data on events authorized for cultivation, we have also subdivided them for one trait category per region. Data analysis for Africa shows that there are few countries in Africa, notably Ghana, Kenya, South Africa, releasing information on biotech crops cultivation, with South Africa emerging as the leader in the field of Tr crops (Supplementary Tables S11, S12). Insect resistant cowpea is now a new biotech crop in Ghana obtained by the public sector. Biotic stress resistance is developed by both the public and private sectors. However, in Africa, the lack of information and the absence of clear regulations make it quite difficult to analyze this information in depth.

Analysis of the available data for America excluding USA showed that a few biotech crops have been recently authorized for pests and diseases resistance in some American countries (cotton, maize, soybean, sugarcane - Supplementary Table S13). This category of traits is mostly developed by private companies. Canada is the most active country with 6 different herbicide-resistant crops approved for cultivation including herbicide tolerant sorghum, for adaptation to climate change (Supplementary Table S14). In Columbia stacked herbicide tolerant events (up to 3 herbicides and insect resistance event) are developed in cotton, maize and in soybean. Argentina, Brazil and Costa-Rica and Paraguay also authorized staked herbicide-tolerant events. Papaya was already approved in the USA; this is not recent. In the Supplementary Table S13 recent crops approved for cultivation in Americas in 2022 and 2023 modified for biotic stress resistance by country are listed and no papaya was tested.

In Asia-Pacific most of authorized biotic stress resistance events relate to a few crops (cotton, maize, potato and soybean), while herbicide-tolerant canola, cotton, maize and soybean were authorized in most countries and wheat in Indonesia (Supplementary Tables S15, S16).




3.4 Bibliographic review and bibliometric analysis of FTs with GenEd plants

A bibliographic search of academic articles mentioning FTs and GenEd was conducted for the 2018-2023 timeframe and 33 articles were found. The keyword analysis demonstrated that yield improvement and stress resistance were the most studied traits followed by other industrial properties (including semi-dwarf, acrylamide production and oil content, etc.). Lignin content, growth, photosynthesis, nitrogen use efficiency, browning, herbicide tolerance, glycoalkaloids, glucosinolate, amylose and amylopectin were other notable traits studied in FTsof biotech crops (Figure 6). When the content of each article was screened for method detection, CRISPR appeared in most of these 33 articles, while TALEN for example was never mentioned. Cas9 appeared in most cases when CRISPR was mentioned, and Cas12a only once. The term NGT (new genetic techniques) officially used by the European Commission occurred in 3 of these papers.
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Figure 6 | Keyword analysis results showing the most used traits.

When collaborations between laboratories were analyzed, it appeared that most of them are within a single country (Supplementary Figure S1). Scientific interactions between laboratories from an African country and European countries appeared limited. No general trend has been identified suggesting that European laboratories have delocalized their FTs to permissive countries, when they were banned in their own country. This suggests that most European laboratories have simply not conducted FTs, or have not yet been able to publish their results.





4 Discussion

From the 141 countries for which data on FTs were searched, 41 were identified as performing FTs, involving 36 plant species. We were able to gather precise information on 30 of these countries. It seems that favorable regulation of biotech technologies in some countries outside the EU have boosted the development of biotech plants, which then could be tested in the fields without difficulties (Guo et al., 2023; Molitorisová et al., 2023; Zhong et al., 2024). However, in some cases, plants are deregulated under local regulations and therefore not specifically declared in public databases, so we could not compile them, a problem already encountered by other authors dealing with the subject (Metje-Sprink et al., 2020).

FTs with biotech crops are conducted by the public sector in 66% of the evaluated cases. However, it should be mentioned that the private sector is highly represented in application of GenEd for traits like herbicide tolerance and industrial applications, while the public sector is more involved in all other topics. In some MS in the EU, due to a certain reticence in view of vandalism and the regulations in EU, the development of new biotech crops is slowed down. In that context, some countries are carrying out confined laboratory research while no FTs are currently performed for political reasons.

In all countries surveyed, setting and presence of FTs with biotech crops was strongly affected by existing policies and regulations, as already observed and discussed by different authors (Metje-Sprink et al., 2020; Goralogia et al., 2021; Marone et al., 2023). The number of EU countries performing FTs was actually decreasing since 2015 (Ricroch, 2020). In our survey, we confirmed such a decrease of FTs in the EU. In Spain, the consents were given recently for two field trials for GE plants: B/ES/23/36 - a gene-edited tobacco line with high anatabine content and B/ES/21/28 - for increased salinity and drought tolerance in broccoli. In both cases, the mutant lines were generated using the CRISPR/Cas9 system. The tobacco edited line should be used as an anatabine biofactory, while the broccoli line should be more resistant to salinity and drought, without repercussions on other commercial qualities. Their potentials will be evaluated in field trials (OECD, 2024). The number of FTs and the diversity of crops among them have been decreasing since 2015. Potato and maize are mostly tested in field trials, but there have also been releases of wheat, barley, tobacco, poplar, oilseed rape and others (https://www.testbiotech.org/wp-content/uploads/2024/08/Field_trials_New_GE_EU_UK_background_17_08_2024.pdf). Since 2016, the total number of FT in EU and UK together has risen to about 50 with 13 plant species involved (https://webgate.ec.europa.eu/fip/GMO_Registers/GMO_Summary.php?NotificationNum=B/IT/24/04&Cat=gmp).

Worldwide, biotech events recently authorized for cultivation were mostly developed by private companies, and a few by the public sector in Brazil, China, Costa Rica, Ghana, and Kenya. This contrasts with the data compiled on FTs, which were mostly conducted by the public sector. Study of the approvals for cultivation highlighted the differences in crops and traits between the recently authorized events and those which may be authorized in the future following FTs over the period 2022-2023. The 198 events authorized for cultivation that we recorded since 2021 are related to 16 crops, mostly for herbicide tolerance (61%) and biotic stress resistance (30%). During the same period 36 crops were tested in FTs.

Our study showed that although a multitude of traits have been introduced into the crops using GenEd, and certain number of those crops tested in FTs, only few GenEd crops have reached the market so far, especially in the EU. This might be due to different regulations on GenEd crops in different countries, with some being more open to this new technology (Menz et al., 2020). A notable example of the effect of regulation on biotech crop cultivation is the new drought-resistant wheat (HB4), developed by Trigall Genetics, a Argentine Bioceres company’s joint venture, with the French company Florimond Desprez. Although developed by a European company, HB4 wheat is not commercialized in the Europe, but it is approved for cultivation in several countries outside EU. This adds the value to the argument, already raised by several other authors, that strict biotech policies and hurdles for FTs and cultivation of biotech crops will leave Europe lagging behind other countries, especially the USA and China, when it comes to market-oriented trait development using biotech techniques, making an even wider gap between research and application (Modrzejewski et al., 2019; Menz et al., 2020). However, a new regulatory policy in the EU could provide favorable conditions to the public and private sectors to innovate. While on 25 July 2018 the Court of Justice of the European Union ruled that some mutagenesis procedure (which includes GenEd) should be regulated like GM plants (case C-258/16), a more favorable, at least for some mutagenesis products (see above the distinction between NGT-1 and NGT-2), “proposal for a regulation of the European parliament and of the Council on plants obtained by certain new genomic techniques” has been published by the European Commission (EC) in July 2023 (Ricroch et al., 2024). An amended version of this proposal has been voted by the European parliament and is waiting for an agreement amongst MS.

In Japan, in 2020, the Animal Plant Health Inspection Service has determined that GenEd products are not regulated under 7 CFR part 340. In Senegal a new law in 2022 authorized biotech research.

The diversity of crops and traits tested in the field is higher than in approved events during the same period. In addition, while the latter used mostly Tr, GenEd is used in 12% of FTs (a number which is underestimated since in the USA data on GenEd are not all publicly released). It can be concluded from the present compilation that biotech of plants holds great promises, despite the fact that not all field-tested products will make it to the market.

The global “regulatory mixture” hampers the global release, but also import and export of GenEd plants, so the first GenEd crops released so far were marketed in countries with a GenEd friendly policy. Moreover, we have identified that most countries, which are active in developing market-oriented traits have such a friendly policy (e.g., United States and Japan), with China and the United States leading this field. Europe which has a strict policy toward GenEd is among the leaders in GenEd research (Modrzejewski et al., 2019) but is lagging in the application of this technology. However, a changing regulatory landscape, along with emerging studies on novel GenEd tools are focused on transgene-free editing, which are deemed to be more ‘regulatory-friendly’ and may attract improved public approval, should result in an increasing number of biotech plants tested in the field, especially in the EU (Metje-Sprink et al., 2020; Miladinović et al., 2021; Hamdan et al., 2022) and possibilities to reach the market. It should be kept in mind that even if some GenEd crops are deregulated, it will still be crucial to be able to perform FTs on these crops, firstly to verify that a given trait is satisfactorily expressed in real conditions (not only in a confined environment) and secondly to comply with intellectual property rules (such as to obtain a COV for example, as mentioned in the Introduction).
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In the published article, there was an error in Figure 4 as published. The sections A, B and C overlap and legends cannot be read. The corrected Figure 4 appears below.
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Figure 4 | Number of FTs using GenEd and Tr crops in the EU, Iceland, Switzerland and UK (2022-2023). (A) Listed by crops; (B) Listed by countries; (C) Listed by traits.

In the published article, there was an error in the Supplementary Material. Supplementary Tables S3, S4, S8, S12 and S15 were cut by page separation.

The authors apologize for these errors and state that this does not change the scientific conclusions of the article in any way. The original article has been updated.
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The environmental conditions play a crucial role in determining crop yield, which is essential for ensuring food and nutritional security. However, rapid climate change is exacerbating global environmental stress, leading to severe biotic pressures on crops. Therefore, enhancing crop resilience to pathogens has become one of the most pressing challenges for humanity. Large-scale mutant library screening is the most efficient strategy for identifying numerous genes associated with specific traits. The revolutionary CRISPR/Cas9 system has ushered in a new era in the construction of mutant library. However, its application in crop plants has been relatively scarce compared to mammals, largely due to challenges in accessibility. Fortunately, several research groups have recently developed CRISPR/Cas9-based mutant libraries, successfully identifying a variety of genes involved in crop immunity. In this review, we present an overview and discussion of studies that have generated significant results through the use of CRISPR/Cas9 library screening to identify novel genes associated with resistance to biotic stresses within the field of plant research.
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Introduction

Rapid climate change, driven by environmental degradation and the excessive use of fossil fuels, presents an existential threat to humanity. The detrimental effects of climate change extend to agriculture, significantly jeopardizing crop production, which serves as a critical source of energy and materials for the global population (Rezaei et al., 2023). Crop yields are severely compromised by various pathogens and pest insects. Additionally, climate change tends to promote pathogen proliferation and negatively impacts plant immunity, further intensifying the damage caused by diseases (Velasquez et al., 2018; Subedi et al., 2023; Roussin-Leveillee et al., 2024). Therefore, developing stress-resilient crop varieties and identifying novel genes that enhance stress resilience are crucial for ensuring human survival.

For decades, botanists have used mutant lines to identify novel genes associated with phenotypic traits and elucidate their functions. Large-scale mutant libraries represent important materials for functional genomics and plant breeding (Wang et al., 2013). Mutant libraries have been constructed using traditional methods such as physical mutagenesis (e.g., X-rays, gamma-rays, fast neutrons, and ultraviolet-C radiation), chemical mutagenesis (e.g., ethyl methanesulfonate, ethyl nitrosourea, 1,2:3,4-diepoxybutane, and N-nitroso-N-methylurea), and insertional mutagenesis (e.g., transposons and T-DNA) (Cheng et al., 2017; Ram et al., 2019; Salava et al., 2021). Although mutant libraries generated via traditional methods are valuable, these methods require a lot of time and labor because they generate random mutations and because identifying targeted mutations is difficult (Viana et al., 2019). The development of the revolutionary clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated nuclease 9 (Cas9)-mediated genome editing technique marked a new era in plant breeding (Son and Park, 2022a). Indeed, some mutant libraries have been constructed using CRISPR/Cas9 tools in crops such as cotton (Gossypium hirsutum), maize (Zea mays), rice (Oryza sativa), soybean (Glycine max), and tomato (Solanum lycopersicum) (Jacobs et al., 2017; Lu et al., 2017; Meng et al., 2017; Bai et al., 2020; Liu et al., 2020; Ramadan et al., 2021; Chen et al., 2022; Son et al., 2024a; Sun et al., 2024; Wang et al., 2024).

In mammals, genomic approaches utilizing CRISPR library screening to explore target genes and methods for alleviating disease symptoms have been extensively carried out (Srivastava and Pandit, 2023; Chen et al., 2024). However, these efforts have not been actively performed in plants. Although Jacobs et al. generated several tomato leucine-rich repeat subfamily XII gene mutant lines and demonstrated that S. lycopersicum FLAGELLIN-SENSITIVE 2.1 (SlFLS2.1) plays a crucial role in the 22–amino acid region of bacterial flagellin (flg22)-induced pathogen-associated molecular pattern (PAMP)-triggered immunity (PTI), this was not based on a library screening (Jacobs et al., 2017). Recently, CRISPR/Cas9-mediated mutant library screening approach was utilized in cotton and rice (Chen et al., 2022; Son et al., 2024a; Sun et al., 2024; Wang et al., 2024), leading to the identification of novel genes associated with resistance to biotic stresses (Figure 1).

[image: Flowchart comparing cotton (Gossypium hirsutum) and rice (Oryza sativa) mutant lines and their resistance to diseases. Cotton: 200 mutant lines for aphid and insect resistance, 243 for leafworm resistance. Rice: 44 mutant lines for blast resistance, 60 for bacterial blight and bakanae disease. Libraries: cotton - DEG, CDPK; rice - RLK, NAC. Arrows indicate gene changes.]
Figure 1 | CRISPR/Cas9-mediated mutant library screening for the identification of genes associated with innate immunity in cotton and rice. Using a high-throughput CRISPR/Cas9 system, the differentially expressed gene (DEG) mutant library was constructed for cotton, leading to the identification of 15 genes that significantly influence resistance to various insect pests such as aphids (Sun et al., 2024). Another study utilized CRISPR/Cas9 to develop a cotton calcium-dependent protein kinase (CDPK/CPK) mutant library, identifying six mutant lines with enhanced resistance and eight mutant lines with reduced resistance to Spodoptera litura larvae (Wang et al., 2024). In rice, a receptor-like kinase (RLK) mutant library was generated using the FLASH (PCR fragment-length markers for distinguishing gRNA) pipeline for arrayed CRISPR library construction. This approach revealed that mutagenesis of RECEPTOR-LIKE CYTOPLASMIC KINASE 109 (OsRLCK109) heightened rice resistance to Magnaporthe oryzae, while mutations in 10 other RLKs led to reduced immunity (Chen et al., 2022). Additionally, targeted mutagenesis of rice NAC (no apical meristem, arabidopsis transcription activation factor, and cup-shaped cotyledon) transcription factor genes using CRISPR/Cas9 revealed that OsNAC30 mutations in the elite rice cultivar Samgwang enhanced resistance to Xanthomonas oryzae pv. oryzae without yield penalty, whereas OsNAC59 mutations increased resistance to Fusarium fujikuroi and OsNAC101 mutations reduced it (Son et al., 2024a). These studies underscore the utility of CRISPR/Cas9-mediated mutant libraries in identifying key genes governing both biotic stress resistance in cotton and rice.





Cotton mutant library screening for insect pest resistance

A variety of pests cause substantial reductions in crop yields, resulting in considerable economic losses and jeopardizing global food production (Subedi et al., 2023). Conventional pest control strategies, including the use of chemical pesticides, are associated with environmental risks and can drive the development of resistance in pest populations over time. To address these limitations, Sue et al. present a significant advancement in generating a mutant library of insect-resistant host plants using a high-throughput CRISPR/Cas9 system (Sun et al., 2024). They not only examine the efficacy of this method but also identify a resistance genes, which has the potential to facilitate the development of crops with durable protection against diverse insect species.

To identify cotton genes conferring insect resistance, Sun et al. identified 502 differentially expressed genes (DEGs) and attempted to generate a CRISPR/Cas9-mediated mutant library targeting these genes (Sun et al., 2024). Since these DEGs are implicated in the host plant’s response to insect attacks, they could provide valuable information into the molecular mechanisms governing plant-insect interactions, enabling the identification of potential genetic targets for enhancing pest resistance. Indeed, Sun et al. obtained over 2,000 T0 mutant lines and randomly selected 200 independent T1 mutant lines, harboring mutations in 133 genes, to assess their insect resistance. The mutagenesis of eight genes (i.e., Gh_A03G1240, Gh_A03G0298, Gh_A04G0555, Gh_A05G1023, Gh_A05G1815, Gh_A06G0136, Gh_A10G0762, and Gh_A10G1104) resulted in altered resistance to aphids, while the mutagenesis of the genes (i.e., Gh_A03G1240, Gh_A03G0121, Gh_A07G1493, Gh_A11G0142, Gh_A11G0358, Gh_A12G1862, Gh_D03G1250, and Gh_D13G0941) led to changes in resistance to chewing pests (Sun et al., 2024). The mutations in Gh_A03G1240, corresponding to MAJOR LATEX-LIKE PROTEIN 423 (GhMLP423), compromised immune responses to both aphids and chewing pests, while GhMLP423-overexpressing cotton plants showed enhanced broad-spectrum insect resistance genes (Sun et al., 2024). In subsequent studies, Sun et al. demonstrated that GhMLP423 interacts with the calcium-binding protein (CBP) EPIDERMAL GROWTH FACTOR RECEPTOR SUBSTRATE 15 (GhEPS15) to induce calcium (Ca²+) flux, leading to hydrogen peroxide (H2O2) accumulation, which activates systemic acquired resistance (SAR) (Sun et al., 2024). Therefore, this study establishes a foundational framework for developing cotton with enhanced resilience to a variety of insect pests through the integration of DEG analysis and CRISPR/Cas9-mediated genome editing.

A recent study also reported the development of a calcium-dependent protein kinase (CDPK/CPK) mutant library in cotton. CDPKs play a pivotal role in plant immunity by acting as key mediators of calcium signaling, which is essential for activating various defense responses (Boudsocq and Sheen, 2013). Upon exposure to stress from pathogens or insect pests, plants experience an elevation in intracellular calcium concentrations, which activates CDPKs to initiate a cascade of protective responses. These responses involve the upregulation of defense-associated genes, synthesis of antimicrobial metabolites, and fortification of cell walls to inhibit pathogen penetration (Bacete et al., 2018; Wang and Luan, 2024). By translating calcium signals into downstream immune reactions, CDPKs orchestrate a robust defense, positioning them as key regulators in the plant’s resistance to biotic stresses. Elucidating the specific functions of CDPKs in plant immunity is crucial for advancing strategies aimed at enhancing crop resilience and promoting sustainable agriculture. Therefore, to address the challenge of increased dependence on insect pests and reduce the need for harmful pesticides, Wang et al. generated 518 T0 mutant lines using the CRISPR/Cas9 system and subsequently analyzed 243 T1 and/or T2 mutant plants, involving editing of 62 independent GhCPKs and 28 pairs of homologous GhCPKs, to assess resistance to larvae of Spodoptera litura (Wang et al., 2024). Six mutant lines (i.e., cpk6, cpk15, cpk79, cpk6/48, cpk13/54, and cpk33/74) exhibited enhanced resistance to S. litura, whereas eight mutant lines (i.e., cpk24, cpk37, cpk39, cpk45, cpk61, cpk64, cpk71, and cpk37/77) showed reduced resistance to the pest. Notably, while the cpk33/74 double mutant line exhibited the highest level of insect resistance, neither the cpk33 nor the cpk74 single mutation lines had a significant effect on resistance. Moreover, cotton plants overexpressing GhCPK33 or GhCPK74 exhibited increased susceptibility to S. litura, indicating that GhCPK33 and GhCPK74 have redundant functions in downregulating the immune response against this insect (Wang et al., 2024). Indeed, GhCPK33 and GhCPK74 inhibited Ca²+ flux and jasmonic acid (JA) synthesis, thereby impairing cotton immunity against S. litura (Wang et al., 2024). These GhCPKs also interacted with both S-ADENOSYLMETHIONINE SYNTHETASE 1 (GhSAMS1) and GhSAMS2 which are positive regulators of resistance to S. litura (Wang et al., 2024). However, the regulatory mechanism of GhCPK33 and GhCPK74 remains to be elucidated.





Rice RLK mutant library screening for blast resistance

The receptor-like kinase (RLK) superfamily plays important roles in the detection of pathogens and the subsequent activation of defense responses. Although some RLKs, such as receptor-like cytoplasmic kinases (RLCKs), exhibit different subcellular localizations or structural variations, RLKs are typically membrane proteins with extracellular receptor domains (Liu et al., 2024). These membrane-localized proteins function as sensors, recognizing specific PAMPs or damage-associated molecular patterns and triggering a cascade of signaling pathways that enhance the plant’s ability to resist biotic stress (Wu and Zhou, 2013). Upon activation, RLKs initiate various immune responses, including the production of reactive oxygen species, the expression of defense-related genes, and the reinforcement of cell walls, all of which contribute to a robust defense against pathogens (Huang and Joosten, 2024). The variety of RLKs in plants allows for responses to a broad spectrum of pathogens, including bacteria, fungi, and nematodes. Comprehending the specific functions of various RLKs in plant immunity is crucial for deciphering the intricate signaling networks that govern plant defense (Tang et al., 2017; Huang and Joosten, 2024). Moreover, characterizing these receptors can yield critical insights for devising strategies aimed at improving disease resistance in crops, thereby supporting sustainable agricultural practices and enhancing food security. As researchers further explore the roles of RLKs, their importance in plant immunity becomes increasingly evident, underscoring the necessity for innovative strategies to exploit these kinases in crop enhancement.

In rice, with over 1,000 RLK genes whose functions are largely unknown, Chen et al. generated a RLK mutant library using CRISPR/Cas9 technology to identify novel genes involved in immune responses (Chen et al., 2022). To increase efficiency, they introduced the FLASH (PCR fragment-length markers for distinguishing gRNA) gene editing pipeline to generate an arrayed CRISPR/Cas9 library. As a result, they successfully obtained a rice RLK gene mutant library covering 936 RLK genes out of a total of 1,072 rice RLK members. Blast disease, caused by the filamentous fungus Magnaporthe oryzae, is among the most devastating diseases affecting rice crops (Wilson, 2021). To identify RLK genes involved in defense responses to M. oryzae, the causal agent of rice blast, the mutant library was screened. For the initial screening, RLK expression levels were assessed, and 14 RLK genes exhibiting over 4-fold induction at 72 hours after M. oryzae inoculation were selected (Chen et al., 2022). Among these, 9 T1 RLK mutant lines (LOC_Os01g03370, LOC_Os01g04580, LOC_Os03g56160, LOC_Os04g24220 [WALL-ASSOCIATED KINASE GENE 32, OsWAK32], LOC_Os04g22470 [MALECTIN/MALECTIN-LIKE RECEPTOR-LIKE KINASE 13, OsMRLK13], LOC_Os07g35300, LOC_Os08g28710 [OsRLCK253], LOC_Os09g18360, and LOC_Os09g37834) demonstrated a diminished immune response to M. oryzae (Chen et al., 2022). Therefore, this study not only provides a streamlined method for large-scale gene function analysis but also lays the groundwork for identifying critical RLKs that can be targeted to enhance rice resilience and productivity. The findings have significant implications for global food security and the sustainable improvement of rice, a staple crop for millions.





Rice NAC mutant library screening for resistance to bacterial and fungal pathogens

In plants, numerous transcription factor families exist, with six major superfamilies—NAC (no apical meristem, arabidopsis transcription activation factor, and cup-shaped cotyledon), APETALA2/ethylene response factor, basic helix-loop-helix, basic leucine zipper, myeloblastosis, and WRKY DNA-binding protein—playing essential roles in mediating innate immunity against a diverse array of pathogens (Tsuda and Somssich, 2015). Especially, the NAC transcription factor superfamily, which plays important roles in plant responses to biotic stress, is associated with multiple stress responses and crop yields. Therefore, the NAC transcription factors are consequently regarded as significant targets in plant breeding (Singh et al., 2021). In rice, there are approximately 146 NAC transcription factors, and previous reports have shown that OsNACs act as both positive and negative regulators of rice immunity against various pathogens. Bacterial blight, caused by the bacterial pathogen Xanthomonas oryzae pv. oryzae (Xoo), and bakanae disease, caused by the fungus Fusarium fujikuroi, result in rice yield losses of up to 80% and 50%, respectively, with the potential for more severe damage anticipated due to climate change (Son et al., 2024b). Therefore, identifying the novel genes involved in resistance to these pathogens is crucial for rice breeding. Among the 146 genes, four OsNAC genes associated with bacterial blight have been identified, whereas no genes related to bakanae disease had been reported until recently. OsNAC58, OsNAC66, and OsNAC96 act as positive regulators of resistance to Xoo (Park et al., 2017; Liu et al., 2018; Wang et al., 2021; Yuan et al., 2021), while OsNAC2, which impairs salicylic acid (SA) synthesis and OsEREBP1, negatively regulate rice immunity to Xoo (Zhong et al., 2024). The rice online expression profiles array database and the rice transcription factor phylogenomics database showed almost 35% of OsNAC genes responded to Xoo; 20 OsNAC genes were upregulated and 30 OsNAC genes were downregulated in response to this treatment (Chandran et al., 2019), suggesting many OsNACs involved in immune responses. However, OsNAC genes regulating rice immunity against Xoo and F. fujikuroi are largely unknown.

Most recently, Son et al. developed CRISPR/Cas9 plasmids specifically designed to target 146 OsNAC genes, which were introduced into the elite rice cultivar Samgwang via Agrobacterium-mediated transformation (Son et al., 2024a). This resulted in the generation of 60 T1 homozygous mutant lines harboring mutations in 23 OsNAC genes. Given that bacterial blight and bakanae disease are destructive pathogens affecting rice production (Liu and Wang, 2016), disease resistance assays were conducted using homozygous mutant lines to identify the OsNAC transcription factors involved in innate immunity against these pathogens (Son et al., 2024a). The mutagenesis of OsNAC30 resulted in enhanced resistance to Xoo without any yield penalty. Additionally, along with an elevated SA-mediated defense response, which is crucial for plant immunity against Xoo, the transcription levels of SUGAR WILL EVENTUALLY BE EXPORTED TRANSPORTER 13 (OsSWEET13) and OsSWEET14, which are induced by Xoo to promote susceptibility, were reduced in the osnac30 mutant lines (Son et al., 2024a).

Moreover, OsNAC59 and OsNAC101 were identified as a regulator of innate immunity against bakanae disease. The osnac59 mutant lines exhibited enhanced resistance to F. fujikuroi, indicating that OsNAC59 functions as a negative regulator of resistance to this pathogen (Son et al., 2024a). In osnac59 mutants, the expression levels of both gibberellin (GA)-related genes, which promote susceptibility to F. fujikuroi, and jasmonate ZIM-domain (JAZ) genes, encoding proteins that inhibit the JA-mediated defense response conferring resistance to F. fujikuroi, were reduced (Son et al., 2024a). Conversely, the osnac101 mutant lines displayed reduced resistance to F. fujikuroi, indicating that OsNAC101 positively regulates resistance to the pathogen (Son et al., 2024a). Therefore, through targeted mutagenesis, Son et al. identified specific NAC transcription factors implicated in rice-pathogen interactions and elucidated how individual NAC genes influence the plant’s innate immune responses. Furthermore, this research showed that the CRISPR/Cas9 system is a powerful tool for generating elite rice cultivars that confer enhanced disease resistance through genome editing.





Discussion

Traditional methods of mutagenesis, while useful, present challenges due to the time and labor required to generate and identify useful mutations. However, new plant breeding technologies (i.e., site-directed nucleases, oligonucleotide-directed mutagenesis, cisgenesis, intragenesis, RNA-dependent DNA methylation, grafting, reverse breeding, Agrobacterium-mediated infiltration, and synthetic genomics) have initiated a revolution in the field of plant breeding (Son and Park, 2022b). Especially, the amazing genome editing technology CRISPR is widely regarded as one of the most significant advancements in the history of biological science and technology. Recently studies using CRISPR/Cas9-mediated mutant libraries have led to significant advancements in crop breeding. DEG and CDPK mutant libraries have revealed key genes involved in insect pest resistance in cotton, particularly those related to calcium signaling pathways and protein kinases essential for immune responses (Figure 1). In rice, RLK and NAC mutant libraries have identified critical genes associated with bacterial and fungal pathogen resistance, providing insights into pathogen recognition and transcriptome reprogramming (Figure 1). These findings could potentially provide how crops are bred for biotic stress resilience.

While CRISPR/Cas9 technology has proven highly effective, there are still several challenges that need addressing (Mao et al., 2019; Son and Park, 2022a). One key challenge is the restrictive regulatory framework governing genetically modified organisms (GMOs), which hinders large-scale implementation, especially in regions where legal restrictions and public opposition to GMO crops persist. Therefore, further advancements in DNA-free genome editing techniques are essential to overcome these regulatory hurdles and facilitate broader adoption. Moreover, to date, there are many limitations on the application of this technique to various crops. Therefore, ongoing technological development is necessary to address these challenges. The advancement of genome-editing and transformation technologies and the screening of diverse mutant libraries will pave the way for a significant leap forward in crop development in the future.

CRISPR/Cas9 libraries have been established in a limited number of crop plants (Jacobs et al., 2017; Lu et al., 2017; Meng et al., 2017; Bai et al., 2020; Liu et al., 2020; Ramadan et al., 2021; Chen et al., 2022; Son et al., 2024a; Sun et al., 2024; Wang et al., 2024). Furthermore, the application of CRISPR/Cas9 library screening for the identification of immune-related genes has been realized only recently (Chen et al., 2022; Son et al., 2024a; Sun et al., 2024; Wang et al., 2024). These mutant libraries have been analyzed only in the context of specific pathogens. Therefore, further screening of these libraries across a range of biotic and abiotic stresses will reveal a wealth of genes involved in regulating stress responses. Broad-spectrum resistance is a highly valuable trait to incorporate into crop plants (Li et al., 2020; Koseoglou et al., 2022; Zhao et al., 2024). Continuous accumulation of results from CRISPR library screening for resistance to various pathogens will provide crucial insights into achieving broad-spectrum resistance in crops. Another challenge lies in understanding the complex molecular pathways governing plant immunity. While several key genes have been identified, the interplay between different genes and proteins is not always fully understood. Potential solutions include further research into plant-pathogen interactions and expanding the scope of CRISPR libraries to include genes with unknown functions, as demonstrated in cotton and rice studies.

The development of crops with enhanced resilience to biotic and abiotic stresses through CRISPR-based technologies presents significant potential for addressing global food security issues. As climate change increasingly affects agriculture, the capacity to engineer crops capable of withstanding extreme environmental conditions and pathogen pressures will be critical for sustaining agricultural productivity. Expanding CRISPR research to more plant species and traits, such as stress resilience or nutrient efficiency, could significantly contribute to the development of more sustainable agricultural practices. Moreover, advancements in CRISPR technology, such as the development of more efficient gene-editing pipelines will improve the speed and precision of gene identification and editing. This will enable more targeted breeding programs, resulting in crops that not only exhibit enhanced plant immunity but are also more nutritious and better adapted to evolving climate conditions.

Here, we presented an examination and analysis of a range of studies that have produced notable findings through CRISPR library screening, specifically aimed at the identification of novel genes implicated in enhancing crop immunity, thereby contributing to advancements within the broader scope of plant biology research. New gene-editing technologies are continuously being developed and advanced based on this remarkable technology. Therefore, the CRISPR library screening approach is an influential strategy for identifying new genes and advancing plant improvement. Despite challenges such as scaling the technology and navigating regulatory hurdles, the future prospects for CRISPR-mediated plant breeding are promising and have the potential to transform global agriculture.
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Cereal transformation and gene editing can be a complex and costly undertaking. It is therefore important to validate and understand the performance of the components to achieve high rates of transformation and gene editing. Here, we have made a direct comparison of different CRISPR/Cas9 guide systems to target the genome in three cereal species. We show that the guide sequences driven by the same pol II promoter in rice, wheat and barley show large differences in editing efficiency. The differences seen were based on the way the guides were presented and factors outside of the guide sequence itself. While both the tRNA system and ribozyme system performed well in rice, their effectiveness varied in wheat and barley. Specifically, the tRNA system outperformed the ribozyme system, achieving higher rates of editing in stable transformed plants. Overall, high levels of editing are observed in all three species when strong expression of the SpCas9 is coupled with the CmYLCV promoter to drive a tRNA array of guide RNAs. Stable inheritance is also achievable in all three species when plants are sampled shortly after the tissue culture concludes. Overall, inheritance rates were above 85% in all three species, particularly when mutations are detected early after plants emerge from tissue culture.
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Introduction

The tools available to successfully modify genomes are continually improving with innovative and novel targeted modifications becoming possible. An understanding of the factors which influence gene editing in different species is paramount for successful and efficient editing of the desired loci. With the advent of CRISPR/Cas9, precision genome editing has become almost routine in many species. Over the past ten years, CRISPR/Cas9 has become widely adopted due to its simplicity of design, ease of use and broad applicability across all kingdoms. Researchers have therefore wanted to increase the number of targets which can be edited simultaneously in a single transformation, but how best to target and deliver the multiple guides is not necessarily clear (Li et al., 2021). As the technology matures researchers are finding that not all guide RNAs cause mutations at the same efficiency, or indeed at all (Feng et al., 2013; Hahn et al., 2020; Howells et al., 2018; Ma et al., 2015; Mikami et al., 2015; Milner et al., 2020a; Naim et al., 2020; Okada et al., 2019; Wang et al., 2014, 2018; Xie and Yang, 2013). Promoter strength and epigenetic factors such as chromatin state have been suggested for the variability observed in editing efficiency (Weiss et al., 2022).

The differences observed in editing, heritability and ploidy in certain plant species has led some to label certain species as problematic (Lawrenson et al., 2015; Ma et al., 2015; Gasparis et al., 2018; LeBlanc et al., 2018; Milner et al., 2020b). In many instances, in the literature supporting the “best” system to use, conclusions are made regarding the performance of components without a direct comparison of the same promoters driving expression of the same guide sequence in stable transformed plants or, within different species (Li et al., 2021). Often these involve the use of a guide selection prediction program, which provides a poor correlation with the actual data determined from stable transformed plants (Milner et al., 2020b; Naim et al., 2020). Thus, a need to understand why certain guide sequences do not cause mutations is important, as more sophisticated targeted edits using base editing or prime editing are now possible (Ren et al., 2018; Lin et al., 2020). To further understand whether guide sequence per se or other factors influence the efficiency of editing in cereals we compared two guide delivery systems which allow multiple guides to be used to simultaneously target multiple loci within different cereal species.

Previous work in rice, wheat and barley has shown both tRNA and ribozyme systems to be effective in editing desired locations (Xie et al., 2015; Tang et al., 2016; Čermák et al., 2017; Gasparis et al., 2018; Wang et al., 2018a; Li et al., 2021; Ni et al., 2023). A small number of promoters have been used to drive the expression of the CRISPR guides primarily Pol III type promoters from various species including rice, wheat, and Arabidopsis, or Pol II type viral promoters such as CmYLCV (Čermák et al., 2017; Li et al., 2021). The various promoters and the guide delivery systems have therefore been validated independently in different plant species to create the desired edits.

To understand how the two different guide delivery systems perform in three cereal species we chose a conserved gene involved in the regulation of the brassinosteroid pathway, GSK1. GSK1 is a highly conserved gene that has been shown to be involved in various abiotic stress tolerance in both rice and barley but remains uncharacterized in wheat (Koh et al., 2007; Kloc et al., 2020). By using guides that target the same DNA sequences in three different cereal species, this study shows that the guide delivery system chosen can have a profound effect on the editing outcome as well as the overall ability to edit multiple loci in a polyploid species such as wheat. Overall, while both the tRNA system and ribozyme system work equally well in rice, the tRNA system delivers much better editing outcomes in wheat and barley.





Methods




Sequence comparison

The rice protein sequences were taken from (Koh et al., 2007) and used to identify the gene as Os01g0205700 or LOC_Os01g10840 using RAP-DB (https://rapdb.dna.affrc.go.jp/). Additional DNA and amino acid sequences were downloaded from RAP-DB. Wheat GSK1 DNA or protein sequences were obtained from GrainGenes (https://graingenes.org/GG3/) using the rice ortholog protein sequence to search for the three wheat orthologs. These loci using RefSeq2.1 are TraesCS3A03G0312800, TraesCS3B03G0368500LC, and TraesCS3D03G0288900. For the barley GSK1 sequences Ensembl plants (https://plants.ensembl.org/) was used to identify the closest gene in barley, HORVU.MOREX.r3.3HG0243150. Alignment of the DNA and amino acid sequences was performed using Mega X (Kumar et al., 2018).





Construct design

Guides were chosen based on alignments of guides identified from the CRISPR-P 2.0 website (Liu et al., 2017). Three guides were selected which targeted identical sequences in rice, wheat and barley: guide 1 5’-TTTGTGGTTTCACATCCCTGTGG-’3; guide 2 5’-CGTGCTCCTGAGCTCATATTTGG-’3 and guide 3 5’-TCTTGGTACTCCAACCCGTGAGG-’3 where the PAM feature is underlined. The guide stacks were synthesized (Genewiz) using the sequences obtained for either the tRNA or ribozyme systems from the Čermák et al., 2017 with attL1/2 sites added for gateway recombination. Each guide stack was recombined into pEW474-Cas-R1R2 which contains a wheat codon optimized ScCas9 expressed from the ZmUbi promoter in planta to create pMM36 and pMM37, containing the guide stack as a tRNA or ribozyme system respectively (Figure 1). Three promoter-GUS reporter constructs, pCmYLCV: GUS, pTaU6:GUS, and pZmUbi: GUS plus a constitutively expressed Luciferase construct, pOsActin: Luc, were created using Goldengate assembly (Engler et al., 2014). Each GUS cassette was then recombined with the pOsActin: Luc cassette into pRLF12-R1R2 or pEW343-R1R2 in a 2-insert multisite cloning reaction with LR Clonase II Plus (Thermo Fisher Scientific), to create pMS31, pMS33, pAK90 and pAK93 (Figure 2). All constructs were verified by restriction digest and sequencing. Final binary constructs were transformed into A. tumefaciens. The plasmids were then isolated from the Agrobacterium cultures and subjected to additional restriction digest verification before their use in wheat, barley and rice experiments (Bates et al., 2017). A summary of constructs and transformation experiments is provided in Supplementary Table 1.
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Figure 1 | Schematic diagram of the pMM36 (A) and pMM37 (B) T-DNAs plus the gsk1 genomic sequences from rice (C), barley (D) and wheat (A-homoeologue) (E) with the guide target sites shown. Distances between target guide PAM sites in rice are 698bp (guides 1-2), 330bp (guides 2-3); in barley 796bp (guides 1-2), 336bp (guides 2-3); and in wheat A-genome 806bp (guides 1-2), 341bp (guides 2-3).
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Figure 2 | Schematic diagram of promoter construct T-DNA structure. The T-DNA structure for the dual reporter binary construct pMS31 containing the CmYLCV promoter is shown. This includes the OsActin promoter-luciferase cassette and the Sc4 promoter-nptII selection gene cassette. Other promoters were substituted for CmYLCV, namely the TaU6 promoter in pMS33 and the Zea mays Ubiquitin promoter in pAK90 and pAK93 (with hygromycin cassette).





Rice transformation

Rice cv Nipponbare was transformed essentially as in Roth et al., 2018. G418 (100mg/l) was used as an alternative selective agent to hygromycin. All callusing/transition stages of rice tissue culture were undertaken at 30°C in the dark as standard. Rooted plants were transferred to Jiffy pellets, hardened off and potted in 9cm pots containing M2 compost plus 5g/l slow release fertilizer (Osmocote exact 15:10:10). Plants were grown to maturity and seed harvest in a Conviron chamber (500 μmol/m-2 s-1, 28°C day/25°C night, 12-hr photoperiod).





Wheat transformation

Agrobacterium from an overnight plate was resuspended in inoculation medium (Murishige and Skoog salts and vitamins, 0.47g/l, glucose, 10g/l, MES 0.5g with 140µM acetosyringone) to an OD660 of approximately 1.0. After surface sterilization of immature caryopses in 10% bleach (containing 5% sodium hypochlorite) with 20µl/50ml Tween 20, embryos were isolated aseptically, at a stage of semi-translucence (14-16 DAA, approximately 1-2mm) into inoculation medium, as above. Inoculation medium was subsequently removed and replaced with 2ml prepared Agrobacterium suspension in a sterile 7ml Bijou tube. Open tubes were placed in a sterile vacuum desiccator and a vacuum of -0.08MPa applied for 5 minutes. After vacuum-release, Agrobacterium was removed and the embryos co-cultivated for 2-3 days on CO1 medium, (derived from Ishida et al., 2015, containing Murishige and Skoog salts and vitamins 0.47g/l, glucose 10g/l, MES 0.5g/l, CuSO4 1.25mg/l, Sigma Type I agarose 8g/l, 5µM AgNO3 and 200µM acetosyringone, pH 5.8). Post co-cultivation, embryonic axes were removed, and the scutella transferred to W4 medium for 2 weeks, followed by the application of selection, essentially as in the SIM protocol of Risacher et al., 2009. Tissue culture plates from experiments with gene editing constructs, were maintained at 28.5°C day/23.5°C night temperature, 16-hr daylength throughout the callus phase until regeneration (Milner et al., 2020b). Otherwise, all tissue culture and transgenic plant growth steps followed those from the SIM protocol except that 2mg/l zeatin was included in the regeneration medium in place of kinetin. 25mg/l G418 was used for selection of the nptII gene throughout the callus and regeneration stages of the tissue culture. Regenerated plants with good root development were transferred to Jiffy 7 peat pellets and acclimatized in a propagator, before transfer to 9cm pots as above. Plants were grown to maturity in a Conviron chamber (450-500 μMol m-2 s-1, 20°C day/15°C night, 16-hr photoperiod).





Barley transformation

Barley cv. Golden promise was transformed essentially as in Bartlett et al., 2008, except that stock plants for immature embryo production were grown at 18°C day/13°C night, 16-hour daylength, and G418 (50mg/l) was used as a selective agent throughout instead of hygromycin. Additionally, the 6 weeks of culture on callusing medium after co-cultivation was carried out in the dark in a Sanyo growth chamber set at 28.5°C day/23.5 night temperature, 16-hr daylength for experiments with gene editing constructs. Rooted plants were transferred to Jiffy pellets and then 9cm pots as above and grown to maturity in a Conviron chamber (450-500 μMol m-2 s-1, 18°C day/13°C night, 16-hr photoperiod).





DNA analysis of transformed plants

DNA from transgenic lines was extracted using crude DNA extraction buffer (200 mM Tris pH 7.5, 250 mM NaCl, 25 mM EDTA, 0.5% SDS), incubated at 65°C for 1 hr then centrifuged at 6000 g for 10 min. The DNA was precipitated by addition of 400 μl propan-2-ol to the supernatant followed by centrifugation, as previously (Howells et al., 2018). DNA pellets were resuspended in 100 μl TE, incubated at 65°C for 5 min and centrifuged at 6000 g for 5 min. DNA was diluted 1:3 in sterile H2O prior to use in all assays. T-DNA copy number was determined using a TaqMan relative quantification (ΔΔCT) assay comparing the relative values of a nptII amplicon to an amplicon of the single copy wheat gene SPS for rice, Con2 for Barley and GaMyb for wheat within a multiplexed reaction and normalized to a single copy control (Ding et al., 2004; Yang et al., 2005; Bartlett et al., 2008; Milner et al., 2018) (Supplementary Table 2). Primers and Taqman probes were used at a concentration of 200nM in a 10 μl multiplex reaction with ABsolute Blue qPCR ROX mix (Thermo Fisher Scientific Inc.) using the standard run conditions (50°C- 2 min; 95°C-10 min; 40 cycles of 95°C-15 sec, 60°C-1 min) for the ABI 7900 HT (Thermo Fisher Scientific Inc.) for wheat and barley. Modified primer concentrations (50 nM each SPS-F/SPS-R primer and 25 nM SPS-P probe plus 25 nM each Npt2B2F/Npt2B4R primer and 12.5 nM Npt2B2P probe) and run conditions (50°C-2 min; 95°C-15 sec; 40 cycles of 95°C-15 sec, 56°C-30 sec, 60°C-30 sec) were used for rice.

The relative quantification, ΔΔCt, values were calculated to determine nptII copy number in the T0 and subsequent generations (Milner et al., 2018). Crude DNA extractions were performed on leaf tissues sampled during the jiffy pellet growth stage.





Mutation identification

Primers were designed to amplify each GSK1 region in the three species encompassing all three guide targets using the crude DNA extracts as above (Supplementary Table 2). PCRs were performed using Phusion Hot Start II High-Fidelity PCR Master Mix (Thermo Fisher Scientific) and Tm for each primer set were used based on the prediction using the online tool (https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-scientific-web-tools/tm-calculator.html). Sequence mutations were determined by Sanger sequencing. Typical chromatograms for WT and mutant OSGSK1 lines are shown in Supplementary Figure 1. Editing efficiency was calculated on a per plant basis; given the hexaploid genome in wheat, a wheat plant with an edit in any of the A, B or D homoeologues was considered edited. Data for individual wheat homoeologue-specific edits is also included for the individual guide and stacking strategies.





RNA isolation and expression analysis

The leaf tissue from four independent transgenic rice, and wheat plants were flash frozen in liquid nitrogen. Total RNA was isolated using a RNeasy Kit (Spectrum plant total RNA kit from Merck) and treated with DNase I (Thermo Fisher Scientific Inc.) prior to cDNA synthesis from 2 μg of total RNA using Superscript IV RT Kit (Invitrogen). The cDNA was used as template for semi-quantitative PCR reaction. Transcripts of GUS and Luc were detected simultaneously using specific primers with Phire Green Hot Start II PCR Master Mix (Thermo Fisher Scientific Inc.). Cycle conditions included an initial denaturation step (2 min at 94°C) followed by 30 cycles (30 s at 94°C, 30 s at 61°C, and 45 s at 72°C) and a final elongation step (7 min at 72°C) allowing for semiquantitative analysis of each reaction. All four primers were added into each individual reaction. Amplicons (ranging from 208 to 554 bp) were resolved in 1% agarose gels. The luciferase gene served as a constitutively expressed transformation control for the normalization of GUS expression levels.





Quantification of band intensities and statistical analysis

Band intensities were quantified using ImageJ software (Schindelin et al., 2012) to measure relative expression levels. The graph visually illustrates the relative expression patterns of GUS transcripts normalized to luciferase in rice and wheat for the three promoters analyzed. The error bars depict the standard error of the mean across four independent lines. Statistical significance calculated using Tukey’s Honest significance test in the GraphPad Prism software, with significance levels are denoted as follows: * for p < 0.05; ** for p < 0.01; 0.001; and **** for p < 0.0001.





Chromatin state

Publicly available data sets from Concia et al., 2020; and Yuan et al., 2022 were downloaded and analyzed for their read depth at the known genomic locations in the Chinese Spring reference sequence. Publicly available expression data was downloaded from wheat-expression.com.





T1 germination and assessment

T1 seeds from selected rice, wheat and barley lines were sown in Jiffy-7 pellets and germinated in a controlled environmental chamber as above with rice being grown at 28.5°C day/23.5°C night, 16 hour daylength. Barley at 18°C day/13°C night, 16 h daylength, and wheat at 20°C day/15°C night, 16 h daylength. NptII copy number and edit identification analyses were carried out as above. Significance was determined using Chi-square test on observed inheritance compared to the expected probabilities for Mendelian segregation.






Results

To understand how to best achieve stable heritable editing in important crop species and to understand the role that guide sequence plays in the editing of cereals we tested three guides targeting the GSK1 kinase in rice, barley, and wheat. We wanted to identify guides which would target the same DNA sequence in the homologous genes in the three different species to allow direct comparisons to be made. Comparative analysis of protein homology revealed > 86% sequence identity of GSK1 among these three species. The most divergent is the predicted gene model for TaGSK1-D as the 5’ end of the gene has not been fully resolved in the reference sequence and the sequence appears to lack the first exon due to the lack of available public sequence. All three wheat gene models appear to be lacking at least the first exon. We also noticed that a gene model for TaGSK1-B is absent in wheat Refseq 1.1, but a strong BLAST hit does exist in the wheat genome on chromosome 3B. There is a gene model for TaGSK1-B in wheat using the Refseq2.1 gene models, but it is listed as a low confidence gene. Therefore, for comparative purposes we used the Refseq 2.1 predicted sequences for evaluation of the predicted amino acid and DNA coding sequences (Supplementary Tables 3, 4). Common guides were designed to target each of the five loci, within the three species allowing for a direct comparison between guide delivery strategy and species. From this we chose three guides and used them in Agrobacterium-mediated stable transformation experiments to assess both the mutation rates as well as their inheritance in the T1 generation. Using a guide prediction system such as CRISPR-P 2.0 these guides were scored as 0.4148, 0.2378 and 0.3939 for guides 1, 2 and 3 respectively (Liu et al., 2017). A schematic diagram of the pMM36 and pMM37 T-DNAs are shown in Figure 1 with locations of the three guide targets in rice, barley and the A-homoeologue of wheat.




Rice

In order to compare the CmYLCV-expressed three-guide stack presented either by a tRNA system or a ribozyme system, 25 T0 plants containing the tRNA system and 32 T0 plants containing the ribozyme system were produced and confirmed to contain at least one T-DNA by qPCR Taqman assay. Using the tRNA system the likelihood of editing at any of the three targets in a single plant was 76% (19/25 plants) compared with 62.5% using the ribozyme system (20/32 plants) (Supplementary Table 5). Overall, the least efficient guide was guide 1 which produced edits in 52.0% or 31.3% of the plants containing the tRNA or ribozyme guide stack, respectively. Guide 2 produced edits in 63.6% (14/22 plants genotyped) or 55.6% (15/27 plants) respectively. The third guide was the most efficient with edits observed in 68% of plants (17/25 plants) using the tRNA versus 53.1% (17/32 plants) using the ribozyme system.

Six single-copy rice lines which showed editing in the T0 were selected and grown on to the next generation. This included three lines with a tRNA guide delivery system and three lines with a ribozyme guide delivery system. Sixteen plants of each line were then genotyped for both the T-DNA copy number and the mutations at the three guide locations. Analysis of the T1 plants showed that five out of the six lines tested had heritable edits identified in the T0 material. The line MR43.10, which originally showed a large deletion (1016 bp), did not inherit the identified mutation in the T0 plant but did show a new mutation in the T1 material at guide 2. In four of the six rice lines tested, new mutations were seen in the T1 progeny at each of the three guide locations (Supplementary Table 6).





Barley

Similarly, 53 and 33 transgenic barley plants were created containing either the tRNA or ribozyme guide delivery system. Overall, 54.7% of plants (29/53 plants) showed at least one edit at HvGSK1 using the tRNA guide delivery system versus 33.3% (11/33 plants) using the ribozyme guide delivery system (Supplementary Table 7). We observed that with the tRNA system, guide 1 was the most active with 29 of the 53 edited plants mutated at the guide 1 site. Guide 2 and guide 3 edited plants had reduced but similar editing rates, with 9 and 7 plants respectively (Figure 3). The ribozyme system was less efficient than the tRNA guide delivery system at creating edits in barley. Editing in barley containing the ribozyme guide stack was mainly driven by guide 2 as all the plants that showed an edit were mutated at the guide 2 site. No plants showed an edit at the guide 1 site and guide 3 only edited the desired sequence in two of the 33 plants produced.
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Figure 3 | Comparison of CRISPR/Cas9-mediated editing efficiency of three guides targeting GSK1 in rice, wheat and barley delivered as a tRNA or ribozyme system in T0 rice, barley and wheat plants.

Inheritance of the mutations was again high as 85.7% of the mutations identified in the selected single copy lines showed a Mendelian pattern of inheritance in the T1 generation. Similar to the data observed in rice the only mutation not inherited was a large deletion observed in line Hv17B.2. Again, as seen in rice, new mutations were observed in the T1 material. These included seven new mutations in the three tRNA lines taken forward whereas no new edits were seen in the ribozyme lines. Many of the new edits observed in these lines did not show the expected segregation ratio of 1:2:1 suggesting that the mutation might have arisen in a germ line cell late in the life cycle (Supplementary Table 8). Unlike rice, mutations in barley could be identified in the T1 generation in lines where the T-DNA bearing Cas9 had been segregated out. This suggests that the activity of the Cas9 in the T0 generation was still producing new mutations which could potentially be inherited, and that inheritance of the previously identified mutations was not a given as previously observed (Howells et al., 2018). Again, this activity was only observed in two of the three tRNA lines taken forward suggesting high activity of the tRNA system in barley relative to the ribozyme system. This underscores the importance of confirming both the edit and its inheritance whilst quickly removing the T-DNA to achieve a stable genotype prior to any functional gene analysis, particularly in barley.





Wheat

In wheat 40 and 35 plants were regenerated, with either the tRNA or ribozyme constructs to deliver the guides on the T-DNA. A high level of editing was seen in the T0 plants. Overall, 72.5% of plants showed at least one edit in any homoeologue and 47.5% of plants (19/40) contained edits at all three homoeologue sites with guide 1 being the most active guide (A-47.5%, B-47.5%, D-60.0%) followed by guide 3 (A-32.5%, B-20.0%, 10.0%) and finally guide 2 (A-9.4%, B-20.0%, D-20.5%) as the least efficient guide using the tRNA system (Figure 3; Supplementary Table 9).

In wheat the ribozyme system again showed relatively poor editing performance compared to the tRNA system with only 57.1% of plants (20/35) showing at least one edit at any homoeologue and only 5.7% of plants (2/35) showing edits at all three homoeologues. Again, as seen in barley a large difference was seen in the editing only editing one plant at the D homoeologue of TaGSK1 (2.9%) and no edits were observed from guide 1 at either the A or B homoeologues. The ribozyme system showed that guide 2 was the most active with up to 45.7% (A-2.9%, B-45.7, D-40.0) of plants showing an edit at one of the homoeologous target sites. This was followed by guide 3 showing the highest editing of the B homoeologue at 17% (A-2.9%, B-17.1%, D-5.7%). There was a significant deviation in the expected editing efficiency between homoeologues using the ribozyme system as only 2 plants were edited at the A homoeologue compared with 16 for B and 14 for the D homoeologue (χ2 = 0.005). This was not observed with the tRNA system as 24 of A, 21 of B or 26 of D homoeologues were successfully edited (χ2 = 0.765).

The inheritance of the mutations in wheat was strong overall with only one of nineteen previously identified mutations not inherited in the T1 generation. Again, additional novel mutations were identified in the T1 plants suggesting that the Cas9 is active throughout the whole generation and segregation of the T-DNA is necessary to control for new edits. The new mutations were always observed at the most active guide site for both the tRNA and ribozyme systems in wheat. It should be noted that two of the mutations did not show typical inheritance patterns with each showing a 1:1 inheritance (Supplementary Table 10). This may suggest the original identified mutation was not inherited and the mutation was possibly created later in the life cycle, as seen in barley. In contrast to barley, where new mutations were seen in plants which retained the T-DNA in all six lines tested, wheat lines where the T-DNA had been segregated out contained new mutations. However, the tRNA system only showed 10 new mutations in the T1 plants including one in a line lacking a T-DNA, whereas 38 new mutations were seen in the T1 with nine plants showing mutations in plants which lacked a T-DNA suggesting again that these mutations happened later in the T0 life cycle.





Promoter activity

The expression profiles of the pCmYLCV: GUS, pTaU6:GUS, and pZmUbi: GUS in four independent transgenic rice and wheat lines were analyzed through semiquantitative PCR, coupled with the quantification of band intensity (Figure 4). To normalize the expression of each independent transformed line a comparison to the expression of the pOsActin: Luc cassette included in each T-DNA enabled assessment between stable transgenic lines independent of T-DNA insertion site(s).
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Figure 4 | Relative GUS Expression Assessed by Semiquantitative PCR. Agarose gels showing OsActin: Luciferase and GUS transcript levels expressed from the pZmUbi, pCmYLCV and pTaU6 promoters in four independent rice (COS) and wheat (CTA) plants (A). M-1Kb gel marker, Wt- non-transformed control plant. Agarose gel bands were quantified using Image J software, and the resulting values were normalized against the luciferase, which served as the transformation control. The fold change was then calculated against the luciferase reference, illustrating the relative expression levels of GUS (B). The error bars depict the standard error of the mean across four independent lines. Utilizing Tukey’s Honest significance test, a notable difference is observed between pZmUbi and pTaU6 in both rice and wheat. In rice alone, a significant variance in promoter activity is evident between pCmYLCV and pTaU6. Significance levels are denoted as **** for p < 0.0001.

Based on the experimental data, the CmYLCV promoter demonstrated a similar robust level of expression in rice compared with the constitutive ZmUbi promoter, but in wheat CmYLCV expression was markedly weaker compared with ZmUbi. Expression from the TaU6 promoter was notably lower in rice compared to both pZmUbi and pCmYLCV, with the difference observed to be statistically significant (p < 0.0001). Although CmYLCV exhibited higher expression in wheat than TaU6, this difference was not statistically significant. Notably, in rice, the CmYLCV promoter showed a fold difference of approximately 20X compared to TaU6, whereas in wheat, this difference was not as pronounced, with CmYLCV being only about 2X higher than TaU6. These results indicate that the CmYLCV promoter drives higher expression levels compared to the TaU6 promoter in both rice and wheat, with this difference being more pronounced in rice. Although these findings suggest that CmYLCV could be a more effective promoter for driving the expression of guide cassettes in gene editing experiments, this study did not directly evaluate the impact of these promoters on editing efficiency within the same guide delivery system. Therefore, while our observations are consistent with the higher editing efficiency associated with the ribozyme system as reported by Li et al. (2021), our results do not provide direct evidence that the CmYLCV promoter is superior to TaU6 in enhancing CRISPR/Cas9-mediated editing efficiency. Further studies would be required to confirm this potential advantage in the context of gene editing.





Chromatin landscape

To understand why such a significant difference was seen between the editing efficiency of the individual wheat homoeologues when using the ribozyme system, we took publicly available ATAC sequence data to examine the accessibility of the various homoeologues to the CRISPR/Cas9 machinery (Concia et al., 2020; Yuan et al., 2022). The relative accessibility of the three homoeologues showed contrasting profiles. Locations for the B and D homoeologues show relatively deep levels of sequence suggesting an open stretch of chromatin. However, the homoeologue of TaGSK1 on the A-genome shows relatively no sequencing depth suggesting that the DNA may be mainly in a heterochromatin state. Examination of the expression databases suggests that this does not change the expression patterns of the homoeologues as the A and D homoeologues are expressed at similar levels in the roots, shoots, and spike (Supplementary Figure 2).






Discussion

We have focused on two key aspects of the CRISPR system – promoter selection and guide delivery strategy to understand how to best approach targeted mutagenesis in important cereal crop species such as rice, barley, and wheat. The data collected here and by others suggests that the CmYLCV promoter is highly effective for expression of transgene expression in these crop species, or applications where expression of non-coding RNAs, such as CRISPR guides, are required for effective gene editing strategies (Čermák et al., 2017; Li et al., 2021). We chose the CmYLCV promoter and identical guide sequences to test the effectiveness of two guide delivery systems to determine whether common components would be equally effective across different cereal species. In the three species tested, large differences were seen in the overall editing rate at any of the loci and the guides which were active more than others. In rice, both systems work reasonably well with more than 60% of the plants showing edits from either system. While the guide prediction program was not able to predict accurately which guide location would be most efficiently edited, differences in the editing at a given guide location were observed between the two systems. This has been observed previously in a few species, but here we present further evidence in multiple species that some of the guide prediction programs are good for identification of guides but are poor in predicting the actual editing rates in the plant (Milner et al., 2020b; Naim et al., 2020). Despite this limitation multiple examples were seen in each species where larger deletions of the intervening GSK1 gene sequence between two or more guide target sites were identified.

Analysis of the two guide delivery systems in barley shows that the tRNA system is by far superior to the ribozyme delivery system. For example, guide 1 produced edits in 54.7% of the analyzed T0 barley plants with the tRNA system compared with 0% of T0 plants from the ribozyme system despite guide 2- and 3-mediated edits being introduced by the ribozyme strategy. Guide 2 was the most effective in targeting edits in 33.3% of T0 plants when using the ribozyme system. This is similar to previous observations in barley protoplasts where the tRNA system performed better than the ribozyme (Čermák et al., 2017).

In wheat, the results mirrored those from barley, with the tRNA system far more efficient in generating edits than the ribozyme system. Wheat and barley also had similar favored guide profiles – with guide 1 in the tRNA system or guide 2 in the ribozyme system the most efficient at editing. The overall rate of editing was far higher in wheat using the tRNA system compared to the ribozyme system with 72.5% of the plants showing edits when using the tRNA system but only 57.1% when using the ribozyme system. This is crucial in a polyploid species such as wheat and almost an 8-fold increase in editing of all three homologues using the tRNA system (47.5%) compared with the ribozyme system (5.7%) was observed. This contrasts with previous reports where the ribozyme system showed the highest editing efficiency (Li et al., 2021). However, this work demonstrates that the promoter selected for guide expression matters; pol III promoters are generally thought to provide lower transcript levels than CmYLCV and therefore promote lower editing efficiency (Čermák et al., 2017; Li et al., 2021). This work also clearly shows that lower expression of transcript is seen with TaU6 than the CmYLCV promoter in rice and the same general trend is seen in wheat (Figure 4). Surprisingly, large differences were also observed in the editing of homoeologues when using the ribozyme system but not the tRNA system. This might be due to the accessibility of Cas9 complex to DNA as the chromatin state has been suggested to alter editing ability (Weiss et al., 2022). If this hypothesis held true, we would expect to observe differences in the editing of homoeologues for both the tRNA and ribozyme systems which was not the case. This indicates that accessibility alone cannot explain variations observed in homoeologue editing, suggesting other factors may also play an important role.

One of the key findings of this work is that the guide sequences themselves may be less important in editing efficiency per se than the manner in which they were presented. In rice both strategies broadly worked very well, and all three guides showed comparable editing efficiencies in each guide system. However, in wheat and barley, the choice of guide system had a large influence on the editing efficiency, with editing rates for any particular guide varying by over 50% in barley and 40% in wheat. This was unexpected as again both guide delivery systems have been shown to work in barley and wheat (Čermák et al., 2017; Li et al., 2021). There also seemed to be no consistency in the effectiveness of a particular guide sequence compared with other guides in the guide stack. For instance, in rice, guides 2 and 3 work at similar rates in both the tRNA and ribozyme systems but in barley and wheat, guide 1 was the best for the tRNA system, whereas guide 2 was the best for the ribozyme system. Pre-screening for efficient guides in advance could be useful if transient delivery systems are established. In some instances, a PCR/restriction digest can be used to identify mutant amplicons (Shan et al., 2014). This is cost-effective but for other targets a suitable restriction site may not be available in the wild type sequence and deep sequencing of amplicons is required. Effort and cost of the procedure therefore need to be balanced and at a practical level, researchers currently work around this limitation by stacking two or three guides per target gene. Factors outside of the sequence itself may also need to be considered such as cellular pH, ionic strength, and temperature, which could influence the ribozyme conformational structure and autocatalytic cleavage efficiency. One fundamental difference between the cereal transformation systems used here is the use of mature seed-derived callus as the tissue source for Agrobacterium-mediated rice transformation in contrast to freshly harvested immature seed for wheat and barley transformation. It might be anticipated that dedifferentiated actively dividing callus cells may respond differently compared with relatively quiescent immature embryo cells or that differential transcript/guide expression or post transcriptional RNA processing might occur. This hypothesis could be tested by transforming immature rice embryo and mature seed callus with identical gene editing constructs.

In our experiments rice-Agrobacterium co-cultivation and tissue culture stages plus the callus regeneration stages of the wheat and barley tissue culture were all performed at 28°C, to maximise expression of Cas9 from the ZmUbi promoter and promote early editing (Milner et al., 2020b). It therefore appears unlikely that temperature per se is responsible for this difference in ribozyme activity between rice compared with wheat and barley in these crucial early stages. Nevertheless, further gains might be achieved by elevating the temperature for the wheat and barley callus-induction stages to 37°C (Milner et al., 2020b). Other factors such as cellular pH or ionic strength may be more difficult to approach, although manipulation of the ribozyme structure to optimize efficacy within a particular cell type might warrant further investigation.

One final point that needs highlighting is the relative expression differences of the guide RNAs driven by the same promoters in the different species. While we cannot make a direct comparison of strength of promoters between species, large differences were observed in relative promoter strengths between rice and wheat in the three promoters tested (Figure 4). While in rice the expression of the guide RNA and Cas9 were relatively equal, in wheat more than 20X higher transcript levels are expected for the Cas9 relative to the gRNA. After measuring the strength of the two promoters used in the study to drive the Cas9 and guide RNAs other promoters such as OsActin might be better for driving the guide RNA expression other than either the polIII promoter TaU6 or CmYLCV which are more common in the literature (Shan et al., 2014; Čermák et al., 2017; Howells et al., 2018; Hahn et al., 2020; Milner et al., 2020a; Li et al., 2021). This seems to be more important in wheat than rice as CmYLCV was a fraction of the expression of the ZmUbi promoter used to drive the Cas9 in wheat but nearly identical in rice. This result was surprising as previous studies have shown that CmYLCV has strong expression in a number of species including monocots such as maize and rice (Stavolone et al., 2003). This variability across species underscores the need to match promoter strength with the cellular environment to optimize editing outcomes in cereal gene editing.

In summary, this work highlights the significant impact of the chosen guide delivery system on the success of the targeted editing. This work also demonstrates the variability among species in editing efficiently and emphasizes the importance of carefully considering and evaluating available tools for efficient editing in each individual species. Despite differences, both guide delivery systems were able to edit most targeted sequences in all three species. However, the tRNA system consistently outperformed the ribozyme system in all three species. While both systems showed similar efficiency in rice, notable differences were evident in wheat and barley. The high efficiency of the tRNA system in polyploid wheat demonstrates its suitability for species with complex genomes. Achieving robust editing across multiple homoeologous gene copies is essential in polyploid crops to generate complete knockouts or functional changes, especially for traits governed by redundant gene functions. Similarly, the use of a highly efficient tRNA system may also assist in successfully targeting multiple unrelated genes. The choice of system may be inconsequential for simple knock-out experiments employing multiple guides to create the desired mutations. However, for more precise editing tasks, such as prime editing, base editing, or allele replacement, the editing efficiency at any given location could significantly influence the experiment’s feasibility.
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Plant peptides, synthesized from larger precursor proteins, often undergo proteolytic cleavage and post-translational modifications to form active peptide hormones. This process involves several proteolytic enzymes (proteases). Among these, SBTs (serine proteases) are a major class of proteolytic enzymes in plants and play key roles in various regulatory mechanisms, including plant immune response, fruit development and ripening, modulating root growth, seed development and germination, and organ abscission. However, current knowledge about SBTs is largely limited to ‘in vitro cleavage assays,’ with few studies exploring loss of function analyses for more in depth characterization. Research focused on economically significant horticultural crops, like tomato and pepper, remains scarce. Given this, leveraging SBTs for horticultural crop improvement through advanced gene-editing tools is critical for enhancing crop resilience to stress and pathogens. Over the past five years, research on proteolytic enzymes, especially SBTs, has increased markedly, yet reports involving loss- or gain-of function analyses aimed at improving crop yield and quality are still limited. This review summarizes recent findings on SBT enzymes, which act as ‘protein scissors’ in activating peptide hormones, and discusses the potential for using selected SBTs in CRISPR-Cas9 gene editing to enhance the growth and resilience of economically important Solanaceae crops, with a focus on pepper.
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Introduction

Gene expression and transcription are fundamental processes that ensure the effective functioning of multiple cellular systems throughout a plant’s life. Similarly, de novo protein synthesis (translation of a gene) and subsequent proteolytic degradation of protein regions, which are essential for its activity, are critical for plant growth and its response to environmental stimuli (Zhang et al., 2023; Son and Park, 2023). Several truncated protein peptides undergo post-translational modifications that regulate cell-to-cell communication, functioning as peptide hormones (Stührwohldt and Schaller, 2019). Over the past five years, there has been substantial progress in identifying novel signaling peptides and elucidating the mechanisms of peptide perception and signal transduction pathways (Hussain et al., 2021; Ghorbani et al., 2015; Kim et al., 2021; Pandita et al., 2023). The functional mechanisms for most of the identified plant peptide hormones are now well established (Royek et al., 2022). However, the biogenesis of these signaling peptides remains poorly understood, particularly in terms of identifying proteolytic cleavage sites and the utilization of proteolytic enzymes (proteases) in crops.

Some proteases are highly specific in their target site recognition, while others are more non-specific, hydrolyzing protein substrates into shorter peptides when conditions permit (Luciński and Adamiec, 2023). Specifically, SBTs (Pfam00082), which are serine proteases belonging to the S8 family (MEROPS database; https://www.ebi.ac.uk/merops/cgi-bin/famsum?family=S8), exhibit specificity in their proteolytic activity and play critical roles in processes such as plant immune response, fruit development, regulation of floral timing, root growth, adaptation to environmental changes and organ abscission (Falkenberg et al., 2022). However, much remains unknown about their divergence and evolutionary patterns across plant systems, with available information primarily limited to model plants like Arabidopsis and tomato (Reichardt et al., 2018; Matsui et al., 2024). With the recent discovery of a subtilase (SlPhy2) linked to drought-induced flower abscission in tomato, the need to identify SBTs in other Solanaceae crops has become increasingly important. However, knowledge regarding the identification and functional characterization of these proteases in other plants, especially economically important crops, remains limited (Reichardt et al., 2018; Figueiredo et al., 2016; Jin et al., 2021; Norero et al., 2016; Reichardt et al., 2020). Furthermore, most of these studies have focused solely on assessing SBTs as peptide cleaving enzymes through ‘in vitro cleavage assays’ (Xu et al., 2013; Royek et al., 2022). Consequently, studies addressing the functional characterization of these proteases through loss- or gain-of function approaches remain scarce.

Although the available information is limited, it underscores the importance of SBTs in plant growth and development. The AtSBT3.8-phytosulfokinane (PSK) and SlPhy2-PSK substrate activity are valid examples (Stührwohldt et al., 2021; Reichardt et al., 2020). Briefly, proteolytic processing of proPSKs into peptide hormone PSK by SBTs enhances root growth under abiotic stress, such as drought, and regulates organ abscission. This process primarily involves modulating cell expansion via a plasma membrane-localized module containing leucine-rich repeat receptor kinases (Li et al., 2024). Relatively, over-expression of a SBT gene AcoSBT1.12 has caused a delayed flowering time in pineapple (Jin et al., 2021). Moreover, an increasing application of SBTs (in the form of subtilisins) for the agricultural applications have also gained interest recently (Falkenberg et al., 2022). Given their involvement in plant immunity, stress regulation, agricultural applications, and abscission, the advancement of genetic tools like CRISPR-based editing techniques and whole genome analyses offers promising opportunities for further research and application. CRISPR genome editing technology has become a pivotal tool for plant breeders, enabling the development of improved cultivars with desired traits. It is widely applied across various aspects of plant research to produce precisely improved crops (Kafle, 2023; Yang et al., 2024).

In summary, this review highlights recent progress in the identification of plant SBTs and emphasizes potential SBT candidates as CRISPR targets to improve yield and quality in horticultural crops. While SBT members have been characterized in tomato, potato, and tobacco (Reichardt et al., 2018; Norero et al., 2016; Navarre et al., 2012), a complete catalog for pepper is lacking. Here, we present a comprehensive list of 91 SBTs identified in pepper through homology-based searches using closely related Solanaceae species, notably tomato along with their phylogenetic comparisons (Supplementary Figure S1, Supplementary Table S1).





Active roles of SBTs in plant immune response

Evolutionary changes and functional diversification have led to the acquisition of novel, plant-specific functions within the SBT family, contributing to its present-day complexity (Schaller et al., 2018). One example is the SERINE RICH ENDOGENOUS PEPTIDES (SCOOPs), a family of phytocytokines that are transcriptionally induced during immune responses in plants (Yang et al., 2023). In Arabidopsis, the pro-peptides (PROSCOOP) of SCOOP proteins are cleaved by multiple subtilases, including AtSBT3.3, AtSBT3.4, AtSBT3.5, AtSBT4.12, AtSBT4.13, AtSBT5.2, and AtSBT6.1, all identified through cleavage assays. However, functional studies to elucidate the roles of these SBTs in immune response remain scarce, with the exception of AtSBT3.5 (AT1G32940), which demonstrated a strong affinity for cleaving PROSCOOP peptides in a transient expression assay in Nicotiana benthamnia (Yang et al., 2023). Interestingly, in the same study, loss-of-function analysis using the sbt3octopule mutant revealed a phenotype similar to that of the mik2 mutant. MIK2 serves as the membrane-bound receptor for SCOOP peptides and plays a key role in triggering immune and stress responses, including resistance to herbivores, in Arabidopsis (Hou et al., 2021). Given the role of MIK2 gene in immune signaling, it would be reasonable to further analyze AtSBTs using advanced CRISPR-Cas9 tools. This approach enables the development of disease-resistant traits through targeted genetic modifications (Figure 1A).
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Figure 1 | Illustrations of SBTs discussed in this review. (A) Cleavage of Arabidopsis pectin methylesterases (AtPME17) is shown. Multiple sequence alignment showed the conserved ‘R(R/K)LL’ motif among PME genes of Solanaceae family (tomato, pepper and tobacco). The possible role for SBT3.5 in cleaving the PME protein at the ‘R(R/K)LL’ motif among Solanaceae family genes is highlighted. (B) Proteolytic cleavage of proGLV at the ‘RRKP’ motif by SBT6.1 involving the peptide signaling towards root cell elongation. A possible role for SBT6.1 in cleaving proGLV during peach ripening is highlighted. (C) Cleavage of Arabidopsis Twisted Seed1 (TWS1) is shown. Sequence alignment showed the conserved ‘LEDY’ motif among TWS1 in both Arabidopsis and pepper. (D) Involvement of SBTs in floral organ abscission and flower drop in tomato is shown. Multiple SBTs like SBT4.12, SBT4.13 and SBT5.2 are involved in Arabidopsis floral organ drop, whereas only SlPhy2 subtilase is involved in flower drop during tomato drought stress. SBTs involved in organ abscission in pepper is highlighted. (E, F) Tertiary structure of CaPhy2 and CaSBT1.7 showed the ligand binding peptide residues in the active site like GTSMSCPHASG for CaPhy2 and GTSMSCPHISG for CaSBT1.7. The structures were created using alpha fold 3-web tool, https://deepmind.google/technologies/alphafold/.

The role of SBTs in immune responses, particularly in pathogen resistance, has been explored narrowly but in various plant species. Arabidopsis has focused primarily on AtSBT3.3 and AtSBT5.2 so far, while tomato have been investigated two SBT genes, SlP69B and SlP69C (Coculo et al., 2023; Ramírez et al., 2013; Zhang et al., 2024). AtSBT3.3 knockout and over-expression alters the salicylic acid (SA) mediated defense genes, thereby showing the sensitivity and resistance to bacterial pathogen Pseudomonas syringae DC3000 (Ramírez et al., 2013). Notably, AtSBT3.3 is the only Arabidopsis SBT gene associated with plant-bacterial pathogen defense mechanisms and is part of a genomic cluster containing three other SBTs: AtSBT3.2, AtSBT3.4, and AtSBT3.5. On the other hand, AtSBT5.2 interacts with transcription factor MYB30 to induce defense response against the bacterial pathogen Pseudomonas syringae. Arabidopsis sbt5.2 mutant exhibited enhanced resistance against the bacterial activity (Serrano et al., 2016). TomatoSlSBT69B and SlSBT69C were shown involving in resistance to bacterial wilt Ralstonia solanacearum, functioning as pathogenesis-related (PR) proteins and being activated by both pathogen infection (Phytophothora infestans) and SA (Zhang et al., 2024; López-Gresa et al., 2016; Christ and Mösinger, 1989; Norero et al., 2016). It is intriguing to observe the involvement of SBT-SA mediated signaling in regulating pathogen attack in both Arabidopsis and tomato studies (AtSBT3.3 and Sl69). Additionally, a soybean-derived SBT peptide, GmSubPep (Glyma18g48580), was shown to induce defense-related genes such as Cyp93A1, Chib-1b, and PDR12 (Pearce et al., 2010). However, the functional characterization of GmSubPep remains unexamined. Moreover, knocking down TaSBT1.7 in wheat using barley stripe mosaic virus-induced gene silencing compromised the hypersensitive response and resistance against Puccinia striiformis f. sp. tritici, the causal agent of wheat stripe rust (Yang et al., 2021). Grapevine expanded sixteen SBTs as the arsenal for immune signaling, homologous to AtSBT3.3 and SlP69C, at near the Resistance to Plasmopara viticola (RPV) locus. Among these sixteen genes, three specific SBT genes, XM_002278414.3 (homologous to AtSBT3.3), XM_002275435.2 (highly homologous to SlP69C), and XM_010660203.1 (annotated as VvCucumsin), showed elevated expression levels against P. viticola in grapevine. This suggests that these three genes may contribute to the defense responses of resistant genotypes (Norero et al., 2016; Figueiredo et al., 2016). Given that, plants continually interact with various microbes in their natural environment. These identified subtilases present a valuable opportunity to devise plant-pathogen responses. Leveraging these peptides could improve pathogen resistance in vulnerable crops under climate changes, especially Solanaceae.

Using AtSBT3.3, SlP69B, SlP69C, and VvCucumsin as references, three CaSBTs-CA03g21240, CA01g03850, and CA01g03840 were identified as orthologs in pepper (Supplementary Table S2). Although the role of AtSBT5.2 in defense signaling is not fully understood, this subtilase is hypothesized to regulate the transcription of defense-related genes (Serrano et al., 2016). Thus, CRISPR-based editing studies targeting key SBTs, AtSBT3.3, AtSBT3.5 and AtSBT5.2 in Arabidopsis, SlSBT69B and SlSBT69C in tomato and CaSBTs (CA03g21240, CA01g03850, and CA01g03840) in pepper could help clarify their function in plant immunity. Priority should be given economically important Solanaceae crops like tomato and pepper, which are particularly vulnerable to pathogen attacks under climate changes (Poulicard et al., 2024; Ma et al., 2023) (Supplementary Table S2).





SBTs in fruit development and ripening

The proteolytic activities of SBTs were tentatively associated during fruit development and ripening, although not thoroughly investigated (Othman and Nuraziyan, 2010). A study on CTG134, a precursor of RGF/GLV (GOLVEN-like) peptide hormones, highlights the role of SBT6.1 in ethylene-auxin mediated peach ripening. However, the subtilase responsible for cleaving the GOLVEN-like peptide CTG134 (DYSPARRKPPIHN) remains unidentified (Tadiello et al., 2016) (Figure 1B). AtSBT3.5 cleaved a cell wall pectin methyltransferase (AtPME17) pro-peptide, which activated AtPME17 and enabled its secretion by targeting pectin methylesterase inhibitor (PMEI) domains at a conserved ‘R(R/K)LL’ processing site (Sénéchal et al., 2014, 2015). Similarly, CaPMEI1, the pectin methylesterase inhibitor gene isolated from pepper, is induced by exogenous ethylene and methyl jasmonate treatments (An et al., 2009). A recent study reported that Arabidopsis sbt3.3 and sbt3.5 showed a reduced PME activity (Coculo et al., 2023). Thirteen of SlPME orthologs among 57 SIPME cell wall proteins in tomato accumulate significantly during fruit ripening (Wen et al., 2020). Thus, the proteolytic activity of SBTs is possibly relevant to fruit ripening. This prompts the question: could PME function as a peptide hormone in tomato or pepper fruit ripening? Solanaceae genome databases showed strong homology of AtPME17 with tomato Solyc01g091050.1, pepper CA06g06390, and tobacco XP_016471127.1. If so, does SBT3.5 cleave proPME(s) in tomato or pepper, or might another SBT be involved? Therefore, CRISPR-mediated editing of SlSBT3.5 (Solyc07g041970.2) in tomato and CaSBT3.5 (CA03g21240) in pepper would be essential to further investigate SBTs’ role in fruit ripening (Supplementary Table S2).





SBTs in modulating root growth and architecture

Another intriguing aspect of SBTs is their involvement in cleaving peptides involved in root growth, particularly the GOLVEN (GLV) peptide, which play a critical role in several plant developmental processes like root development and nodule elongation (Roy et al., 2024; Stegmann et al., 2022). Through a genetic suppressor screening in Arabidopsis, AtSBT6.1 (AT5G19660) and AtSBT6.2 (AT4G20850) were identified as essential factors for GLV1 activity in root cell elongation (Ghorbani et al., 2016, 2015). In vitro studies showed that synthetic GLV-derived peptides were cleaved by the affinity-purified AtSBT6.1 subtilase, confirming GLV1 as a direct SBT substrate. Additionally, mutating the in vitro SBT recognition sites through alanine substitution, suppressed the GLV1 gain-of-function phenotype in vivo. The protease inhibitor serpin1 was found to bind to AtSBT6.1, inhibiting the cleavage of GLV1 precursors (Ghorbani et al., 2016). Another study on AtSBT6.1 is also involved in the cleavage of CLEL1 and CLEL6 pro-peptides (root growth factors) (Stührwohldt et al., 2020). These two studies demonstrated that the active role of GLV1 and CLEL peptides in root growth is dependent on SBTs, specifically AtSBT6.1. Considering the retarded root growth observed in Arabidopsis sbt6.1 mutant, investigation of the loss of function effect of SBT6.1 on root development in Solanaceae crops, particularly pepper would be imperative for understanding of root development. A homology search identified a putative SBT6.1 ortholog in pepper, CaSBT6.1 (CA09g03290) (Figure 1B) (Supplementary Table S2).





Roles of SBTs in seed development and germination

Plant SBTs are involved in seed development by mediating key peptide activation. For instance, AtSBT1.8 (AT2G05290), exhibited a crucial role in cleaving the proTWS1 peptide to generate the active TWS1 (Twisted Seed1) peptide (Royek et al., 2022). TWS1, identified as a novel small peptide is essential for the seed development process (Fiume et al., 2016). Similar to many other SBT studies, AtSBT1.8 was also identified through a cleavage assay (Royek et al., 2022). However, knocking out or over-expression of AtSBT1.8 have not been performed to date. Interestingly, a homology search for AtTWS1 (AT5G01075) revealed a high degree of similarity (71%) to an uncharacterized gene, CaTWS1 (CA04g17950) only in pepper, with no significant hits in tomato, tobacco, or potato genome. This raises a question about the role of CaSBT1.8 (CA07g06400) in cleaving CaTWS1, as the alignment results suggest a similar cleavage site for both AtTWS1 and CaTWS1 peptides (Figure 1C). Therefore, both AtSBT1.8 and CaSBT1.8 targeted editing could provide valuable insights for improving seed development processes in other Solanaceae crops. Selecting optimal seed size and viability is an essential trait for crop improvement (Figure 1C).

The role of SBTs in seed germination has only a few documented reports in recent years. Three barley SBTs, AK355289, AK362004, and AK361952, showed high expression during seed germination stages and were identified through cleavage assay (Galotta et al., 2019), but their impact on barley germination remains unknown. Furthermore, studies on SBTs in seeds have been reported for Arabidopsis, soybean, barley and rice, however many of these studies are more than a decade old; AtSBT1.7 was involved in the release of mucilage from the seed coat during rehydration (Rautengarten et al., 2008) and AtALE1 (Abnormal Leaf Shape 1) controls embryo cuticle formation (Yang et al., 2008). A previous study on the model legume Medicago truncatula identified MtSBT1.1 involved in the regulation of cotyledon cell number, rather than cell expansion, during seed development (D’Erfurth et al., 2012). Since seeds of legumes, such as pea and soybean, are rich sources of proteins for both animal and human nutrition, understanding the molecular mechanisms regulating seed development is crucial for developing strategies to improve seed quality and yield. Interestingly, a homologous search for pepper using AtSBT1.7 (AT5G67360.1) and MtSBT1.1 (AES94589.1) resulted in a single candidate, CaSBT1.7 (CA02g25020) (Supplementary Table S2). The role of potential CaSBT1.7 in pepper seed development and germination remains to be assessed using CRISPR tool, thus the positive correlation could have a significant impact on seed development in economically important horticultural crops.





Functions of SBTs in plant abscission and organ separation

Although plant organ abscission is a natural process, it has become a significant yield-reducing factor in horticultural crops, especially under stress conditions (Li and Su, 2024). The role of SBTs in plant abscission was recently demonstrated in two notable studies on Arabidopsis and tomato (Reichardt et al., 2020; Stührwohldt et al., 2018). Organ abscission (like flowers, petals, and sepals) in Arabidopsis and drought stress-induced flower drop in tomato were both mediated by SBTs, though the players and mechanisms involved differed between species. AtSBT4.12, AtSBT4.13, and AtSBT5.2, cleaved the proIDA (Inflorescence Deficient in Abscission) peptide, subsequently leading to the formation of mIDA (the mature and the bioactive form of IDA) as the endogenous signaling peptide required for the floral organ abscission (Schardon et al., 2016). The tomato caspase-like protease enzyme Phytaspase2 (SlPhy2), a unique subtilase subtype due to its extremely high substrate specificity and known for hydrolyzing peptide bonds immediately after cleaving at the ‘Asp’ residue, has been shown to cleave the proPSK (phytosulfokine) peptide, thereby mediating abscission. This function parallels the activity of SlSBT3.8, which cleaves proPSK to enhance drought stress tolerance (Reichardt et al., 2020; Schardon et al., 2016; Stührwohldt et al., 2018, 2021; Chichkova et al., 2018). Tomato mutant phy2 prevented floral drop, clearly establishing a function in organ abscission (Reichardt et al., 2020), which indicated that SlPhy2 might perform similar function in other Solanaceae crops (Figure 1D).

However, the knowledge of Phy2 gene in other Solanaceae crops including pepper is currently unknown. Phylogenetic analysis revealed that Phy2 genes have distinct evolutionary origins, with NtPhy2 (LOC107789361) and CaPhy2 (CA04g18510) diverging earlier than SlPhy2, yet Solanaceae shared highly conserved regions at the peptide activation site (GTSMSCPHASG) (data not shown; Supplementary Table S2). This suggests that the identified CaPhy2 and NtPhy2 might have potentially similar function to SlPhy2. Additionally, pepper have six paralogs, CaPhy1 (CA12g16680), CaPhy2 (CA04g18510), CaPhy3 (CA04g18500), CaPhy4 (CA12g16690), CaPhy5 (CA12g16700) and CaPhy6 (CA06g21680), based on homologous comparisons with six-tomato phytaspase (Supplementary Table S1). However, the functional characterization of ‘Phy’ genes in pepper and other Solanaceae remain unknown. Furthermore, flower abscission remains a longstanding issue in horticultural crops, particularly Solanaceae such as tomato and pepper, especially under stress conditions (Riga, 2014; Shi et al., 2023).

Flower abscission significantly reduces fruit yield, leading to substantial losses for farmers (Tonutti et al., 2023). Given the role of phytaspases in cleaving signaling PSK peptides and their importance in stress-induced abscission in tomato and Arabidopsis, both single and multiple (double/triplet/quadruple) gene knockout studies needs to be conducted in closely related Solanaceae crops to further elucidate their role in organ abscission. Further, to provide molecular insight into the pepper SBTs, tertiary peptide structures of CaPhy2 and CaSBT1.7 including its active binding site, is presented (Figures 1E, F).





Conclusion and future perspectives

In summary, SBTs play a pivotal role in plant immunity and growth. These proteases activate networks of multiple signaling pathways and regulate peptide hormones, influencing various physiological processes. Further identification and characterization of novel SBTs could offer promising strategies to modulate their activity using molecular techniques such as CRISPR, enabling precise responses, particularly in Solanaceae family. Currently, few studies focus on the molecular changes in plant tissues following SBT gene knockout or over-expression. Expanding such research to a broader range of horticultural crops could deepen our understanding of the complex networks influencing key agronomic traits, including yield and morphological features. The recent discovery of a subtilase subtype, ‘phytaspase,’ holds significant potential for mitigating flower drop under stress conditions, thereby enhancing crop yield in economically important plants. Additionally, the application of advanced gene-editing tools could facilitate more targeted breeding programs, resulting in crops with improved immunity and better adaptation to evolving climate conditions. This mini-review provides new insights into predicted SBT peptides in pepper, a vital Solanaceae crop, which could serve as a foundation for future research and applications.
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Developing drought-tolerant potato varieties is increasingly important due to climate change and water scarcity, as potatoes are highly sensitive to water deficits that can significantly reduce yield and tuber quality. The cap-binding protein CBP80, involved in the abscisic acid (ABA) signalling pathway, has emerged as a promising target for improving drought tolerance in plants. In this study, we used CRISPR/Cas9 to edit the StCBP80 gene in the tetraploid potato cultivar Spunta. Given the complexity of editing all four alleles in a tetraploid genome, eight independent partially edited lines (two or three alleles edited) were obtained. Two of these lines were selected for detailed molecular and phenotypic characterization. Under restricted water conditions, the selected lines exhibited reduced transpiration rates and improved leaf area index compared to non-edited controls. Gene expression analysis by quantitative real-time PCR showed differential expression of drought-responsive genes (P5CS, PDH, and MYB33), supporting a role for StCBP80 in stress response modulation. Moreover, the edited lines showed lower yield penalties, both in biomass and tuber production, under drought stress. This work represents one of the first applications of genome editing to enhance drought tolerance in a commercial potato cultivar, and highlights CBP80 as a promising target for crop improvement. These findings provide valuable insights for the development of stress-resilient potato varieties using genome editing approaches.
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1 Introduction

As extreme weather events become more frequent, improving crop resilience is essential to ensure stable production and food security. Enhancing drought tolerance through conventional breeding, molecular tools, and genome editing offers a sustainable solution to maintain productivity while optimizing water use efficiency. This is especially relevant in regions where irrigation resources are limited or becoming increasingly costly.

Understanding the molecular mechanisms underlying drought adaptation is essential for advancing plant breeding. The cap-binding protein 80 (CBP80), also known as Abscisic Acid Hypersensitive 1 (ABH1) in Arabidopsis thaliana, is a key regulator of the abscisic acid (ABA) signaling pathway and plays a crucial role in drought tolerance. CBP80, together with CBP20, forms the cap-binding complex (CBC), which binds to RNA polymerase II transcripts in the nucleus, ensuring mRNA stability, splicing efficiency, and miRNA biogenesis (Kierzkowski et al., 2009; Bartel et al., 2004; Reyes and Chua, 2007). In Arabidopsis, AtCBP80 inactivation leads to ABA-hypersensitive stomatal closure, reducing wilting and improving drought resistance (Hugouvieux et al., 2001, 2002; Kmieciak et al., 2002). This response helps maintain turgor and enhances recovery after rewatering (Sinclair, 2017).

CBP80 has also been linked to the regulation of ABA-responsive genes, including P5CS, PDH, and the transcription factors MYB33, MYB65, and MYB101, which collectively contribute to drought adaptation by modulating stomatal responses and enhancing ABA sensitivity. Since ABA modulates P5CS and PDH, key genes in proline metabolism, CBP80 may influence proline accumulation and stress tolerance (Papp et al., 2004). Proline acts as an osmoprotectant, maintaining osmotic balance and preventing oxidative damage under water deficit. P5CS catalyzes proline biosynthesis, while PDH facilitates its degradation; under drought, increased P5CS expression and reduced PDH activity promote proline accumulation, enhancing stress resilience (Yang et al., 2021; Liu et al., 2019).

Additionally, MYB33 is a positive regulator of ABA responses, particularly in stomatal function and seed germination. In Arabidopsis, its downregulation reduces stomatal sensitivity to ABA, weakening drought tolerance, whereas its overexpression enhances ABA sensitivity, improving stress adaptation (Wyrzykowska et al., 2022). MYB33 is also post-transcriptionally regulated by microRNA159 (miR159), which fine-tunes its expression under drought conditions (Pieczynski et al., 2013; Alves et al., 2021).

The importance of the CBC in drought tolerance has also been demonstrated in crop species. For instance, in barley (Hordeum vulgare), mutation of the HvCBP20 gene led to enhanced drought tolerance at both phenotypic and transcriptomic levels (Daszkowska-Golec et al., 2017). The HvCBP20 mutant exhibited increased water retention, reduced stomatal conductance, and faster activation of stress-preventive mechanisms, highlighting the broader significance of CBC-mediated regulation in plant drought responses. Notably, in a highly water-sensitive crop as potato (Solanum tuberosum L.), silencing the StCBP80 gene has shown to enhance stomata closure at comparable ABA concentration and delay turgor loss (Pieczynski et al., 2013).

Genome editing using the CRISPR/Cas9 system is a transformative tool for crop improvement, enabling the addition or modification of traits in many economically significant plant species (Arora and Narula, 2017; Baltes et al., 2017; Scheben et al., 2017; Gao, 2018). In its simplest application, the CRISPR/Cas9 system is used for targeted mutagenesis, where the Cas9 nuclease is guided to a specific genomic site by a single guide RNA (sgRNA), to introduce double-stranded breaks (DSBs) (Jinek et al., 2012). Mutations are induced in the target site in the form of small insertions or deletions (indels) upon repair by the error-prone non-homologous end joining (NHEJ) mechanism. When occurring within exons, such mutations can disrupt gene function (Puchta, 2005). This technology has been successfully applied in various crops such as maize, bread wheat, and potato, showcasing its versatility and efficiency (Svitashev et al., 2016; Liang et al., 2018; Andersson et al., 2018; González et al., 2020, Massa et al., 2025).

Moreover, CRISPR/Cas9 offers a significant advantage because the editing machinery does not require stable integration of foreign DNA into the plant genome (Woo et al., 2015; Gonzalez et al., 2021). This method aligns well with regulatory criteria in countries like Argentina and USA, among others (Fernandes et al., 2024), where genome-edited crops that do not contain foreign DNA are considered under similar regulation as conventionally bred varieties (Whelan and Lema, 2015; Lema, 2019). Traditional plant breeding methods are often labor-intensive and time-consuming, involving multiple cycles of crossing and selection. Non integrating gene editing offers an effective tool for incremental improvement in clonal crops (such as potatoes, bananas, cassava, sugarcane, and grapes) allowing for specific variability introduction in already established and adapted genotypes (Tiwari et al., 2020; Nahirñak et al., 2022).

CRISPR/Cas9 technology has previously been applied in potato to enhance various traits, including disease resistance (Norouzi et al., 2024; Poudel, 2024), improved nutritional quality (Das Dangol et al., 2024), and alterations in tuber color (Wulff-Vester et al., 2024). Zahid et al. (2024) enhanced stress resilience in potato by deleting Parakletos (a thylakoid protein) through CRISPR. Furthermore, one study demonstrated the potential of CRISPR in mitigating abiotic stress by modifying ABA metabolism in rice (Ye et al., 2023), yet no similar efforts have been reported in potato to date. This advancement is particularly significant given potato’s high sensitivity to water deficits and its crucial role as a global food crop (Nasir et al., 2022).

StCBP80 has been previously silenced in potato using RNA interference, which resulted in enhanced drought tolerance through increased ABA sensitivity and stomatal regulation (Pieczynski et al., 2013). However, to date, no studies have employed CRISPR/Cas9 genome editing to achieve a knockout of the StCBP80 gene. This represents a promising strategy, as CRISPR/Cas9 allows for precise and heritable modifications, enabling a deeper exploration of CBP80’s functional role in drought tolerance and its potential in crop improvement. In the present study, eight independent partially edited lines were obtained using CRISPR/Cas9, harboring mutations in two or three alleles but no complete (tetra-allelic) knockouts. We focus on the molecular and phenotypic characterization of two of these lines, selected based on detailed mutational analysis.




2 Materials and methods



2.1 SgRNA design on CBP80 gene of S. tuberosum cv. Spunta and vector assembly

The available sequence of Solanum tuberosum CBP80 gene (LOC102588913, gene description: nuclear cap-binding protein subunit 1, Andrade Díaz, 2024) was used for designing primers to amplify the StCBP80 gene in the cultivar Spunta. Primers F1_StCBP80 (5’AATGAGTAGTTGGCGGAGCTT3’) and R10_StCBP80 (5’TACAGAGGTATCTTGTGAGGCA3’) amplified an expected 1,500 bp fragment from the 5′ region of the target gene, using 10 ng of genomic DNA as a template in a reaction with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific). Reaction conditions were 95°C for 1 min, 30 cycles of 95°C for 1 min, 55°C for 1 min, 72°C for 1 min and a final extension of 72°C for 10 min. PCR products were cloned into the pGEM®-T Easy Vector Systems (Promega) and transformed into One Shot TOP10 Chemically Competent E. coli (Thermo Fisher Scientific), according to the manufacturer´s instructions. Twelve randomly picked colonies were selected for plasmid purification and Sanger sequencing using the T7 and SP6 primers. The resulting sequences were aligned to avoid allelic variation during sgRNA design and for further High-Resolution Fragment Analysis (HRFA) primer design. The web-based tool a Cas-Designer Tool (http://www.rgenome.net/cas-designer/) was used for sgRNA design, using one of the sequences obtained for StCBP80 as a query and S. tuberosum (PGSC v4.03) as a target genome. sgRNAG9 and sgRNAG104 (Figure 1) were selected according to the Out of Frame Score (Park et al., 2015) and the strict absence of allelic variation along the target sequence. The gRNAs were cloned into the pTRANS_100 vector under the Arabidopsis thaliana U6 promoter, following the Golden Gate system protocol developed by the Voytas group (Nadakuduti et al., 2019). This vector includes the coding sequence of the Cas9 nuclease protein under the control of the constitutive 35S promoter. This process yielded the final vector containing both sgRNAs: pTRANS_100G9-G104.

[image: Gene diagram displaying XM_006352524.2 with a zoomed-in section highlighted. Arrows indicate direction, and green blocks represent gene segments. Below are sequences: sgRNAG104 "5’ CCGAGAAATAGAGCATTCTGAGG 3’" and sgRNAG9 "5’ CGGAGCTTGCTCTTGCGACTCGG 3’".]
Figure 1 | Schematic representation of the StCBP80 gene of Solanum tuberosum (potato), which is composed of 19 exons interspersed with intronic regions. In this simplified representation, each “Exon” is depicted as a box, and each “Intron” is shown as a line separating the exons. The lengths of the boxes and lines are not proportional to the actual sequences but are designed to illustrate the gene’s structural organization. A zoomed-in view of the first four exons is shown, highlighting the design site of two sgRNAs: sgRNAG9 (exon 1), and sgRNAG104 (exon 2). These sgRNAs were strategically positioned for CRISPR/Cas9-mediated editing to disrupt the StCBP80 gene function. The information on the gene structure and sgRNA locations was obtained from the NCBI database (https://www.ncbi.nlm.nih.gov/gene/102588913).




2.2 Protoplasts transfection and plant regeneration

The procedures for protoplast isolation and transfection were conducted according to previously described protocols (Nicolia et al., 2015, 2020; González et al., 2020). For protoplast isolation, 1 g of leaves from 5-week-old in vitro cv. Spunta platelets were used. The leaves were first incubated in Conditioning Medium and cell wall digestion was performed using an Enzymatic Solution composed of Cellulase Onozuka R-10 (Yakult Pharmaceutical) and Macerozyme R-10 (Yakult Pharmaceutical) in a medium osmotically balanced for the cells. The digestion involved incubating the plant tissue with the enzymatic solution for 14 hours in darkness at 25°C. After digestion, the protoplast suspension was filtered through a sterile nylon mesh with a pore size of 70 µm and purified using a 0.43 M Sucrose Solution. For transfections, 100,000 protoplasts were incubated with pTRANS_100G9G104 Vector and 40% Polyethylenglycol (PEG) 4000 (Duchefa Biochemie, Haarlem, The Netherlands) for 30 min. A regeneration control was included, which consisted of the same number of protoplasts incubated with 40% PEG without vector, for 30 min. After transfections, all protoplasts were embedded in sodium alginate and cultured for calli regeneration, according to Nicolia et al. (2015). Once protoplast calli were green and visible to the naked eye (0.5-1.0 mm diam.; 32-64 cell size) were released from alginate blobs (approximately after 33 days of culture) and subcultured for shoot growth induction. To ensure the analysis of independent lines, one shoot was picked per callus and transferred for root development.




2.3 Identification and genotypic analysis of CBP80-edited potato lines

Genomic DNA of regenerated plants was extracted from leaves according to Haymes, 1996. The detection of putative mutations in the target gene was performed by High Resolution Fragment Analysis (HRFA), according to Andersson et al. (2018). The primer CBPHRFA-Rev, labelled with Fluorescein Amidite (FAM), was designed and used in combination with the primer F1_StCBP80 to amplify a 200 bp fragment of the CBP gene, encompassing both sgRNA target sites within the StCBP80 gene. PCR was carried out using Q5® High-Fidelity DNA Polymerase (New England Biolabs) under the following reaction conditions (98°C for 5 min, 34 cycles of 98°C 1 min s, 55°C 1 min, 72°C 30 s, and a final extension of 72°C for 10 min). PCR product length was determined by GeneMarker Software v3.0.1 (SoftGenetics, State College, PA, USA) and insertions or deletions were identified comparing peak presence/absence or displacement comparing line electropherograms versus the non-edited control. Target regions of StCBP80 gene were sequenced by Next Generation Sequencing service (NGS; Celemics, Republic of Korea) in selected edited lines to confirm HRFA results. Sequencing results were analyzed with Geneious Software v2023.1.2 (https://www.geneious.com/) and insertions or deletions were identified comparing each line versus the non-edited control.




2.4 Experiments for assessing water deficit responses

Two types of water deficit experiments were conducted. The first one aimed to evaluate transpiration response and water use efficiency under controlled soil water deficits (water deficit experiment). The second one was focused on assessing differences in soil water thresholds during progressive soil drying (drying soil experiment).



2.4.1 Water deficit experiment

Selected in vitro-regenerated plants were transferred to a substrate on 10 L pots in a greenhouse at temperatures ranging between 20°C and 27°C with a photoperiod of 16 hours light (120 µmol m−2 s−1) and 8 hours dark. Surface of the pots was sealed with plastic bags to avoid evaporation. Ten biological replicates were grown for each edited line and the non-edited control line Spunta under a normal irrigation regime. After four weeks, irrigation was discontinued for half of the pots of all genotypes. Soil water content in the pots was maintained at 30% of field capacity for 37 days. Pot water content was measured with a moisture meter previously calibrated (Bluelab Pulse Meter). After water deficit period, irrigation was restored to 100% field capacity. The remaining biological replicates were kept at 100% field capacity, throughout the entire experiment.




2.4.2 Relative expression of genes

Relative gene expression quantification of StCBP80, Pyrroline-5-Carboxylate Synthetase (P5CS), and Proline Dehydrogenase (PDH) was performed using real-time PCR. P5CS and PDH genes were selected due to their well-documented roles in molecular stress responses through proline biosynthesis and degradation. StCBP80 expression was analyzed in both edited and control lines. Elongation Factor 1-Alpha (EF1α2) was used as the reference gene for normalization in all qPCR assays. Total RNA was extracted using TRIzol reagent (Invitrogen) from flash-frozen leaves collected on day 37 after drought onset in both treatments and stored at -80°C. cDNA synthesis was performed using the PrimeScript RT reagent kit (Takara). Specific primers for qPCR for each target gene were designed (Table 1). Primer efficiency was calculated to ensure accurate quantification. Real-time PCR was conducted using a 7500 Applied Biosystems real-time cycler with SYBR Green detection. Relative expression levels of the target genes were quantified using the ΔΔCt method (Livak and Schmittgen, 2001) For each sample, the Ct values of the target genes were normalized to the elongation factor reference gene to obtain the ΔCt. The ΔΔCt was then calculated by comparing the ΔCt of the treated samples to that of the control samples. The relative expression levels were expressed as 2^(-ΔΔCt). Statistical analysis of the ΔΔCt values was performed using ANOVA to determine the significance of gene expression differences between edited and control lines under both irrigation regimes. For this analysis, five plants were used for the CBP80-39 and the non-edited while four plants were used for the CBP80-32 genotype. In all cases, three technical replicates were performed for each sample.


Table 1 | Primer sequences used for quantitative PCR (qPCR) analysis of gene expression.
	Gene name
	Forward primer
	Reverse primer
	Annealing temperature (°C)
	References



	EF1α 2
	CTTGACGCTCTTGACCAGATT
	GAAGACGGAGGGGTTTGTCT
	60
	Campbell et al., 2023


	P5CS
	CTCCAAGCGATCCACAATCA 
	GTCATACCACCTCTTCCAACTC
	59
	Designed in this study


	PDH
	TGGTATGGCAGATGGTCTTTC
	CAGCACGCCTCATAAGGTAAT
	60
	Designed in this study


	CBP80
	TTCTTCAACCCTCGTCCTTTAC
	GTGATTGACAGTTATACGGGAGAT
	60
	Designed in this study


	MYB33
	ATGAGCATCACAAGTGAAACCG
	CTACACGGCTGACATGGCATCCCA
	60
	Wyrzykowska et al., 2022





The table lists the forward and reverse primer sequences, their corresponding annealing temperatures (°C), and their sources.






2.4.3 Daily transpiration rate and cumulative transpiration

The daily transpiration rate (ml d-1) was determined weekly from the onset of the drought period as the difference in pot weight between consecutive measurements divided by the time between measurements (usually 24 hours). Weekly transpiration rates were aggregated, and the cumulative transpiration was calculated by summing weekly values from the start of the water deficit period until harvest.




2.4.4 Yield and Water use efficiency

After the completion of the water stress period and at the time of harvest, all tubers from each plant were carefully collected and separated. The fresh weight of the tubers was immediately recorded using a precision balance. Additionally, the total number of tubers per plant was counted. Water use efficiency was estimated as the quotient between yield and cumulative transpiration.




2.4.5 Biomass

Biomass was determined after harvesting the tubers by first weighing the fresh above-ground parts of the potato plants. These samples were then dried at 70°C for 15 days to reach a constant weight. The dry weight of each sample was subsequently recorded. Above-ground biomass calculations were based on the dry weight of the vegetative plant material.




2.4.6 Canopy cover

Canopy cover, defined as the percentage of ground area covered by plant leaves, was assessed using the CANOPEO application (Patrignani and Ochsner, 2015). This mobile tool estimates green canopy cover by analyzing the proportion of green pixels in digital images. Images were taken from directly above each individual plant at a fixed height of 50 cm using a smartphone camera with standard settings and under consistent ambient light conditions to minimize variability. To avoid edge effects, plants located at the borders of the experimental layout were excluded from canopy cover measurements. Only plants positioned in the inner rows were considered. The canopy cover percentage was calculated automatically by the CANOPEO app, which identifies green vegetation based on pixel color thresholds. Measurements were conducted at multiple time points: before stress onset, during the drought period, and after rewatering, under both well-watered and water-deficit conditions, for both edited and non-edited plants. The same protocol was consistently applied throughout the experiment to ensure comparability across treatments and time points.




2.4.7 Stomatal density

Stomatal density was measured on fully expanded leaves of the second node. Five biological samples of 30-day-old potato plants were sampled for the analysis. The abaxial leaf surface peels were obtained using transparent adhesive tape and mounted on glass slides. Images were observed under a light microscope at 10x magnification and captured using a Leica camera attached. Stomatal density was calculated as the number of stomata per unit area (stomata/mm²). For each leaf, five random fields of view were analyzed, and the average stomatal density was recorded by counting the number of stomata per image with an area of 1.288 mm2.




2.4.8 Statistical analysis

Statistical analyses were performed using InfoStat (Di Rienzo et al., 2020), a software that integrates R as its computational engine, specifically utilizing R version 3.6.2 for statistical procedures and data analysis. Initially, a normality test was conducted for all data sets corresponding to each evaluated condition. If the data exhibited a normal distribution, an ANOVA test was performed, followed by a Tukey’s post-hoc test (α=0.05). For data sets that did not meet the normality assumption, a non-parametric Kruskal-Wallis test was applied (α=0.05).





2.5 Drying soil experiment

Selected in vitro-regenerated plants were transferred to 1 L pots with substrate and placed in a growth chamber at a constant temperature of 24°C with a photoperiod of 16 hours light (270 µmol m−2 s−1) and 8 hours dark. Ten biological replicates were grown for each edited line and the non-edited control line Spunta under a normal irrigation regime. After 3 weeks, irrigation was stopped in five replicates of each genotype. On the afternoon before the start of the experiment, the pots were overwatered and allowed to fully drain. To prevent evaporation directly from the substrate, the pots were sealed with plastic bags. The initial weight of each pot was recorded at the beginning of the photoperiod the following morning. Pots were weighed twice daily, approximately at the start and the midpoint of the daylight period. Transpiration rate during the daylight hours was calculated as the difference in pot weight divided by the elapsed time between measurements. The transpiration rate for each pot was normalized (NTR) by dividing the individual transpiration measurement by the average transpiration rate of three well-irrigated replicates for each genotype. On each day of the dry-down experiment, the water content of the root media was calculated as the fraction of transpirable soil water (FTSW). The total transpirable soil water in each pot was calculated as the difference between the initial weight of the pot and the pot weight when NTR ≤ 0.10.



2.5.1 Statistical analysis

The NTR values were analyzed as a function of FTSW using a two-segment linear regression model (GraphPad Prism 7). The regression output included the FTSW value for the intersection between the two linear segments (i.e., FTSW threshold) and the 95% confidence interval for the intersection.






3 Results



3.1 Generation and characterization of CBP80-edited potato lines

To investigate the role of CBP80 in drought tolerance, we employed CRISPR/Cas9 to introduce targeted mutations in the StCBP80 gene of the tetraploid potato cultivar Spunta. Our aim was to generate stable knockouts that could help elucidate CBP80’s function in stress responses and assess whether its disruption could enhance drought tolerance. By targeting conserved coding regions with two specific guide RNAs (sgRNA-G9 and sgRNA-G104), we sought to induce frameshift mutations leading to loss of function, ultimately evaluating the physiological and agronomic impact of StCBP80 inactivation in potato.

The CRISPR/Cas9 system was successfully employed to edit the StCBP80 gene of the tetraploid potato cultivar Spunta. HRFA and NGS confirmed successful editing in alleles of several regenerated lines. Two edited lines, CBP80-32 and CBP80-39, were selected for further analysis based on the type of mutations they carried, and the number of edited alleles detected by amplicon-based NGS. In CBP80-32, two distinct edited alleles were detected: one containing a single nucleotide deletion with a frequency of 21.6%, and another with a single nucleotide insertion at 26.6%, out of a total of 1,680 reads. In CBP80-39, three different edited alleles were identified: two independent single nucleotide deletions with frequencies of 20.7% and 23.5%, respectively, and one single nucleotide insertion at 19.3%, from a total of 1,940 reads.

Based on these early evaluations, CBP80-32 and CBP80-39 were chosen as the most promising candidates for subsequent physiological and molecular characterization. Mutations in most lines consisted predominantly of small insertions or deletions (indels) leading to frameshift mutations. In both selected edited lines, mutations were exclusively detected at the sgRNAG9 target site. In the CBP80-39 edited line, two types of mutations were identified across three alleles: a single-base insertion (A) in one allele and a single-base deletion (G) in two alleles (Figure 2).

[image: Genetic sequence comparison between non-edited and edited samples with labels CBP80-32 and CBP80-39. Changes highlighted in red boxes, showing nucleotide additions and deletions at specified positions.]
Figure 2 | Sequences highlighted in blue indicate the nucleotide sequences of the non-edited control StCBP80 gene and the edited lines CBP80-39 and CBP80-32 at the sgRNA-G9 target site. Mutations detected in the edited lines include a single-base insertion (A) in one allele and two independent single-base deletions (G) in the CBP80-39 line. In the CBP80-32 line, a single-base deletion (G) and a single-base insertion (A) were detected in two distinct alleles.




3.2 Relative expression of StCBP80 and drought-related genes

Quantitative real-time PCR (qPCR) was performed to measure the expression levels of the StCBP80, PDH, P5CS, and MYB33 genes. Statistical analyses were conducted using unpaired, two-tailed Student’s t-tests with Welch’s correction for unequal variances, applying a significance threshold (alpha) of 0.05.

The expression of StCBP80 was assessed in two edited lines (CBP80-39 and CBP80-32) and the non-edited control under both well-watered (WW) and water-deficit (WD) conditions.

In the non-edited control, StCBP80 expression was significantly higher under WD compared to WW, with an approximate twofold increase (p < 0.001; Figure 3A).

[image: Four box plot graphs labeled A, B, C, and D show relative expression levels of genes CBP80, PDH, P5CS, and Myb33 under WW (well-watered) and WD (water-deficient) treatments across different genotypes: wild-type, CBP80-39, and CBP80-32. Significant differences are marked with asterisks. A key on the right indicates the genotype shading.]
Figure 3 | Relative expression levels of StCBP80 (A), PDH (B), P5CS (C), and MYB33 (D) in the non-edited control and the edited lines (CBP80-32 and CBP80-39) under well-watered (WW) and water-deficit (WD) conditions. Statistical analyses were conducted using unpaired, two-tailed Student’s t-tests with Welch’s correction for unequal variances, applying a significance threshold (alpha) of 0.05. The comparisons presented are: non-edited control WD versus CBP80-39 WD, and non-edited control WD versus CBP80-32 WD. A single asterisk (*) denotes statistically significant differences (p < 0.05), while a double asterisk (**) indicates highly statistically significant differences (p < 0.01). Five biological samples were used for each genotype and condition, with three technical replicates per sample.

In contrast, expression levels in CBP80-39 and CBP80-32 remained relatively stable across conditions.

Under WD, both CBP80-39 (p = 0.0001) and CBP80-32 (p = 0.0002) exhibited significantly lower StCBP80 expression compared to the non-edited control.

PDH expression was significantly reduced in the non-edited control under WD compared to WW (p < 0.001; Figure 3B). Higher PDH expression was detected in CBP80-39 under WD compared to the non-edited control (p < 0.001). A borderline significant difference was observed between CBP80-32 and the non-edited control under WD (p = 0.0502), suggesting a trend towards increased PDH expression in CBP80-32.

P5CS expression was significantly upregulated in the non-edited control under WD relative to WW (p = 0.0002; Figure 3C). In CBP80-39 and CBP80-32, P5CS expression remained relatively unchanged between treatments. Compared to the non-edited control under WD, both CBP80-39 (p = 0.00067) and CBP80-32 (p = 0.0166) exhibited significantly reduced P5CS expression.

Under WD conditions, MYB33 expression showed an increase.

In CBP80-39, MYB33 expression was approximately fourfold higher than in the non-edited control (p = 0.0014; Figure 3D). A statistically significant increase was also detected in CBP80-32 under WD compared to the non-edited control (p = 0.042), although this result should be interpreted with caution due to its proximity to the significance threshold. The smaller increase in MYB33 expression in CBP80-32 relative to CBP80-39 may be related to differences in the allelic dosage of the non-edited StCBP80. We focused our analysis on MYB33, which, despite its high homology with MYB65 and MYB101 (Millar and Gubler, 2005), has been identified as the most responsive to miR159-mediated post-transcriptional regulation, and as a key regulator in drought stress responses (Allen et al., 2007; Reyes and Chua, 2007). Moreover, MYB33 expression has consistently been reported as dependent on CBP80/ABH1 in Arabidopsis thaliana and Solanum tuberosum (Pieczynski et al., 2013), further supporting its selection for this study.




3.3 Phenotypic evaluation under drought stress



3.3.1 Canopy cover

To assess the impact of StCBP80 editing on drought tolerance, canopy cover was evaluated as an indicator of plant growth and water stress response. Canopy cover, defined as the percentage of ground area covered by plant leaves, was measured using the CANOPEO application (Patrignani and Ochsner, 2015), a non-destructive tool that estimates green canopy cover based on digital image analysis. Measurements were taken before, during, and after the drying period under two irrigation regimes: 100% (well-watered) and 30% (water deficit) field capacity.

The canopy cover measurements revealed significant differences between the edited lines and the non-edited control among irrigation regimes over time (Figure 4A). Under WD, the edited lines CBP80-39 and CBP80-32 consistently maintained higher green canopy coverage compared to the non-edited control. For instance, on day 96 since the beginning of the assay, CBP80-39 under WD retained an average canopy of 6.07, while CBP80-32 maintained 3.56, both significantly higher than the wild-type, which fell to 0.75. Comparing the canopy cover progression within genotypes, edited line CBP80-39 showed a decline from 12.18 (WW, day 60) to 6.07 (WD, day 96), representing a 50% reduction, whereas edited line CBP80-32 exhibited a sharper decline from 9.36 (WW) to 3.56 (WD) in the same period, representing a 38% reduction. In contrast, the non-edited control demonstrated a nearly complete loss (>90%) of canopy cover under WD conditions, dropping from 3.21 (day 80) to 0.75 (day 96), indicating severe drought susceptibility (Figure 4B).

[image: Graph A displays canopy cover data over time for different plant groups, with a focus on a water deficit and re-watering period. Image B shows three stages of plant growth in pots: well-watered, under water stress, and post-re-watering. Each stage includes non-edited control, CBP80-32, and CBP80-39 variations.]
Figure 4 | (A) Temporal variation of canopy cover for edited lines (CBP80-32 and CBP80-39) and the non-edited control under two water regimes: well-watered (WW) and water-deficit (WD). The water-deficit phase occurred between days 50 and 80, followed by rewatering from day 81 onwards. Data represent mean ± standard error for each treatment (n= 5 plants per genotype and water condition). (B) Temporal variation of canopy cover for edited lines (CBP80-32 and CBP80-39) and the non-edited control during the assay.

Overall, the edited lines CBP80-39 and CBP80-32 displayed greater resilience under WD compared to the non-edited control, suggesting that StCBP80 editing enhances the ability to maintain canopy integrity during water-limited conditions.




3.3.2 Transpiration rate and cumulative transpiration

The transpiration rate was consistently higher in CBP80-39 compared to CBP80-32 and the non-edited control under well-watered (WW) conditions throughout the experimental period (p < 0.05; Figure 5). Higher transpiration rates were associated with greater plant canopy cover (Figure 5).

[image: Bar and scatter plots show transpiration in milliliters per day for genotypes 32, 39, and N-Ed over 50 days. Bar plots represent weekly measurements, while scatter plots show transpiration against plant cover percentages. Each genotype is color-coded, and letters indicate statistical significance.]
Figure 5 | Transpiration rate as a function of (i) genotype (edited lines and non-edited control, upper panel) and of (ii) plant cover (%, lower panel) for well irrigated plants measured over the experimental period. 32: CBP80-32, 39: CBP80-39 and N-Ed: non-edited control. Different letters indicate significant differences statistically significant differences (p < 0.05). (n= 5 plants per genotype and water condition).

The transpiration rate was significantly lower under WD conditions compared to WW conditions within each genotype (p < 0.05). During the drying period, the mean reductions in transpiration rate were greater in the edited lines (69.3% for CBP80-32 and 76.2% for CBP80-32) compared to the non-edited control (57.2%; Figure 6).

[image: Bar charts show transpiration rates in milliliters per day across different genotypes over several days. Days 7 to 50 are displayed, comparing genotypes 32, 39, and N-Ed. Significant differences are marked with letters. Bars are gray initially, then orange, and blue as time progresses, indicating changes in transpiration.]
Figure 6 | Transpiration rate as a function of genotype for water-limited plants during the drying period (orange bars) and after rewatering (blue bars). Different letters indicate significant differences among genotypes (p<0.05) in each day of measurement. Well-irrigated plants throughout the experiment are included as a reference (grey bars). 32: CBP80-32, 39: CBP80-39 and N-Ed: non-edited control. (n= 5 plants per genotype and water condition). No error bars are shown at days 7 and 13 for water-limited plants because transpiration measurements began only after the soil water content dropped to 30% of field capacity.

After rewatering, the transpiration rate of edited lines increased to levels comparable to WW treatment (Figure 6). Cumulative transpiration after rewatering was closer to that of WW plants in CBP80-32 (17% lower than WW) and CBP80-39 (20% lower than WW) whereas it remained significantly lower in the non-edited control (63% lower than WW). Consequently, cumulative transpiration, including both the drying and post-rewatering periods, was significantly higher (p<0.05) in the edited lines (3.0 and 3.6 liters, for CBP80-32 and CBP80-39 respectively) than in the non-edited control (1.7 liters).




3.3.3 Stomatal density

Stomatal density analysis revealed significant differences among the edited lines and the non-edited control. Both edited lines, CBP80-32 and CBP80-39, exhibited a markedly higher number of stomata per unit area on the abaxial leaf surface compared to the non-edited control (Figure 7A). Specifically, CBP80-32 displayed the highest stomatal density, reaching an average of 150 stomata mm-2, followed by CBP80-39 with approximately 120 stomata mm-2. In contrast, the non-edited control maintained a significantly lower stomatal density, averaging 90 stomata mm-2 (Figure 7B).

[image: Graph shows stomata density in non-edited, CBP80-39, and CBP80-32 samples with higher values in edited samples. Images below depict stomata at 0.05 micrometers scale for each sample, highlighting differences in density and structure.]
Figure 7 | (A) Stomatal density in StCBP80-edited lines and non-edited control. The graph represents stomatal density (stomata mm-2) on the abaxial leaf surface of the StCBP80-edited lines (CBP80-32 and CBP80-39) and the non-edited control. Error bars indicate standard deviation. *Above the bars indicate statistically significant differences (p < 0.05). 32: CBP80-32, 39: CBP80-39 and N-Ed: non-edited control. (B) Representative microscopic images of stomata impressions.




3.3.4 Normalized transpiration rate as a function of fraction of transpirable soil water

The normalized transpiration rate (NTR) as a function of the fraction of transpirable soil water (FTSW) reveals distinct responses among the StCBP80-edited lines (CBP80-32 and CBP80-39) and the non-edited control. The threshold FTSW (FTSWt), representing the point at which NTR sharply declines, was lower in CBP80-32 (0.234) and CBP80-39 (0.231) compared to the non-edited control (0.290). This indicates that the edited lines maintained higher transpiration rates under greater soil water depletion before reaching the threshold at which transpiration significantly dropped. Moreover, the slope of NTR decline above FTSWt was steeper in CBP80-39 (-0.387) compared to CBP80-32 (-0.055) and the non-edited control (-0.081), suggesting a more abrupt reduction in transpiration in this line once the threshold was reached (Figure 8).

[image: Three scatter plots display the normalized transpiration rate against the fraction of transpirable soil water. The left plot shows blue dots with FTSWt value of 0.234. The middle plot has orange dots with FTSWt value of 0.231. The right plot features yellow dots with FTSWt value 0.290. Each graph includes a trend line and data on NTR decline.]
Figure 8 | Normalized transpiration rate (NTR) as a function of the fraction of transpirable soil water (FTSW) for lines 32 and 39, and the non-edited control. The threshold of FTSW for the onset of NTR sharp decline (FTSWt) and the slope of NTR decline above FTSWt are indicated in each panel, with confidence intervals shown in brackets. 32: CBP80-32, 39: CBP80-32 and SP: non-edited control.




3.3.5 Yield, biomass and water use efficiency

At harvest, the edited lines showed a significantly smaller decrease in both tuber yield and biomass under water deficit (WD) conditions compared to the non-edited plants (Figure 9). While yield decreased in all lines under WD relative to well-watered (WW) conditions, the reduction was less substantial in the edited lines than in the wild-type. Under WW conditions, tuber yield did not differ significantly between the edited lines (CBP80-32 and CBP80-39) and the wild-type. CBP80-32 yielded an average of 185.64 g per plant, while CBP80-39 produced 206.76 g per plant, with no statistical differences between them. However, the non-edited control showed a lower average yield of 139.31 g per plant, although this difference was not statistically significant (Figure 9). Under water-deficit (WD) conditions, all genotypes experienced a reduction in yield; however, the edited lines demonstrated better yield retention compared to the non-edited control. The non-edited control showed the greatest sensitivity to water deficit, with a 41.78% yield reduction from its well-watered (WW) yield. In contrast, the edited lines exhibited improved drought resilience, with CBP80-32 showing the smallest decline (27.75% from its WW yield) and CBP80-39 experiencing a 31.23% reduction from its WW yield (Figure 9).

[image: Bar graph showing the yield per plant in grams for wild-type, CBP80-39, and CBP80-32 genotypes under two treatments: WW and WD. WW treatment shows similar yields for all genotypes with no significant difference (ns), while WD treatment displays lower yield for the wild-type compared to CBP80-39 and CBP80-32, marked with an asterisk indicating significance. Error bars are present.]
Figure 9 | Tuber yield per plant (g) in the edited lines (CBP80-32 and CBP80-39) and the non-edited control under both well-watered (WW) and water-deficit (WD) conditions. * Above the bars indicate statistically significant differences (p < 0.05) and ns indicate non statistically significant differences (p ≥ 0.05), (n= 5 plants per genotype and water condition).




3.3.6 Yield and water use efficiency

Water use efficiency (calculated as the ratio of tuber yield to cumulative transpiration) under WW conditions was higher in CBP80-32 and non-edited control (32 g L-1) compared to CBP80-39 (27 g L-1; p < 0.05). Under WD conditions, no significant differences were observed among the edited lines and the non-edited control, with water use efficiency values of 44, 38, and 49 g L-1 for CBP80-32, CBP80-39, and the wild-type, respectively. Therefore, tuber yield differences across genotypes were closely related to cumulative transpiration differences (R2 = 0.83; p <0.05; Figure 10).

[image: Scatter plot showing the relationship between cumulative transpiration per plant (liters per plant) and tuber yield per plant (grams). The data points are color-coded: blue for CBP80-32, orange for CBP80-39, and yellow for N-Ed. A dashed line represents the linear regression model, described by the equation y = 21.4x + 52.9, with an R-squared value of 0.83 and a p-value less than 0.05.]
Figure 10 | Yield per plant (g plant-1) as a function of cumulative transpiration per plant (L plant-1) in the non-edited control (yellow symbols) and the edited lines CBP80-32 (blue symbols) and CBP80-39 (orange symbols) across different water regimes.






4 Discussion

This study provides further evidence of the role of StCBP80 in drought tolerance in Solanum tuberosum cv. Spunta. The edited lines exhibited a multifaceted drought-resilience phenotype, including improved physiological and molecular traits, which collectively underscore the pivotal role of CBP80 in the plant’s drought response mechanisms.

The CRISPR/Cas9-mediated editing of the StCBP80 gene in potato successfully introduced mutations in the form of single-base insertions or deletions (indels), resulting in expression alterations of this gene and other related ones. Specifically, the edited line CBP80-32 exhibited mutations in two alleles, while CBP80-39 displayed three mutated alleles. Notably, no large fragment deletions or full knockouts (mutations in all four alleles) were observed. The absence of full knockouts could be attributed to either limited efficiency of the selected sgRNAs, or to a critical role of CBP80 in plant development and survival, leading to lethality in lines with complete loss of function (Hugouvieux et al., 2001; Pieczynski et al., 2013). Similar findings have been reported in Arabidopsis, where AtCBP80 has been shown to be essential for ABA signaling and stress responses (Hugouvieux et al., 2001). The methodological framework employed in this study is supported by recent advances in CRISPR/Cas9 applications in potato. González et al. (2023) developed robust protocols for both transgenic and transgene-free genome editing, optimising sgRNA design, vector assembly, RNP delivery, and regeneration of edited lines. These tools have greatly facilitated functional characterisation of target genes and accelerated precision breeding in complex tetraploid cultivars such as Solanum tuberosum. Apparently, the conservation of at least one wt allele was enough to assure viability in edited lines. Although the edited lines showed enhanced drought tolerance, it is important to acknowledge that partial editing of the StCBP80 gene may result in residual CBP80 function. In both CBP80-32 and CBP80-39 lines, not all alleles were fully mutated. Furthermore, we recognize the potential influence of somaclonal variation associated with protoplast-derived regeneration. Although the use of non-edited control plants regenerated under identical in vitro and greenhouse conditions reduces the likelihood that the observed phenotypic differences are solely due to somaclonal effects, we cannot fully exclude this possibility.

Our approach contrasts with previous approaches that silenced StCBP80 using RNA interference (RNAi). For example, Pieczynski et al. (2013) demonstrated enhanced drought tolerance in StCBP80-silenced potato lines; however, these lines remained transgenic and relied on artificial microRNAs. In contrast, CRISPR/Cas9 editing introduces stable, heritable modifications without foreign DNA integration (Woo et al., 2015). Additionally, silenced lines are prone to gene expression reversion, whereas the mutations introduced by CRISPR/Cas9 are permanent, ensuring stable phenotypic outcomes across generations. These findings underscore the advantages of genome editing over silencing techniques, particularly in its ability to achieve stable and precise genetic modifications, which can be considered regulatory equivalent to varieties derived from conventional breeding (Lema, 2019).

P5CS, a key enzyme in proline biosynthesis, has been extensively studied for its role in accumulating proline under water-deficit conditions, acting as an osmoprotectant in various plant species including potato and maize (Daszkowska-Golec et al., 2017; Teper-Bamnolker et al., 2023). Similarly, PDH, which is involved in the degradation of proline, is differentially regulated during stress to maintain proline as a critical osmoprotectant (Daszkowska-Golec et al., 2017). MYB33 was selected based on its reported involvement in the molecular regulation of CBP80, particularly its role in miRNA biogenesis and stress response pathways in Arabidopsis (Hugouvieux et al., 2001; Reyes and Chua, 2007).

The differential expression of StCBP80, P5CS, and PDH in the edited lines suggests distinct mechanisms underpinning drought tolerance. StCBP80 expression in the non-edited control (cv. Spunta) was significantly upregulated under water-deficit conditions, suggesting its involvement in the regulation of stress-responsive pathways. This aligns with findings in Arabidopsis thaliana, where AtCBP80 knockouts displayed enhanced ABA sensitivity, leading to more efficient stomatal closure and reduced water loss (Hugouvieux et al., 2001). In contrast, the edited lines showed no induction of StCBP80 expression under drought, suggesting functional disruption of the gene. The upregulation of P5CS shows a potential enhancement of proline biosynthesis in the drought response of all lines. Proline acts as an osmoprotectant, stabilizing cellular structures and scavenging reactive oxygen species (ROS) under stress (Szabados and Savouré, 2010; Kaur and Asthir, 2015). While the observed increase in P5CS expression is consistent with findings in other crops, such as maize and wheat, where enhanced proline accumulation correlates with improved drought tolerance (Zhang et al., 2022; Liang et al., 2018), proline concentration measurements are needed to determine if this response directly contributes to the increased drought resilience observed in StCBP80-edited lines. Conversely, PDH expression, involved in proline catabolism, was downregulated in both the non-edited and edited lines under drought conditions. This reduction likely reflects a conserved strategy to conserve proline during water stress, as seen in previous research on proline metabolism in plants (Verslues and Sharma, 2010). However, relative PDH expression levels in edited lines under WW conditions is significantly lower than in the non-edited line. This feature could be related to a higher basal proline concentration that may influence drought tolerance.

The most notable expression pattern change caused by the editing of StCBP80 was observed in MYB33. This transcription factor showed higher expression levels under well-watered (WW) conditions in both edited lines, along with a strong induction under water-deficit (WD) conditions, which was not detected in the non-edited line. These expression trends support the hypothesis that MYB33 may play a crucial role in the drought resilience of the edited potato lines, potentially through its interaction with ABA-mediated signaling pathways, as observed in Arabidopsis. These results are consistent with findings by Wyrzykowska et al. (2022), who demonstrated that overexpression of MYB transcription factors enhances ABA sensitivity and improves drought stress tolerance. Additionally, Pieczynski et al. (2013) reported that silencing of the CBP80 gene led to increased MYB33 expression, further supporting its role in stress adaptation mechanisms.

Crop yield can be understood as the result of cumulative transpiration and water use efficiency for yield production (Echarte et al., 2023). In this context, our results demonstrate that the two edited lines outperformed the non-edited control in terms of (i) cumulative transpiration, in both the dry and post-rewatering periods, and (ii) tuber yield under both WW and WD conditions.

The relationship between normalized transpiration rate (NTR) and the fraction of transpirable soil water (FTSW) was effectively described by a two-segment linear model in both edited lines and the non-edited control, which is consistent with findings reported for other crops (Sadras and Milroy, 1996; Sinclair, 2017; Echarte et al., 2023). The FTSW threshold (FTSWt) for the sharp decline in NTR as FTSW decreased was within the range of values reported in these previous studies. However, a distinctive outcome of the present study was the lower FTSWt observed in the edited lines compared to the non-edited control. A lower threshold likely facilitates the maintenance of higher relative transpiration under low soil water availability, contributing to increasing cumulative transpiration in environments with transient water limitation. The higher fraction of transpirable soil water threshold (FTSWt) observed in the edited lines indicates that they can sustain transpiration for a longer period before experiencing a sharp decline, potentially allowing for more efficient water use under drought conditions. These findings suggest that StCBP80-edited lines exhibit a more conservative water-use strategy by sustaining transpiration under moderate soil water depletion while rapidly reducing water loss once a critical threshold is crossed. This response could enhance drought resilience by delaying the onset of severe water stress while optimizing water-use efficiency.

The more pronounced decrease in normalized transpiration rate (NTR) observed in CBP80-39 suggests that this line may have a stronger ability to regulate transpiration in response to declining soil moisture, potentially contributing to improved drought tolerance. Overall, these findings indicate that StCBP80 editing influences plant water management, which may be a key factor in the observed drought resilience of the edited lines. These results suggest that StCBP80-edited lines exhibit an altered water-use strategy compared to the non-edited control.

The lower FTSW threshold observed in the edited lines indicates a more gradual decline in transpiration compared to the non-edited control, enhancing their ability to sustain transpiration under water-limited conditions. This finding aligns with the results of Pieczynski et al. (2013), who showed that in StCBP80-silenced lines, stomatal aperture was higher in the absence of ABA, lower at moderate ABA concentrations, and similar to the wild type at high ABA concentrations. In the current study, the gradual reduction in transpiration (i.e. in CBP80-39) and the lower FTSW threshold (i.e. in CBP80-32 and CBP80-39) observed in the edited lines may reflect a modulated stomatal response to ABA. Under water-limited conditions, where ABA levels are likely moderate, the edited lines may exhibit a more controlled stomatal closure. This fine-tuned stomatal behavior may enhance water management during stress periods, contributing to the higher cumulative transpiration observed in the edited lines under water-deficient conditions. In crops under irrigation, this feature can contribute to smarter water management, reducing irrigation frequency without compromising growth and yield.

The edited lines maintained significantly higher tuber yields and biomass under WD conditions compared to the non-edited control, reducing yield penalties. Pieczynski et al. (2013) demonstrated that silencing StCBP80 expression in potato using artificial microRNAs resulted in significant physiological and morphological changes associated with drought tolerance. Transgenic plants exhibited ABA-hypersensitive stomatal closure, leading to a reduction in transpiration rates and improved water retention during drought conditions. Additionally, these plants showed increased stomatal density on the abaxial leaf surface, potentially enhancing their capacity for gas exchange under optimal conditions while maintaining a more controlled water loss during stress. These modifications collectively resulted in enhanced drought resilience, as evidenced by higher relative water content (RWC) and improved recovery upon rehydration compared to non-edited plants (Pieczynski et al., 2013). Interestingly, even under well-watered conditions, the edited lines outperformed the non-edited control in terms of yield, suggesting pleiotropic effects of StCBP80 disruption on growth and productivity or a potential outcome related to experimental conditions.

CBP80, a key component of the cap-binding complex, plays a critical role in various cellular processes, including mRNA processing, translation, and stress responses. In plants, CBP80 has been implicated in regulating ABA signaling and drought tolerance. The downregulation of StCBP80 in the edited potato lines led to enhanced drought tolerance, suggesting that StCBP80 may act as a negative regulator of drought stress responses. This marked downregulation indicates a possible involvement of CBP80 in the plant’s adaptive response to water stress, potentially by enhancing the transcription of stress-responsive genes.

The observed increase in stomatal density in StCBP80-edited lines provides compelling evidence of a compensatory mechanism triggered by StCBP80 downregulation, consistent with previous reports in Arabidopsis and potato (Pieczynski et al., 2013). While a higher stomatal density is traditionally associated with increased transpiration rates, it is crucial to consider the ABA hypersensitivity previously described in AtCBP80-mutant plants (Hugouvieux et al., 2001). This trait likely enables the edited lines to balance water loss through a more responsive stomatal closure mechanism, preventing excessive transpiration under drought conditions. Such a dynamic regulatory mechanism suggests that stomatal patterning in StCBP80-edited plants is not merely a structural adaptation but a functional one, enhancing their ability to optimize water loss and carbon assimilation depending on environmental conditions.

The relationship between stomatal density and water-use efficiency (WUE) is complex and highly dependent on environmental constraints. Increased stomatal density, coupled with ABA hypersensitivity, may enhance the capacity for rapid stomatal adjustments in response to fluctuating soil moisture, potentially improving WUE over time (Daszkowska-Golec et al., 2017). However, no changes in WUE were observed between the edited lines and the non-edited control. This regulation is particularly relevant when considering the superior drought resilience observed in the edited lines, as evidenced by their ability to maintain higher canopy cover and biomass accumulation under water-deficit conditions. A denser canopy contributes to a more favorable microclimate, reducing soil evaporation and further modulating plant water status. Additionally, the enhanced canopy observed in StCBP80-edited lines suggests that their increased stomatal density does not impose a significant growth penalty due to higher water consumption. Instead, it may contribute to sustaining photosynthetic capacity during periods of stress.

These findings reinforce the idea that CBP80 plays a dual role in regulating both stomatal density and stomatal responsiveness, positioning it as a key genetic target for engineering drought-tolerant potato cultivars. The ability of StCBP80-edited plants to integrate physiological and morphological responses (ranging from stomatal function to whole-plant water balance) highlights its potential for improving crop resilience under increasingly unpredictable climatic conditions.

Moreover, another mechanism by which CBP80 may influence drought tolerance is through its role in regulating the expression of stress-responsive genes. CBP80 has been shown to interact with various transcription factors and RNA-binding proteins, which can modulate the expression of genes involved in stress response (Daszkowska-Golec et al., 2017; Kim et al., 2021). By disrupting the function of StCBP80, the edited lines may have altered the expression of these genes, leading to enhanced drought tolerance. The CBP80 protein (when forming the CBC heterodimer) interact directly with mRNAs, controlling their maturation and processing. Some of these mRNAs might belong to different transcription factors (such as MYB33).

A recent study by Zahid et al. (2024) provided compelling evidence that deletion of Parakletos, a gene encoding a thylakoid-associated protein, enhances stress resilience in potato by modulating chloroplast function and photosynthetic performance. Using CRISPR, the authors demonstrated improved drought and salt tolerance, underscoring the relevance of targeting non-traditional loci to strengthen abiotic stress responses in potato. Our work complements these findings by focusing on a distinct regulatory pathway: we employed CRISPR/Cas9-mediated editing of CBP80, a nuclear cap-binding protein involved in ABA signaling and mRNA processing. Together, these studies highlight how diverse molecular targets—Parakletos in the chloroplast and CBP80 in the nucleus—can be leveraged to enhance drought tolerance through complementary biotechnological strategies in potato.

Finally, CBP80 is involved in ABA signaling. ABA is a key hormone involved in plant responses to various stresses, including drought. CBP80 has been shown to interact with several components of the ABA signaling pathway, including ABI1 and ABI2, which are negative regulators of ABA signaling (Hugouvieux et al., 2001). By disrupting StCBP80 function, the edited lines may have enhanced ABA sensitivity, leading to improved drought tolerance.



4.1 Broader implications and future directions

This work reinforces the conserved role of CBP80 in plant drought responses, expanding previous findings in Arabidopsis to a tetraploid crop such as potato. Our results demonstrate the potential of CRISPR/Cas9-mediated genome editing as a precise and efficient approach for improving stress tolerance in crops. In countries with supportive regulatory frameworks, such as Argentina, the application of genome editing technologies may accelerate the development and commercialization of climate-resilient cultivars (Whelan & Lema, 2015; Lema, 2019).

Future research could apply transcriptomic and metabolomic analyses to unravel the broader molecular pathways influenced by CBP80 and their specific contributions to drought resilience. Comparative studies involving additional stress-related genes may further clarify the capacity of genome editing to modulate complex agronomic traits. At present, the edited potato lines are undergoing field trials to evaluate whether the enhanced drought tolerance observed under greenhouse conditions is maintained in open-field environments. Importantly, a formal consultation with the National Commission on Agricultural Biotechnology (CONABIA) confirmed that both CBP80-edited lines (CBP80-32 and CBP80-39) are not classified as transgenic.

Future research should further explore the interactions between stomatal traits, proline accumulation, ABA signaling, and hydraulic conductivity to refine breeding strategies aimed at maximizing both yield and stress tolerance in potato. Measuring proline levels in the edited lines will provide additional insights into the role of CBP80 in osmotic adjustment under drought conditions. Additionally, transcriptomic and metabolomic approaches could offer a deeper understanding of the molecular networks regulated by CBP80 and their contribution to drought resilience.





5 Conclusions

This study provides strong evidence that CBP80 plays a critical role in drought tolerance in Solanum tuberosum cv. Spunta. StCBP80-edited potato lines generated through CRISPR/Cas9 technology exhibited enhanced drought tolerance, characterized by physiological improvements such as elevated proline accumulation, reduced water loss through transpiration, and improved canopy stability under water-limited conditions. These phenotypic traits correlated with altered expression of drought-responsive genes, including P5CS, PDH, and MYB33, underscoring a regulatory role for CBP80 in stress signaling pathways. Furthermore, edited plants maintained higher tuber yields and biomass under drought stress, reinforcing the utility of genome editing for improving crop performance in challenging environments.

The observed water-deficit-tolerance phenotype in StCBP80-edited lines aligns with previous findings in Arabidopsis thaliana and barley, where mutations in CBP components enhanced abiotic stress adaptation. Notably, the edited potato lines maintained higher transpiration rates under moderate soil water depletion while rapidly reducing water loss once a critical threshold was reached. This altered water-use strategy, together with improved stomatal control, supports the role of CBP80 in integrating molecular and physiological drought responses. Although full gene knockout was not achieved, the partial editing of StCBP80 preserved essential gene functions while still enhancing stress resilience, demonstrating the feasibility of using precise genome modifications to improve agronomic traits in a tetraploid crop.

Beyond the specific impact on potato drought tolerance, these findings contribute to a broader understanding of how cap-binding proteins mediate abiotic stress adaptation in plants. The regulatory link between CBP80 and MYB33 suggests that CBP80 may influence ABA-dependent stress responses beyond stomatal regulation, potentially affecting transcriptional networks involved in drought signaling. Furthermore, the differential expression of P5CS and PDH in the edited lines highlights the relevance of CBP80 in proline metabolism, a crucial osmoprotective mechanism in plants. Future research should investigate how CBP80 interacts with other transcriptional regulators and RNA-processing pathways to further refine its functional role in drought adaptation.

Future studies should also explore the interactions between stomatal traits, proline accumulation, ABA signaling, and hydraulic conductivity to refine breeding strategies aimed at maximizing both yield and drought resilience in potato. Additionally, measuring proline levels in the edited lines will provide a more comprehensive assessment of osmotic adjustment mechanisms. Future studies will also include measuring ABA levels in the edited plants to better understand hormonal regulation under stress conditions. Expanding this research to other potato cultivars and related species could reveal whether StCBP80 editing has a consistent impact across different genetic backgrounds. Furthermore, integrating transcriptomic and metabolomic analyses will help identify downstream targets of CBP80, offering new insights into the molecular networks governing stress adaptation.

In conclusion, this study demonstrates that the precise genome editing of StCBP80 represents a promising strategy for improving drought tolerance in potato, a crop highly sensitive to water deficits. By enhancing key physiological traits, modulating stress-responsive gene expression, and maintaining yield under water-limited conditions, this approach provides a valuable tool for climate-tolerant agriculture. As extreme weather events become more frequent, harnessing genome editing to enhance stress resilience in crops will be essential to ensure global food security and sustainable agricultural production.
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The domestication of grasses has historically favored annual species due to their rapid growth and suitability for crop rotation; however, such crops rely heavily on human input. In contrast, perennial grasses, which live for multiple years, offer significant environmental benefits, such as improved soil health and natural resilience to biotic and abiotic stress, but have not yet been domesticated. Gene editing of yield-related genes presents an opportunity to improve yield stability in perennial cereal crops. However, this process typically requires transformation to introduce gene-editing tools, and many perennial grasses are recalcitrant to traditional in vitro transformation. Alternative in planta transformation methods have recently emerged, offering simpler, faster, and more genotype-independent approaches. These methods bypass the need for tissue culture and could potentially be used to transform recalcitrant plants more efficiently. In this review, we evaluate the potential of in planta transformation methods for developing perennial cereal crops and advocate for exploring the role of such crops in sustainable agriculture.
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Perennial grain crops as a sustainable alternative to annual cropping systems

Cereal grain crops, which are members of the grass family (Poaceae), include several widely cultivated species, such as wheat (Triticum aestivum), maize (Zea mays), rice (Oryza sativa), and barley (Hordeum vulgare), that provide the bulk of calories in the human diet (FAO, 2017). Annual grasses were domesticated over thousands of generations, resulting in the selection and retention of gene variants underlying desirable traits. Although the selected traits benefit agricultural production, artificial selection often works against natural selection, resulting in domesticated crops with reduced fitness, an inability to survive outside their cultivation areas, and a reliance on intensive chemical management (Chen et al., 2015; Meyer et al., 2012). Annual cropping systems involve replanting crops each year, which can negatively affect soil health. Frequent tillage contributes to soil degradation, resulting in erosion, greenhouse gas emissions, and decreased soil fertility (Crews et al., 2018; Olsson et al., 2024). The environmental effects of annual cropping underscore the urgent need for a shift toward more sustainable practices.

Perennial agriculture offers numerous advantages over traditional annual cropping systems. Perennial crops have extensive root systems that reduce soil erosion and benefit soil health by improving soil structure and increasing organic matter content. Perennial crops also enhance water use efficiency deep in the soil, making the plants more resilient to drought and reducing the need for irrigation (Figure 1). Additionally, perennial systems sequester more carbon, contributing to the mitigation of climate change. Economically, these practices reduce the need for annual replanting, which lowers labor and input costs while offering more stable income streams for farmers (Chapman et al., 2022; Crews et al., 2018; Olsson et al., 2024; Paul et al., 2024). By improving soil health, water use efficiency, and biodiversity, perennial agriculture presents a sustainable alternative that could help address food security and environmental sustainability issues (Figure 1).

[image: Illustration comparing annual and perennial crop systems. (A) Annual crop: depicts repeated tilling with shovels, showing shallow roots and individual plant growth cycles. (B) Perennial crop: shows deeper roots, with consistent plant growth and reduced tilling. Both systems highlight different cultivation practices and root structures.]
Figure 1 | Comparison of annual and perennial cropping systems. (A) Annual crops live for a single season, requiring annual sowing and tilling, which promotes soil erosion, depletion of organic matter, and CO2 loss. These crops are highly dependent on human input for fertilization and protection against abiotic and biotic stress. (B) Perennial crops are sown only in the first year. These plants develop deep and extensive root systems that help preserve soil organic matter, reduce erosion, and improve overall soil health, and offer a sustainable alternative to annual crops.





Accelerating the domestication of perennial grain crops through genome editing

Efforts are underway to develop perennial cereal crops through wide hybridization—i.e., crossing existing annual crops with perennial relatives—and by traditional breeding of wild perennial species. The improvement of perennial intermediate wheatgrass (Thinopyrum intermedium) through traditional breeding (Bajgain et al., 2022) and the development of perennial rice PR23 from the hybridization of Asian cultivated rice (Oryza sativa ssp. indica) with its African wild perennial relative (Oryza longistaminata) (Zhang et al., 2022) are two successful examples of progress toward developing high-yielding perennial cereal crops.

However, high levels of ploidy and heterozygosity in perennial grasses mask alleles that are potentially useful for domestication, particularly in the case of recessive loss-of-function mutations (Østerberg et al., 2017), thereby complicating traditional breeding strategies. Targeted mutagenesis has emerged as a promising alternative tool for accelerating the domestication of new perennial crops. Leveraging an unprecedented understanding of crop domestication processes, the first step in these strategies involves precisely mutating a few genes using novel genome-editing technologies (Østerberg et al., 2017; Chapman et al., 2022; Luo et al., 2022).

There are over 7,000 perennial grass species that remain largely unexplored for domestication purposes (Frawley et al., 2020). Resources such as the Perennial Agriculture Project Global Inventory (PAPGI; http://www.tropicos.org/Project/PAPGI) provide information for assessing the potential utility of undomesticated perennial species (Ciotir et al., 2019). Allied with new targeted mutagenesis methods such as genome editing, these resources could prompt the cultivation of a range of novel perennial alternatives to annual crops. Such practices may become common if, for example, the EU lifts regulations on gene-editing tools such as clustered regularly interspaced palindromic repeats/CRISPR-associated protein9 (CRISPR/Cas9).





Biological challenges in transforming perennial grasses

Genome editing has unlocked the ability to make precise and predictable changes to domestication genes, thereby paving the way for the accelerated domestication of wild perennial grain crops. Yet, the ability to transform and regenerate the target plant remains a prerequisite for successful genome editing. Although the technology for creating transgenic plants is decades old, the transformation of many plant species remains challenging, with high efficiency limited to a few species and even fewer cultivars within these species (Ahmar et al., 2023).

To date, genome-editing components have been delivered into annual cereal crops primarily through Agrobacterium-mediated or biolistic transformation of suitable explants, typically immature embryos. Numerous studies have explored strategies to enhance transformation efficiency and develop alternative tissue culture protocols (Ahmar et al., 2023). Several improved protocols have been published, mainly focusing on optimizing media compositions and refining procedures for Agrobacterium-mediated or biolistic transformation (Matres et al., 2021).

Many perennial grasses require exposure to cold (i.e., vernalization) or accumulated days of warmth for the vegetative to floral transition (Lundgren and Des Marais, 2020), which complicates access to reproductive tissues, such as immature embryos, for transformation. Another hurdle associated with the domestication of perennial grasses is their widespread self-incompatibility, which prevents self-fertilization and demands outcrossing (Baumann et al., 2000). Combined with high levels of ploidy and heterozygosity, this adds variability, complicating the optimization of tissue culture media compositions and transformation procedures. Self-incompatibility can also reduce seed set due to pollen abortion (DeHaan and Van Tassel, 2014), thereby affecting the availability of immature embryos as explants for transformation. Perennials often produce vegetatively propagated organs such as rhizomes and bulbous structures (Chapman et al., 2022); however, whether these organs can serve as substitutes for immature embryos in transformation has not been explored. These biological and technical constraints highlight the need for alternative strategies for transformation that bypass the reliance on immature embryos and tissue culture.





In planta transformation

In planta transformation, also known as in situ transformation, encompasses a diverse array of techniques aimed at directly integrating foreign DNA or editing a plant’s genome, followed by regenerating the cells into a whole plant. These approaches can utilize bacteria (e.g., Agrobacterium strains), viruses, or physical methods (e.g., particle bombardment) to deliver genetic material to cells (e.g., meristem tissues, reproductive tissues, embryos) and integrate it into their genomes (Bélanger et al., 2024). Transformed plants may consequently produce transformed seeds, enabling stable transformation or editing events in the next generation. Here we focus on in planta transformation approaches that have the potential to transform perennial grass species that are recalcitrant to in vitro transformation. We identify the bottlenecks of these methods and assess their potential for genome editing and domestication of perennial cereal crops (Figure 2, Table 1).


[image: Diagram of in planta transformation methods for recalcitrant perennial grasses. (A) Floral dip on young flowers with options: direct dip, vacuum infiltration, floral spray, and floral brush. (B) Pollen transformation followed by pollination using electroporation, particle bombardment, agroinfiltration, magnetofection, and haploid induction. (C) Meristem transformation involves SAM transformation, rhizome- and bulb-based transformation, and cut-dip budding. (D) Novel gene editing by grafting, involving mobile RNAs, using recalcitrant grass as scions and transformed relatives as rootstocks.]
Figure 2 | Overview of in planta transformation methods that could be applied to perennial grasses. (A) Floral dip transformation involves dipping young flowers in an Agrobacterium tumefaciens suspension, leading to transgenic seeds via natural fertilization. Methods include direct dip, vacuum infiltration, floral spray, and brush application. While these methods are effective in some annual grasses (Singh and Kumar, 2022), their efficiency in perennial grasses is limited by the unsynchronized anthesis and outcrossing nature of these plants. (B) Pollen transformation is used to deliver gene-editing tools into pollen grains, which are in turn used for pollination. Methods to overcome the challenges of pollen transformation include electroporation, particle bombardment, Agrobacterium infiltration, and magnetofection. Establishing efficient pollen transformation methods and using methods such as haploid induction editing (Kelliher et al., 2019) could facilitate the development of perennial grain crops. (C) Meristem transformation involves direct transformation into shoot meristems, which are composed of embryonic-type cells that divide to form new cells and organs. Methods include Agrobacterium tumefaciens-mediated transformation or bombardment to transform the exposed meristem tissues of embryos, seedlings, or mature plants. Targeting the cell layer that will develop into germ cells from the SAMs of mature embryos using CRISPR/Cas9 can bypass the need for tissue culture and be genotype-independent (Hamada et al., 2018, 2017; Liu et al., 2021; Luo et al., 2023; Tezuka et al., 2024), making it a potential method for perennial grain crops. Methods utilizing Agrobacterium to transform vegetatively propagated organs such as rhizomes and bulbous structures offer new avenues for the transformation of perennial grasses via these organs (Cao et al., 2023; Mei et al., 2024). Direct meristem induction by expressing developmental regulators (DRs) such as Wus2 and Bbm promotes embryo formation and can enhance transformation efficiency and regeneration speed (Lowe et al., 2018; Wang et al., 2023). (D) Novel delivery methods mediated by mobile RNAs, which carry genome-editing tools across plant tissues (Yang et al., 2023), could potentially be employed for targeted heritable gene editing in perennial grass crops.


Table 1 | Overview of in planta transformation in monocot grass species.
	Species
	Delivery Method
	Plant Tissue
	Expression
	Target Gene
	Plant Genotype
	Efficiency (%)
	Reference



	Barley (Hordeum vulgare)
	Virus-induced genome editing (VIGE)
	Leaf tissues
	CRISPR/Cas9
	CMF7, ASY1, MUS81, ZYP1
	Golden Promise (expressing Cas9)
	T0: 17% - 35%
	Tamilselvan-Nattar-Amutha et al., 2023


	Biolistics
(iPB-RNP method)
	Mature embryos
	CRISPR/Cas9
	Ppd-H1
	Nishinohoshi
	T0: 1% - 4.2%
T1: 0.3% - 1.6%
	Tezuka et al., 2024


	Maize
(Zea mays)
Wheat (Triticum aestivum)
	Haploid induction
(HI-Edit)
	Pollen/Egg
	CRISPR/Cas9
	VLHP1, VLHP2, GW2, GT1
	Maize (GP721, GP650, ID5829, 412F) Wheat (AC Nanda, CMS)
	T0: 0% - 8.8%
	Kelliher et al., 2019


	Maize
(Zea mays), Sorghum (Sorghum bicolor)
	Magnetofection
	Pollen
	Reporter gene
	GUS, GFP
	Maize (FFFMM, W22)
Sorghum (Tx430)
	Not effective
	Vejlupkova et al., 2020


	Perennial ryegrass (Lolium perenne)
	Sonication-assisted Agrobacterium-mediated transformation (SAAT)
	Seed, meristem tip
	Overexpression
	IPT
	Grassland, Numan
	T0: 14.2% - 46.65%
	(Esmaeili et al., 2019)


	Rice (Oryza sativa)
	Agrobacterium-mediated transformation
	Coleoptile
	Overexpression
	GUS, DREB1A
	Phyongdo19
	T0: 8.4%
	Ho et al., 2023


	Mature embryos
	Reporter gene
	GUS, GFP
	R207, Teqing
	T0: 3.5% - 6.5%
	Lin et al., 2009


	Mature embryos
	Reporter gene
	GUS
	Koshihikari
	T0: 40% - 43%
	Supartana et al., 2005


	Seedlings
	CRISPR/Cas9
	Expression of CAS9 and Hygromycin
	MR 219
	T0: 9%
	Tamizi et al., 2023


	Sorghum (Sorghum bicolor)
	Agrobacterium-mediated transformation
	Seedlings
	Reporter gene
	GUS
	SPV462
	T0: 26% - 38%
	Yellisetty et al., 2015


	Switchgrass
(Panicum virgatum)
	Agrobacterium-mediated transformation
	Seedlings
	Reporter gene
	GUS
	Alamo
	T0: 6% - 54% (transient expression)
	(Chen et al., 2010)


	Wheat (Triticum aestivum)
	Biolistic DNA delivery
	Mature embryos
	Reporter gene
	GFP
	Fielder, Haruyokoi
	T0: 1.39% - 2.28%
T1: 0.7% - 0.87%
	Hamada et al., 2017


	Biolistic DNA delivery
	Mature embryos
	CRISPR/Cas9
	GASR7
	Bobwhite
	T0: 5.2%
T1: 1.4%
	(Hamada et al., 2018)


	Biolistics (iPB-RNP method)
	Mature embryos
	CRISPR/Cas9 RNP
	Qsd1, Or, HRGP
	Haruyokoi
	T0: 1% - 8.3% T1: 0.9% - 2.1%
	Kumagai et al., 2022


	Agrobacterium-mediated transformation
	Mature embryos
	Reporter gene
	GFP
	HD2894
	T0: 22.5%
T1: 3.33%
	Kumar et al., 2024


	Biolistics (iPB method)
	Mature embryos
	CRISPR/Cas9
	Qsd1
	Haruyokoi, Yumechikara, Kitanokaori
	T0: 0.5% - 2.51%
T1: 0.5% - 1.68%
	Liu et al., 2021


	Biolistics (iPB method)
	Mature embryos
	CRISPR/Cas9, GFP
	SD1
	Haruyokoi
	T0: 0.17% - 0.86%
T1: 0.08% - 0.34%
	Luo et al., 2023


	Agrobacterium-mediated transformation
	Flowers
	Reporter gene
	GUS
	HD 2967, HD 3086, Bobwhite
	T0: 0% - 0.23%
	Singh and Kumar, 2022


	Agrobacterium-mediated transformation
	Seedlings
	Overexpression
	CP4-EPSPS
	HD2894
	T0: 3.07%
	Tarafdar et al., 2019











Direct transformation into meristems

A major difference between annuals and perennials is that perennials have growing points (meristems) that remain indeterminate, allowing them to retain the ability to give rise to new tissues or organs after the first growing season. These indeterminate meristems are often located underground in bulbs, rhizomes, tubers, or corms, where they maintain vegetative growth and can undergo a developmental transition to generate a new plant.

In planta transformation of the indeterminate meristems of perennial grain crops may target the cell layer of the mature embryo that will develop into germ cells from the shoot apical meristem (SAM). CRISPR/Cas9 components, such as DNA vectors (Hamada et al., 2018, 2017; Liu et al., 2021, Table 1), ribonucleoprotein (RNP) (Kumagai et al., 2022, Table 1), and double-stranded DNA (dsDNA) donors (Luo et al., 2023, Table 1), can be coated onto gold particles for bombardment and delivery to a specific cell layer. This goal was first achieved in wheat (Hamada et al., 2017) and more recently in barley (Tezuka et al., 2024) (Table 1). However, the small size of seeds and their respective SAMs can make the delivery of CRISPR components challenging. Directly transforming embryonic cells with mobile Cas9 and single-guide RNAs (sgRNAs) capable of intercellular movement may increase the number of target stem cells in the meristem that undergo gene editing. This approach bypasses the need for tissue culture and is genotype-independent, but its potential for transforming perennial grasses remains to be tested (Figure 2).

Recent developments in nanoparticle-based delivery systems offer a promising alternative to particle bombardment (Wang et al., 2019). Nanomaterials such as carbon nanotubes, mesoporous silica nanoparticles, and lipid-based nanocarriers can also be explored for their ability to traverse the plant cell wall and deliver CRISPR/Cas9 components (Lowry et al., 2024; Wang et al., 2019). Key challenges include understanding how nanoparticle physicochemical properties, such as size, shape, surface charge, and aspect ratio can influence their ability to penetrate plant tissues and reach target cells (Hofmann et al., 2020). This approach bypasses the need for tissue culture and is genotype-independent, but its potential for transforming perennial grasses remains to be tested (Figure 2).

Mechanically injured embryos from mature seeds and SAMs from young seedlings have been used for transformation by imbibing the wounded plant material in an Agrobacterium solution. This technique has been used to transform rice (Supartana et al., 2005; Arockiasamy and Ignacimuthu, 2007; Lin et al., 2009; Ho et al., 2023; Tamizi et al., 2023; Sundararajan et al., 2023), sorghum (Sorghum bicolor) (Yellisetty et al., 2015), wheat (Kumar et al., 2024; Tarafdar et al., 2019), and perennial cultivars of ryegrass (Lolium perenne) (Esmaeili et al., 2019), and for transient transformation of perennial switchgrass (Panicum virgatum) (Chen et al., 2010) (Table 1). A modified approach for wheat uses embryos excised from mature seeds, which are centrifuged together with Agrobacterium, resulting in the direct transformation of the SAM (Ye et al., 2022). This method has been used for several plant species, but its potential for transforming perennial grasses has not been tested. One concern is that chimerism, caused by non-uniform transformation, can complicate the transmission of mutations to the progeny (Zlobin et al., 2020; Ye et al., 2022).

Recently, Mei et al. (2024) used the regenerative activity-dependent in planta injection delivery (RAPID) method to successfully transform several dicot species. They directly injected A. tumefaciens into the lower excised ends of stem segments of sweet potato (Ipomoea batatas) and bayhops (Ipomoea pes-caprae), as well as beneath the skin of potato (Solanum tuberosum) tubers. Transgenic progeny were obtained via regeneration and vegetative propagation at transformation frequencies of 12.5% to 40% (Mei et al., 2024). The RAPID system allows for direct gene transfer into regenerative plant tissues such as stem segments, tubers, rhizomes, and bulbs. This approach depends on the strong ability of transformed plants to undergo vegetative propagation, and further optimization of herbicide-based selection is needed to reduce chimerism (Mei et al., 2024; Zhong et al., 2024). The system has been used in sweet potato, potato, bayhops, and Panax notoginseng, providing a robust platform for tissue culture–free transformation. Since perennials often produce vegetatively propagated organs such as rhizomes and bulbous structures, they might also prove to be transformable using this strategy (Figure 2) However, this potential remains to be confirmed in monocot species, which differ significantly in their developmental and physiological responses.

Another method, the “cut-dip budding delivery system,” utilizes Agrobacterium rhizogenes to induce and transform hairy roots from the cut sites of explants (Cao et al., 2023). After generating transformed hairy roots with shoot-forming ability, transformed plants can be regenerated. The method involves infecting root segments by immersing them in an A. rhizogenes suspension (Cao et al., 2023). This technique has been successfully applied in a number of dicot species. Broader application to monocots might be facilitated by the use of disarmed Agrobacterium strains and by excision-based removal of integrated oncogenes (Cao et al., 2023). A similar transformation system remains to be tested in vegetatively propagated organs of perennial grasses (Figure 2).





De novo induction of meristems

Meristem identity is, in part, dictated by developmental regulators (DRs). DRs work in conjunction with plant growth regulators, particularly the plant hormones cytokinin and auxin, to establish and maintain meristem identity. The expression of specific DRs in plant somatic cells can induce other developmental programs. In monocots, Wuschel2 (Wus2) and Baby Boom (Bbm) promote somatic cells to form embryos that develop into whole plants (Lowe et al., 2018; Wang et al., 2023). By expressing Bbm and Wus2, transgenic monocot plants were successfully recovered using genotypes or explant types that were otherwise recalcitrant to genetic transformation (Wang et al., 2023). Ectopic expression of the maize Bbm and Wus2 genes in rice, sugarcane (Saccharum officinarum), sorghum, and perennial switchgrass had a similar effect, suggesting a conserved function among monocot species (Lowe et al., 2016; Xu et al., 2022). Additional DRs, such as GROWTH-REGULATING FACTOR 4 (GRF4), GRF-INTERACTING FACTOR 1 (GIF1) chimera, and WUSCHEL RELATED HOMEOBOX 5 (WOX5) have shown potential for increasing transformation efficiency and the speed of regeneration (Debernardi et al., 2020; Wang et al., 2022; Yang et al., 2024). The use of DRs might expand the application of Agrobacterium infection of meristems to more plant species (Lian et al., 2022; Maher et al., 2020), including perennial grasses (Figure 2).





Mobile RNAs as carriers of genome-editing tools

In plants, messenger RNAs (mRNAs) can move to neighboring cells via plasmodesmata and over long distances through the vascular system to regulate various biological processes in target organs (Kitagawa et al., 2024). The first evidence of RNA mobility emerged from studies on RNA viruses, whose movement proteins enable their intercellular movement from an infected cell to neighboring cells, allowing systemic virus spread (Deom et al., 1987; Wolf et al., 1989). Subsequent investigations revealed a more intricate mechanism that involves transfer RNA-like structures (TLSs) at the 3′-ends of RNAs (Zhang et al., 2009, 2016). Such TLSs are abundant in transcripts found in the phloem sap and serve as mobility signals. In transgenic Arabidopsis (Arabidopsis thaliana) lines, co-transcription of mRNA with TLSs triggers the systemic movement of mRNA between roots and shoots (Heeney and Frank, 2023; Kehr et al., 2022). Remarkably, the transported mRNA components are translated into functional proteins in the receiving cells (Zhang et al., 2016).

Building on this foundational work, the mobility of target RNA has been exploited for genome editing. For example, sgRNAs can be mobilized to the shoot apex, as demonstrated using viral vectors to transform transgenic Arabidopsis plants expressing Cas9. By fusing sgRNAs with mobile Flowering Locus T (FT) transcripts or TLS sequences, heritable gene editing was enhanced (Ellison et al., 2020). In a more recent study, Cas9 RNA and gRNAs were tagged with TLS motifs, allowing both types of RNA to be mobilized across graft junctions. The mobile transcripts efficiently moved from the transgenic rootstock to the wild-type scion, resulting in targeted heritable gene editing in the scion (Yang et al., 2023). The Grafting-Based Gene Editing approach offers a transgene-free alternative for genome editing by delivering mobile gene-editing signals across graft unions. While this technique has been successfully demonstrated in Arabidopsis and Brassica rapa, its broader application is currently constrained by graft incompatibility, particularly in monocot crops (Yang et al., 2023). However, the recent development of a micrografting method for monocots (Reeves et al., 2022) presents an opportunity to achieve transgene-free targeted gene editing in major staple crops and potentially in new perennial crops (Figure 2). To overcome transformation limitations in recalcitrant perennial species, this strategy could use model lines with well-established transformation protocols as rootstocks. For instance, transgenic cereal grain crops such as wheat, transformable wheat cultivar Fielder (Hayta et al., 2019), which have robust transformation systems could serve as donor rootstocks for delivering mobile CRISPR/Cas components to grafted scions. Recent research has shed light on the molecular basis of graft formation, particularly the genetic control of graft attachment and vascular reconnection (Feng et al., 2024; Notaguchi et al., 2008). These discoveries may lead to the emergence of new graftable combinations, and engineering transgenic rootstocks to enhance grafting compatibility could facilitate genetic editing through grafting junctions.





Pollen transformation

Gene-edited plants have been obtained by delivering gene-editing tools into pollen grains (Bélanger et al., 2024; Toda et al., 2023). Here, the pollen grains are transformed and subsequently used to pollinate the recipient egg in vivo, resulting in nonchimeric transformation. Major challenges of this method include the thick cell wall of the pollen grain and the release of nuclease enzymes during pollen germination, as these factors hinder pollen grain transformation and the integration of exogenous DNA, respectively (Eapen, 2011). To overcome these obstacles, various methods could be utilized, including electroporation (Obermeyer and Weisenseel, 1995), particle bombardment (Touraev et al., 1997), Agrobacterium infiltration (Tjokrokusumo et al., 2000), and magnetofection, which uses magnetic force to enhance gene delivery (Zhao et al., 2017) (Figure 2). These techniques have been applied with varying degrees of success across different annual grass species such as maize and sorghum (Eapen, 2011; Toda et al., 2023), but with inconsistent results reported between different laboratories (Vejlupkova et al., 2020; Zhao et al., 2017; Table 1). Some grass species have mechanisms that enhance outcrossing by increasing the probability of pollen dispersal from one plant and its subsequent receipt by an unrelated plant (David and Pham, 1993). Establishing an efficient pollen transformation method for outcrossing perennial grasses could be advantageous (Figure 2).

A method involving haploid induction editing (Hi-Edit) technology has been used to edit elite lines of maize and wheat (Kelliher et al., 2019; Table 1). Here the paternal or maternal plant is a transformable cultivar that has been stably transformed with Cas9 and gRNA. The transformed plant is used as a pollen donor. However, the donor plant contains a mutation in MATRILINEAL (MATL) that eliminates the donor plant’s genome. After fertilization, the Cas9 and gRNA are expressed from the donor plant’s sperm or egg cell, editing the recipient’s chromosome and resulting in the elimination of the donor plant’s chromosome. This results in editing without the need for transformation and the production of a transgene-free edited elite crop (Kelliher et al., 2019). Using this approach, already established transformation systems could be used to edit a recalcitrant species such as a perennial grass (Figure 2). Hi-Edit has been used to deliver genome-editing components into maize and Arabidopsis, reducing chimerism and simplifying the production of edited lines. While efficient, improvements in haploid-doubling protocols are required to enhance their applicability (Kelliher et al., 2019).





Virus-mediated transformation

RNA viruses infect plants and move systemically within the plant. Tobacco rattle virus (TRV), potato virus X (PVX), and barley stripe mosaic virus (BSMV) have been used as vectors to introduce RNA sequences into plants without the need for transformation or regeneration (Awan et al., 2023; Tamilselvan-Nattar-Amutha et al., 2023). However, because Cas9 exceeds the cargo capacity of most viruses, it is usually only feasible to deliver sgRNAs, which requires that the plant host is already a transgenic Cas9-expressing line (Ellison et al., 2020; Liu et al., 2024, 2022, 2023). Endonucleases that are smaller and more compact may serve as alternatives to Cas9. In a recent study, a transposase-associated TnpB endonuclease was packaged with a guide RNA in the RNA virus TRV. Following infection of Arabidopsis with the engineered virus, editing was achieved in a single step (Weiss et al., 2025). This finding suggests the potential of using virus-induced genome editing to transform recalcitrant perennial grasses.





Genotype-independent fast transformation

Zhong et al. (2024) introduced Genotype-independent Fast Transformation (GiFT) as a rapid in planta Agrobacterium-mediated transformation system for soybean (Glycine max). The GiFT method uses wounded germinated seeds as explants, followed by a brief liquid culture phase under sublethal herbicide selection and direct soil transplantation, during which continued in planta selection ensures the preferential regeneration of transgenic shoots. This approach enabled the recovery of healthy, non-chimeric T0 plants within approximately 35 days without extensive tissue culture. GiFT demonstrated high transformation frequencies across a diverse range of elite and recalcitrant soybean varieties and was further validated for CRISPR-Cas12a-mediated genome editing applications. The general applicability of this novel in planta transformation method remains to be tested.





Conclusion

Perennial grasses are typically recalcitrant to transformation using traditional in vitro methods. More direct in planta transformation protocols have recently been shown to be successful for the transformation of several dicots and annual grasses, but whether these methods can be applied to perennial grasses remains to be determined. We hope that this review will inspire researchers focused on developing sustainable agricultural practices to test whether in planta transformation methods can be used to overcome the transformation and genome-editing bottlenecks associated with the improvement of perennial grain crops.
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Recent breakthroughs in CRISPR/Cas genome editing have transformed molecular biology research and offer significant potential across biotechnology and medicine. This has created a broad spectrum of computational tools and databases that aim to optimize each phase of the genome-edited workflow, from guide RNA design and off-target prediction through screening analysis and biological validation. Here, we survey major CRISPR tools and analyse their features in the context of precision genome editing. CRISPOR and CHOPCHOP versatile platform that provides robust guide RNA design for several species, integrated off-target scoring, and intuitive genomic locus visualization. This review gives an overview of these new resources that have been developed, grouped based on their functionalities like design of guide RNA, off-target predictions, genome-wide screens, and visualizations of the data. Furthermore, we discuss new trends in database development like their integration with genome browsers and implementation of machine learning. This review thus gives a useful overview of the dynamic field of CRISPR/Cas genome editing tools. It also serves as a helpful guide for researchers looking to utilize these tools in their research.
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1 Introduction

CRISPR-Cas is a versatile genome editing tool applicable to different species, including viruses, plants (Saraswat et al., 2024), and mammals (Mali et al., 2013). CRISPR revolutionizes farming by enabling scientists to change a plant’s DNA. It means we can grow crops that perform under hot conditions, drought, and pests, with improved yield, nutrition, and better longevity. Unlike traditional methods such as conventional breeding or GMOs, CRISPR uses the plant’s natural genes, making the technology faster, cleaner, and easier to approve. This technology isn’t merely a laboratory innovation instead, it’s a practical answer for enabling to produce more food sustainably for a growing global population (Gao, 2021). Also, CRISPR/Cas technology has come into importance as a breakthrough technology for cancer research due to its efficacy, flexibility, and specificity. CRISPR helps in cancer screening by making whole-genome functional analyses to map cancer-causing genes and pathways, diagnosis with ultrasensitive tools such as CRISPR-based biosensors and nucleic acid tests, and therapeutic intervention where genome editing corrects for errors in the genes or enhances immunotherapy, such as CAR-T cell engineering. Its ability to target specific genes with accuracy makes CRISPR a promising approach for individualized and targeted therapy for cancer (Yang and Zhang, 2023).

CRISPR uses an RNA-guided endonuclease, Cas9 and target sequences by complementary base pairing between a guide RNA (gRNA) and a 20-bp target sequence adjacent to protospacer adjacent motif (PAM) which is in the form of NGG (Wang and Li, 2021). The structure typically consists of direct repeats, ranging between 25 to 45 nt. These repeats are spaced by similar-length spacers that carry unique genomic material that is unique and most likely introduced via plasmids or viruses (Katyal et al., 2013). As a result, it’s crucial to consider both possible off-target sites and the gRNA sites in a gene when creating gRNAs for editing (Naeem et al., 2020). Based on the accessory cas genes and structure of the CRISPR-Cas locus, the CRISPR-Cas system is presently categorised into two main classes, which are further divided into six types and various subtypes (Koonin et al., 2017). However, new types may still need to be found (Makarova et al., 2020). Examining the CRISPR distribution among target strains is crucial from an evolutionary perspective. They are anticipated to be key players in prokaryotic adaptive immunity and could act as markers; therefore, having specialised identification methods and up-to-date databases is required.

The CRISPR-Cas system, consisting of direct repeats (DRs) and spacers, is crucial in determining the type of RNA molecules that can activate adaptive immunity (Couvin et al., 2018). A comprehensive investigation of DRs and spacers is essential. Software tools available online can be used to select specific CRISPR sites. Computational methods like CRT (Bland et al., 2007), CRISPRDetect (http://crispr.otago.ac.nz/CRISPRDetect/predict_crispr_array.html) (Biswas et al., 2016), MetaCRAST (Moller and Liang, 2017), and CRISPRdisco (http://github.com/crisprlab/CRISPRdisco) (Crawley et al., 2018) can predict prokaryotic genome CRISPR arrays. CRISPR-related databases like CRISPRdb http://crispr.upsud.fr/crispr (Grissa et al., 2007b), CRISPRI (Rousseau et al., 2009), and CRISPRCasdb (Pourcel et al., 2020) also integrate programs for CRISPR identification.

Also, to prevent viral infections, prokaryotes have developed antiviral defence mechanisms (Rostøl and Marraffini, 2019). The initial discovery of anti-CRISPR proteins was reported in phages and prophages associated with Pseudomonas (Bondy-Denomy et al., 2013). According to Samson et al. (2013), viruses have evolved anti-defence mechanisms, such as anti-CRISPRs, which prevent host CRISPR systems from functioning (Pawluk et al., 2018). Naturally occurring CRISPR-Cas inhibitors, or anti-CRISPRs (Acrs), may be used to create genome editing tools that are safer and easier to regulate.

The recent tools and databases to identify them are discussed later in the review.




2 Databases and tools for the prediction of CRISPR-Cas systems

CRISPR-Cas systems play a vital role in the adaptive immunity of prokaryotes have been harnessed as a genome editing tool. By studying their natural functions, new CRISPR-based systems can be developed (Akram et al., 2023). To analyse these systems, it is essential to identify CRISPR arrays and their spacer sequences, which has led to various computational tools for recognising CRISPRs (Figure 1; Table 1). Several articles have provided a detailed overview of such tools in recent years (Alkhnbashi et al., 2020; Naeem and Alkhnbashi, 2023; Li et al., 2023). Early predictions of CRISPRs were made using tools such as PatScan (Godde and Bickerton, 2006), CRT (Bland et al., 2007), PILER-CR (Edgar, 2007), CRISPRFinder (Grissa et al., 2007a) and CRISPI (https://bio.tools/crispi) (Rousseau et al., 2009). Users can view all CRISPR identified in the genomes of bacteria and archaea using CRISPI. Microbial genomes are easily chosen using the accession number and the genome name. Following the selection of a genome, the findings are compiled into tables. Every CRISPR and its associated Cas genes are indicated. These are identified using specific Hidden Markov Model (HMM) profiles derived from the available genes. With the CRISPI tool, users can annotate their microbial sequences by identifying CRISPR repeats within the sequences they have submitted. The query sequence can be uploaded from a local machine or pasted into the input field; it must be in FASTA format (Rousseau et al., 2009). Previously developed bioinformatics tools like PatScan (Godde and Bickerton, 2006), CRT (Bland et al., 2007) and CRISPRFinder (Grissa et al., 2007a) often result in ambiguous CRISPR arrays, which are unable to identify the strand from which crRNA is derived. This is crucial for tasks like CRISPR conservation classification, detecting leader regions, identifying protospacers, and characterizing protospacer-adjacent motifs (PAM). CRISPRstrand is an advanced machine learning method designed to accurately predict the correct orientation of repeats within CRISPR loci, facilitating the identification of the strand from which mature crRNAs are produced. This adaptable technique effectively determines the transcribed strand of CRISPR loci making it a valuable tool for various tasks (Alkhnbashi et al., 2014). However, CRISPRstrand focuses more on classification and annotation, and not on the experimental design and analysis.

[image: Flowchart illustrating CRISPR tools and databases. At the top, input sequences from guide RNA and metagenomic data lead to various databases: Array-based, Cas & Array-based, and Anti-CRISPR. These databases provide metadata and validated targets, identifying CRISPR arrays and Cas types. Classification tools like CRISPRMap categorize these arrays. Guide-RNA design tools assess targets, while machine learning tools optimize predictions for on/off-target efficacy. Functional genomics tools like CRISPR GE identify hits and reduce noise.]
Figure 1 | CRISPR system-related bioinformatics tools for different applications.


Table 1 | List of bioinformatics tools and databases in CRISPR/Cas technique.
	Sr. no.
	Database
	Type of organisms
	Function
	Speed
	Limitations
	Website link
	Reference



	1
	CRISPRdb
	Bacteria and Archaea
	Identifies CRISPRs and spacers, a visualization tool
	Moderate
	Limited to CRISPR arrays; does not design guide RNA
	http://crispr.upsud.fr/crispr
	(Grissa et al., 2007b)


	2
	CRISPI
	Bacteria and Archaea
	A relational database to identify the CRISPR and CAS in personal sequences
	NA
	Limited to few organisms
	https://bio.tools/crispi
	(Rousseau et al., 2009)


	3
	CRISPR target
	Bacteria, Archaea,
Plants, Animals, Fungi, etc.
	Predictions and analysis of crRNA targets
	Moderate
	not updated frequently
	http://crispr.otago.ac.nz/CRISPRTarget/crispr_analysis.html
	Biswas et al., 2013


	4
	COSMID
	Human, mouse, Caenorhabditis elegans, and Rhesus macaque, etc.
	Identify and Validate
CRISPR/Cas Off-target Sites, allows custom genome input
	Slow
	limited experimental
results
	https://crispr.bme.gatech.edu/
	Cradick et al., 2014


	5
	CRISPR-P
	Plants
	sgRNA designing tool
	Fast
	Plant-focused
	http://cbi.hzau.edu.cn/crispr/
	Lei et al., 2014


	6
	CRISPR multitargeter
	Human, Oryza sativa japonica, Gallus gallus, Mus musculus, Arabidopsis thaliana
	sgRNA designing tool from a set of similar sequences
	Moderate
	Limited batch processing
	https://github.com/SergeyPry/CRISPR_MultiTargeter
	Prykhozhij et al., 2015


	7
	WGE
	Mouse and Humans
	CRISPR sites in any genome, Visual guide design with genome browser integration
	Fast
	Limited to human and mouse genomes
	https://wge.stemcell.sanger.ac.uk/
	(Hodgkins et al., 2015)


	8
	CRISPRdirect
	Any organism with a genome sequence
	Design sgRNA with reduced off-target sites
	Moderate
	Basic scoring system
	http://crispr.dbcls.jp/
	(Naito et al., 2015)


	9
	CRISPRDetect
	 
	Detects CRISPR arrays and spacers
	Fast
	No off-target predictions
	http://crispr.otago.ac.nz/CRISP RDetect/predict_crispr_array.html
	(Biswas et al., 2016)


	10
	GenomeCRISPR
	Mouse & Humans
	Database for CRISPR/Cas9 screens
	Fast
	Limited species
	https://genomecrispr.dkfz.de/#!/
	Rauscher et al., 2016


	11
	CRISPy-web
	Bacteria, Archaea
	Design sgRNA for CRISPR/Cas systems
	Fast
	Limited species
	https://crispy.secondarymetabolites.org/#/input
	(Blin et al., 2016)


	12
	Cas Database
	Arabidopsis thaliana, Drosophila melanogaster, human, mouse, etc.
	gRNA library design tool for Cas9 nucleases
	Fast
	Focus on Cas systems only
	http://www.rgenome.net/cas-database/
	Park et al., 2016


	13
	caRpool
	Human, Mouse
	To analyse CRISPR/Cas9 screens
	Moderate
	Requires R knowledge
	http://github.com/boutroslab/caRpools
	(Winter et al., 2016).


	14
	CRISPR-FOCUS
	Human & Mus musculus
	Webserver for efficient screening experiments
	Fast
	Limited cell types
	http://cistrome.org/crispr-focus/
	Cao et al., 2017


	15
	CRISPRcloud
	Human, Mouse
	Reanalysis pooled CRISPR screens datasets
	Moderate
	Limited visualization
	https://crispr.nrihub.org/
	Jeong et al., 2017


	16
	CRISPOR
	Human, Mouse, Rat, Fly, Worm, Zebrafish, Plants, etc.
	Guide RNA selection for genome editing
	Fast
	Limited to fewer organism
	http://crispor.tefor.net/
	(Concordet and Haeussler, 2018)


	17
	CRISPRdisco
	Bacteria, Archaea
	Predicts CRISPR arrays
	Moderate
	Limited to fewer organism
	http://github.com/crisprlab/CRISPRdisco
	Crawley et al., 2018


	18
	Cpf1-Database
	Arabidopsis thaliana, tomato, banana, human, mouse, zebrafish, etc.
	Selecting guide RNA for CRISPR-Cpf1
	Moderate
	Cpf1-specific
	http://www.rgenome.net/cpf1-database/
	(Park and Bae, 2018)


	19
	PICKLES
	Human, Mouse
	Database for pooled CRISPR knockout libraries
	Fast
	Data-centric, not design-centric
	http://pickles.hart-lab.org
	Lenoir et al., 2018


	20
	Multiguidescan
	Multiple organisms
	Design guide RNA libraries from large genomes
	Fast
	Batch runs only
	https://github.com/bioinfomaticsCSU/MultiGuideScan
	Li et al., 2020


	21
	CRISPR Local
	Human, Model organisms
	Designing sgRNA in plants
	Fast
	More efficient for Batch runs
	http://crispr.hzau.edu.cn/CRISPR-Local/
	(Sun et al., 2019)


	22
	DrugThatGene
	Human
	Identification of small molecules, pathways and protein complexes from
CRISPR screens
	Moderate
	Niche use-case
	https://github.com/pinellolab/DrugThatGene
	Canver et al., 2019


	22
	CRISPRCasdb
	Bacteria, Archaea
	Provide access to CRISPR and Cas genes
	Fast
	Cas-centric
	https://crisprcas.i2bc.paris-saclay.fr/
	(Pourcel et al., 2020)


	23
	AcaFinder
	Bacteria, Archaea
	For anti-CRISPR associated genes
	Moderate
	Acas that do not have Acrs in proximity, miss out, novel Aca are found based on the similarity to known sequence
	https://github.com/boweny920/AcaFinder
	(Yang et al., 2022)


	24
	AcrFinder
	Bacteria, Archaea
	Acr-Aca (Acr-associated regulator) operon prediction program
	Moderate
	relies on Aca references, requires
that genomes have complete CRISPR-Cas systems
	http://bcb.unl.edu/AcrFinder
	(Yi et al., 2020)


	25
	PINCER
	Bacteria, Archaea
	CRISPR screening using efficient cleavage at protein residues
	Moderate
	Limited to human and mouse
	https://github.com/veeneman/PINCER
	(Veeneman et al., 2020)


	26
	AsCRISPR
	Human
	Allele-specific sgRNA designing
	Fast
	Focused on allele-specific targets
	https://bio.tools/AsCRISPR
	(Zhao et al., 2020).


	27
	CrisPAM
	Bacteria, Archaea
	SNP-derived PAM analysis tool
	Fast
	SNP-Derived PAM only
	https://github.com/RoyRabinowitz/CrisPam
	(Rabinowitz et al., 2020)


	28
	CRISPRclassify
	Bacteria, Archaea
	Repeat-based classification of CRISPR systems
	Moderate
	Uses BLAST and
HMM alignments which miss out a
substantial proportion of CRISPR loci in metagenomes which
remain unclassified
	https://github.com/CRISPRlab/CRISPRclassify
	(Nethery et al., 2021)


	29
	AcrDB
	Bacteria, Archaea, Virus
	Anti-CRISPR operons in prokaryotes and viruses
	Moderate
	It misses Acr proteins that do not need Aca regulators, fail to identify anti-CRISPRs in
genomes with incomplete
or without CRISPR–Cas systems
	http://bcb.unl.edu/AcrDB
	(Huang et al., 2021)


	30
	dbGuide
	Human, Mouse
	A database of functionally validated gRNA sequences
	Fast
	Restricted to few organisms,
	https://sgrnascorer.cancer.gov/dbguide
	(Gooden et al., 2021)


	31
	CRISPRloci
	Bacteria, Archaea
	Comprehensive annotation of CRISPR-system
	Moderate
	Limited input size
	https://rna.informatik.un-freiburg.de/CRISPRloci/
	(Alkhnbashi et al., 2021)


	32
	CrisprVi
	Prokaryote genome
	Visualize and analyse CRISPR sequences
	Moderate
	Visualization only
	https://sourceforge.net/projects/crisprvi/
	(Sun et al., 2022)


	33
	SynBioStrainFinder
	Synthetic biology strains (Bacteria, Yeast)
	microbial strain database with information related to
strain CRISPR/Cas system
	Fast
	Synthetic strains only
	http://design.rxnfinder.org/biosynstrain/
	(Cai et al., 2022)


	34
	CROPSR
	Plants
	Genome-wide sgRNA design and validation tool
	Moderate
	Issues with the long compute times
	https://github.com/cabbi-bio/CROPSR
	(Müller Paul et al., 2022)


	35
	JACKIE
	Genome file
	Evaluates off-target sites and their numbers, strong batch processing capabilities.
	Moderate
	Bulk-focused, not ideal for small-scale or simple edits.
	https://github.com/albertwcheng/JACKIE2
	Zhu and Cheng, 2022


	36
	PreAcrs
	Genome and Metagenome projects
	Identifies antiCRISPR proteins
	Moderate
	does not
provide a visual and user-friendly website, one algorithm
	https://github.com/Lyn-666/anti_CRISPR
	Zhu and Cheng, 2022


	37
	CRISPRoffT
	Human & Mouse
	Comprehensive database for off-targets
	Moderate
	Not a prediction tool
	https://ccsm.uth.edu/CRISPRoffT/
	Wang et al., 2025


	38
	CRISPR-P 2.0
	Plants
	sgRNA design
	Fast
	Plant-focused
	http://cbi.hzau.edu.cn/CRISPR2/.
	Liu et al., 2017


	39
	DeepCRISPR
	On-/Off-target (Cas9)
	deep-learning model to predict off target detection
	Moderate
	Limited interpretability, mainly substitution mismatch handling
	http://www.deepcrispr.net/
	Chuai et al., 2018


	40
	CRISPR-M
	Off-target (Cas9 with indels)
	Predicts off-target for target sites with mismatches and indels
	Moderate
	Requires large memory; AlphaFold integration is time-consuming
	https://github.com/lyotvincent/CRISPR-M
	Sun et al., 2024


	41
	AcrNET
	Anti-CRISPR protein
	anti-CRISPR (Acr) proteins protein prediction, predicts their specific types
	Moderate
	Limited to short sequences; ≤3 per file
	https://proj.cse.cuhk.edu.hk/aihlab/AcrNET/),
	Li et al., 2023


	42
	DeepCRISTL
	On-target
	predict on-target efficiency for CRISPR-Cas9 editing using high-throughput datasets
	Moderate-Fast
	Requires well-correlated source-target datasets for TL
	https://github.com/OrensteinLab/DeepCRISTL
	Zhu et al., 2024


	43
	RNAS-sgRNA
	On-target (Cas9)
	NAS and RNN integrated model to provide a reliable method to predict on-targets
	Fast
	Moderate interpretability
	https://github.com/shehlarafiq5/RNAS-sgRNA
	Rafiq and Assad, 2025


	44
	CRISPR-DIPOFF
	Small molecule inhibitor profiling
	Deep learning model, that precisely predicts CRISPR-Cas9 off-target sites
	Slow (lab-based)
	Requires sequencing and in vitro digestion; not for direct prediction
	(https://github.com/tzpranto/CRISPR-DIPOFF
	Toufikuzzaman et al., 2024)









2.1 CRISPRDetect

CRISPRDetect is a web-based tool that automatically detects, predicts, and refines CRISPR arrays in genomes. This enables precise detection of CRISPR arrays, their orientation, repeat-spacer boundaries, and any substitutions, insertions, or deletions. Additionally, it provides a list of annotated cas genes. The tool is compatible with other analysis tools and can be utilized for target prediction. In a comparison of 3870 “good” arrays with predictions from other programs, such as PILER-CR and CRT, all programs identified 1782 common arrays. CRISPRDetect demonstrated the highest agreement with PILER-CR and CRT, identifying 1407 additional arrays in common and 345 arrays more than other methods. CRISPRDetect primarily focuses on CRISPR arrays with less information about Cas proteins and could limit the classification of more diverse subtypes (Biswas et al., 2016). Unlike CRISPRDetect and CRISPI, which focus only on identifying CRISPR arrays, CRISPRminer and CRISPRBank (Zhang et al., 2018) use various programs to identify both CRISPR and Cas. These websites have different interfaces and tools, with CRISPRBank containing CRISPR cas genes and arrays from 2733 strains, while CRISPRminer provides a database that contains CRISPR and cas genes sourced from prokaryote genomes and classifies these systems into six types and identifies self-targeting regions (Zhang et al., 2018). The CRISPR identification tool, CRISPRidentify (https://github.com/BackofenLab/CRISPRidentify), employs machine learning to identify and distinguish genuine CRISPR arrays from false ones in the genomic sequences with higher specificity. It uses various machine learning approaches such as Support Vector Machine, K-nearest Neighbours, Naive Bayes, Decision Tree, Fully Connected Neural Network, Random Forest, and Extra Trees classifiers to accurately investigate and distinguish true CRISPR arrays from false positives. This data-driven approach significantly enhances the precision and reliability of CRISPR array identification. This process involves three main stages: detection, extraction, and classification, using carefully curated datasets of confirmed CRISPR arrays as well as non-CRISPR sequences. The user receives a report with the detected CRISPR arrays together with the annotation. The tool exhibits a significantly lower false positive rate compared to other methods, as it accurately identifies candidates for CRISPR arrays that haven’t been found by other tools in addition to those that have already been found (Mitrofanov et al., 2021). CRISPRidentify is capable of addressing common issues encountered by previously existing tools, including the existence of identical spacers inside the array for CRISPR array identification. CRISPRidentify distinguishes CRISPR arrays by focusing on arrays with a few repeated spacers, unlike other tools that do not assess spacer similarity. This makes CRISPRidentify more effective than CRT and CRISPRCasFinder, which do not perform this kind of evaluation (Mitrofanov et al., 2021).




2.2 CRISPRdb and CRISPRCasdb

The CRISPRdb database (http://crispr.upsud.fr/crispr) is a monthly database that is updated using freshly released genome sequences. The software offers various tools to create a library of CRISPR arrays, align flanking sequences, search for similarities and analyse the structural organization (Grissa et al., 2007b). A new database called CRISPRCasdb makes both CRISPRs and Cas genes accessible. It is a feature of the CRISPR-Cas++ website, where users can download programs to analyse sequences that have been submitted. The database processes public whole genome assemblies using CRISPRCasFinder, a tool that finds cas genes and CRISPR arrays. Data recovery and BLAST searches against lists of spacers and repeats are accomplished by CRISPRCasFinder. The strains are arranged either taxonomically or alphabetically. 36,605 full prokaryote genomes, comprising 36,052 bacteria and 553 archaea, are available in CRISPRCasdb. The application includes two primary programs: CRISPRCasFinder and Database Tools. CRISPRCasFinder identifies CRISPRs and cas genes within genomic sequences, whereas Database Tools retrieves metadata, prokaryotic genomes, and taxonomy from the NCBI site. Additionally, the application supports BLAST searches of direct repeats and spacers available in the database. CRISPRCasdb presents analysed genomes in alphabetical lists or taxonomic classifications, allowing users to discover interesting CRISPR-Cas systems. Filters on CRISPR arrays and Cas presence/absence allow for relevant information selection (Pourcel et al., 2020). CRISPRCasdb also provides more comprehensive information of types and sub-types in comparison to CRISPRdb.




2.3 CRISPRloci

The CRISPRloci (https://rna.informatik.un-) server represents a significant advancement in CRISPR locus prediction, using a sophisticated Machine Learning technique. It accurately predicts and evaluates all potential CRISPR loci, offering precise assessments of CRISPR array orientation, definition of CRISPR leaders, and cas genes annotation. This tool provides comprehensive information about the CRISPR array, including Cas subtypes, repeat structure, orientation, virus-host interactions and self-targets. To enhance accuracy, CRISPRloci generates multiple candidates for each region of the genome and employs a data-driven approach to eliminate incorrect identifications, resulting in robust filtering of inaccurate candidates while maintaining sensitivity and specificity. CRISPRloci is an efficient tool aimed at enhancing the identification and representation of CRISPR arrays within genomic DNA. Notably, CRISPRloci can autonomously manage the complete deletion of spacers regardless of their position and can identify truncated repeat sequences. Leveraging the Cas boundary tool for analysing protein sequence input for CRISPR cassette boundaries, CRISPRloci employs CRISPRcasIdentifier (Padilha et al., 2020) to classify and predict potentially missing proteins. Moreover, it simulates potential virus-host interaction by the identification of protospacer regions within provided viral sequences, helping in studying of evolutionary aspects of viral targets (Alkhnbashi et al., 2021). Along with the support of a wide range of organisms for comparative analysis, it lacks functional analysis. The tool shows a significant improvement in detecting CRISPR-Cas interference modules when compared with CRISPRCasFinder. In particular, it improved the detection of single-module cassettes by 16% and the identification of multiple interference modules by more than 60%. The tool’s enhanced sensitivity and accuracy are demonstrated by this notable improvement, especially when it comes to detecting intricate CRISPR-Cas architectures that are frequently overlooked by traditional detection pipelines.




2.4 CrisprVi

Two computational tools, CRISPRviz (Nethery and Barrangou, 2019) and CRISPRStudio (Dion et al., 2018), offer interactive analysis capabilities for CRISPR sequences. CRISPRviz enables prediction, visualization, and manipulation of CRISPR sequences, utilizing MinCED which extracts CRISPR direct repeats and spacers and facilitates visual comparison of sequence graphics. However, it may generate confusing colour and symbol combinations for complex scenarios, and its reliance on MinCED for the detection of CRISPR impacts visualization accuracy. In contrast, CRISPRStudio solely presents spacers graphically and does not offer sufficient functionalities (customizing visualization colours CROPSR) for users to manipulate and analyse DRs/spacers. CrisprVi (https://sourceforge.net/projects/crisprvi/) is a Python package designed to visualize CRISPR direct repeats and spacers, offering features such as genomic order, IDs, and coordinates. It includes components like a GUI for visualization, a command parser, and local databases for storage. Unlike other tools such as CRISPRviz and CRISPRStudio, CrisprVi emphasizes interactivity and provides basic statistics on CRISPR and consensus sequences from input strains. This user-friendly tool supports researchers in exploring and analysing CRISPR sequences, facilitating the study of novel CRISPR-Cas systems in prokaryotes (Sun et al., 2022).





3 Database for AntiCRISPR proteins



3.1 Anti-CRISPRdb and Anti-CRISPRdb v2.2

Prokaryotes have an antiviral system called CRISPR-Cas that is extensively used for genome editing. Anti-CRISPR proteins are used to regulate Cas nuclease activity in CRISPR-Cas genome editing, ensuring safer and more controlled editing processes. These proteins, found in prophages can inhibit the CRISPR-Cas systems of their hosts. They were first identified by Bondy-Denomy et al. (2013), demonstrating anti-I-F activity in a Pseudomonas aeruginosa phage, marking a significant discovery in the field. Anti-CRISPR proteins block CRISPR-Cas systems, potentially enhancing gene editing precision. A comprehensive collection of these proteins is available in the anti-CRISPRdb, an online database facilitating easy access to protein sequences, coding regions, source organisms, taxonomy, and more. Users can browse, download, and upload data related to anti-CRISPR proteins through its user-friendly interface, enabling efficient research and application (http://guolab.whu.edu.cn/anti-CRISPRdb/) (Dong et al., 2018).

More details on mechanisms, inhibitory stages, the inhibitory ability for Acr-Cas/Acr-CRISPR systems, and the Acr neighbour estimate are available in the updated version, Anti-CRISPRdb v2.2. More entries and families are included, both from recent literature as well as via homologous alignment. Anti-CRISPRdb v2.2 incorporates the prediction of Acr neighbours, enabling users to identify new Acrs from these candidates. To motivate the advancement of prediction tools, the revised database now contains experimental data on the inhibitory strength and stage for Acr-Cas/Acr-CRISPR (Dong et al., 2022).




3.2 AcrDB

Researchers developed the online database AcrDB (http://bcb.unl.edu/AcrDB) by using AcrFinder (http://bcb.unl.edu/AcrFinder), a novel software for predicting Acr-Aca (Acr-associated regulator) operons (Huang et al., 2021). They analysed more than 19,000 genomes from prokaryotes and viruses for this purpose. The database depends on CRISPR-based self-targeting techniques and homology search. AcrDB is a comprehensive database featuring 39,799 Acr-Aca operons containing Aca or Acr homologs, making it the largest collection of its kind. The database offers a user-friendly web interface equipped with various options to browse, search and download. Unlike focusing solely on individual Acr protein families, AcrDB emphasizes the genomic context of Acr and Aca candidates. It integrates data from three independent programs, each employing unique data mining algorithms for robust validation. AcrDB covers computationally predicted Acr-Aca operons across more than 7,000 RefSeq genomes of prokaryotes and their viruses (Huang et al., 2021). AcrDB being a specialized database, limits itself to providing experimental data and tools for functional validation of the Acr proteins. Also, it fails to find Acr for organisms other than prokaryotes with incomplete CRISPR/Cas systems (Yin et al., 2019).

The discovery of Acrs can be sped up by using machine learning to recognize the new Acrs from protein sequences. PreAcrs (https://github.com/Lyn-666/anti_CRISPR) is a unique machine-learning predictor that can directly detect anti-CRISPR proteins from provided protein sequences. PreAcrs considerably predict accurately anti-CRISPR proteins and surpass other previous approaches (Zhu et al., 2022). It provides annotation of Acr proteins specifying their targets and mechanism of inhibition and offers better visualization to show their interaction with CRISPR systems. Experimental validation lacks which may limit the tool’s efficiency in some cases. A new web-based server was created for type II CRISPR-Cas discovery, Acr prediction, and the analysis of significant CRISPR-related molecular processes. CRISPRimmunity (http://www.microbiome-bigdata.com/CRISPRimmunity/index/) offers a thorough co-evolutionary view of the CRISPR-Cas and anti-CRISPR systems. Experimental validation of the cleavage activity of several recently discovered class 2 CRISPR-Cas loci utilizing CRISPRimmunity has been conducted in vitro (Zhou et al., 2023). CRISPRimmunity makes it simple to use for further data mining and experimental design by providing catalogues of pre-identified CRISPR systems that can be browsed, resources or databases that can be downloaded, an in-depth tutorial, graphical interface, and results that can be exported and accessed in machine-readable formats (Zhou et al., 2023) which were lacking in other tools like AcrDB (Huang et al., 2021) and PreAcrs (Zhu et al., 2022).

AcrNET (https://proj.cse.cuhk.edu.hk/aihlab/AcrNET/), introduced as a deep learning framework for predicting anti-CRISPR (Acr) proteins, mitigates significant shortcomings of previous methodologies by utilizing transformer learning algorithm to solve data scarcity and enhance generalizability. AcrNET surpasses earlier models restricted by minimal datasets and inadequate predictive accuracy by proficiently classifying input protein sequences as Acrs and predicting their specific types. AcrNET enhances predictive performance and minimizes dependence on lengthy biological validation by integrating structural information via transformer-based algorithm on huge protein databases, thereby generating useful sequence representations. The workflow is enhanced by integrating techniques such as AlphaFold and protein–protein docking simulations to predict Acr–CRISPR-Cas interactions, yielding significant insights including docking locations and energies before experimental validation. Despite existing computational limitations on input size and the resource-intensive nature of AlphaFold, the study underscores the promise of integrating deep learning with structural bioinformatics to expedite Acr discovery and reduce off-target effects in genome editing (Li et al., 2023).





4 Databases for CRISPR screens

CRISPR/Cas9 system has emerged as an efficient technique for genetic screening in mice, humans, and zebrafish, among other organisms. The rapid development of CRISPR/Cas9-derived functional data is based on its accessibility. Resources like CrisprGE (http://crdd.osdd.net/servers/crisprge/) (Kaur et al., 2015) and WGE (https://wge.stemcell.sanger.ac.uk/) (Hodgkins et al., 2015) have been developed to understand and design CRISPR experiments. Nevertheless, there hasn’t been a database that compares screening outcomes throughout the entire genome. A database called GenomeCRISPR (https://genomecrispr.dkfz.de/#!/) is used for CRISPR/Cas9 high-throughput screening studies. It includes information on the 700,000-single guide RNAs that were utilized in approximately 500 research studies conducted in 421 distinct human cell lines. The search for genes or genomic regions is among the data mining techniques offered by GenomeCRISPR. Users can compare the outcomes of several screens or the effects of various sgRNAs on the target gene by using phenotypic and genome views. However, it is restricted to human cell lines only. CaRpools (http://github.com/boutroslab/caRpools), an R package tailored for CRISPR/Cas9 screens, enables intuitive exploration and analysis of pooled screening data. It includes features like biological insights, links to external databases, detailed screening-related information, and reports. CaRpools supports customization with new hit-calling methods and efficient sgRNA designs. Its transparent analysis reports aid in creating databases for CRISPR/Cas9 screens and simplify dataset meta-analyses (Winter et al., 2016). caRpool is user-friendly for both beginners and experts, including the comprehensive screening and can be extended to develop new algorithms for hits and export efficient sgRNA designs to other databases.

CRISPR screens based on the CRISPR/Cas system enables efficient and cost-effective genome-wide gene function analysis. A web-based tool called CRISPR-FOCUS (http://cistrome.org/crispr-focus/) discovers single-guide RNAs (sgRNAs) based on efficiency, conserved sequence specificity, genome variations, and SNP for use in CRISPR screen experiments (Shukla et al., 2022). In addition, CRISPR-FOCUS offers additional essential sequences in the construct together with pre-defined positive and negative control sgRNAs. The features allow users to directly synthesize gRNA according to CRISPR-FOCUS output. It can design up to 30 sgRNAs for each 1000 target genes and takes about twenty seconds. CRISPR-FOCUS offers a high throughput method for designing sgRNA libraries, allowing users to effectively carry out targeted screen experiments aimed at different genes (Cao et al., 2017). CRISPRcloud (https://crispr.nrihub.org/) is designed for analysing pooled screening data, processing raw next-generation sequencing files, and presenting results through a secure web platform. It supports the extraction, clustering, and analysis of data from pooled CRISPR screening experiments, enabling quick reanalysis of datasets (Jeong et al., 2017). Later, PinAPL-Py (http://pinapl-py.ucsd.edu) was developed with improvement in terms of automatic extraction of sgRNA, flexibility and customization as per experimental needs, comprehensive workflow and sequence quality control (Spahn et al., 2017). PinAPL-Py can be preferred over the CRISPR cloud when working with large datasets. CRISPR/Cas9 functional genomic screens are essential for discovering drug targets, but their sensitivity can be limited by guide RNAs that fail to effectively disrupt gene function. A recent study reanalysed CRISPR tiling data using a comprehensive feature database to identify optimal guides and targets for predicting activity. These findings were integrated into a unified guide design algorithm to enhance the sensitivity of genome-wide CRISPR libraries. This led to the development of the ProteINConsERvation (PINCER) (https://github.com/veeneman/PINCER) genome-wide CRISPR library, which optimizes enzymatic efficiency while targeting conserved protein regions. By leveraging evolutionary conservation, PINCER improves protein hit identification, reduces false positives, and enables the discovery of high-confidence hits. Findings indicate that PINCER outperforms other genome-wide CRISPR libraries in effectiveness (Veeneman et al., 2020).




5 Tools for classification of CRISPR systems

CRISPRmap is a tool designed to analyse the structure and sequence conservation of CRISPRs using an extensive dataset of repeat sequences. It identifies key features of CRISPR-Cas systems, including, RNA structure motifs, and cleavage sites and relates Cas subtypes and evolution of CRISPR. The comprehensive overview by CRISPRmap allows for inferences about CRISPRs within the same sequence families and helps to identify potentially novel and highly divergent CRISPR-Cas systems (Lange et al., 2013). Detecting and classifying CRISPR-Cas systems in metagenomic data is essential for understanding their various genome editing applications, but for that computational issues still remain. A main problem is the complex and variable nature of metagenomic data, as the sequence data is from various unidentified organisms with different genomic structure. This makes the identification of CRISPR arrays and associated Cas genes a challenge as reference genomes are not available for identification (Nielsen et al., 2014). Also, the short contigs, a result of fragmented assemblies within metagenomics, prevent recovery of all CRISPR arrays or Cas operons which limits further evolutionary studies (Lam and Ye, 2019). Another problem is false positives due to tandem repeats present within microbial genomes and often increase chances of misunderstood as CRISPR arrays, especially when working with poor quality sequence datasets (Zhang and Ye, 2017). Overcoming these hurdles is likely to involve integrating better assembly approaches with better CRISPR identification algorithms and machine learning frameworks that are resistant to noisy, and taxonomically heterogeneous datasets.

Traditional approaches typically depend on identifying adjacent Cas genes to detect CRISPR loci and rely on BLAST and HMM alignments, which often leave many CRISPR loci in metagenomes unclassified (Nethery et al., 2021). But a new machine learning approach called CRISPR classify (https://github.com/CRISPRlab/CRISPRclassify) was created that solely uses repeat sequences to find and group CRISPR loci, without utilizing Cas genes. This method finds unclassified loci that other methods miss and shows important properties of CRISPR repeats that can be used to classify subtypes. CRISPR classify uses a one-vs-all (OVA) binarization approach, where for each subtype of CRISPR-Cas, an independent XGBoost classifier is trained based on binary classifications. This facilitates learning and better discrimination for subtypes, particularly for complex or borderline cases (Mitrofanov et al., 2021). The CRISPR classify pipeline includes three steps: identifying CRISPR arrays, extracting features, and classifying with a stratified model (Nethery et al., 2021). One key strength of CRISPR classify is that it classifies systems using just repeat sequences, thereby eliminating any need for dependence on Cas gene annotations. The repeat-based classification XGBoost outperformed all other nonlinear models and deep learning models and had strong generalizability, such that performance stayed even for repeat sequences that were largely divergent from training data. This is good for the potential for discovery of new occurrences of CRISPR loci in uncharacterized or in metagenomic data.




6 Guide-RNA design and off-target identification tools

CRISPR/Cas9-based genome editing has emerged as a significant milestone in the molecular field, enabling precise modifications to diverse genomes (Saraswat and Ranjan, 2022). Initially evolved in prokaryotes as a defence mechanism against bacteriophage infections, this system has found extensive use in the workflows of genome engineering. The spCas9 endonuclease from Streptococcus pyogenes is particularly prevalent in these applications. To employ Cas9 effectively, efficient single-guide RNAs (sgRNAs) need to be designed for the target gene. Importantly, for this information about PAM sequence is also required.

The sequence length of the PAM motif varies among different Cas protein variants, with distinct recognition sites. For example, the widely used SpCas9 (Streptococcus pyogenes) recognizes the 3 bp NGG PAM, while SaCas9 (Staphylococcus aureus) requires the longer NNGRRT sequence. Other Cas9 orthologs, such as NmCas9 and StCas9 recognizes NNNNGATT and NNAGAAW, respectively. In contrast, Cas12a (also known as Cpf1) and other type V effectors recognize T-rich PAMs (e.g., TTTV) while type VI Cas13, which targets RNA and not DNA, does not require a PAM at all. This diversity in PAM recognition sites has functional role in genome editing applications as the shorter PAMs (SpCas9 like SpCas9-NG or SpRY) covers broader genome. At the same time, precise PAM requirements can enhance targeting specificity and reduce off-target effects. PAM variability is also reflective of host genome adaptation in naturally occurring CRISPR-Cas systems. Thus, understanding and exploiting PAM sequence diversity is fundamental to optimizing CRISPR-based tools for research. For PAM identification, CrisPam (https://github.com/RoyRabinowitz/CrisPam), a computational tool, has been developed, which facilitates allele-specific targeting using CRISPR-Cas systems. Researchers who want to focus on PAM sequences related to the recognition of CRISPR systems can find CrisPAM a valuable tool. The tool scans sequences to detect multiple PAMs generated by both reference and variant sequences. Successful targeting occurs when at least one PAM is created by the variant nucleotide, ensuring specific binding of the Cas enzyme to the variant allele. CrisPam streamlines the design of guide RNAs for precise targeting of the allele and explores a diverse array of unique PAMs from different Cas enzymes (Rabinowitz et al., 2020).

In addition, an efficient gRNA synthesis requires fewer off-targets for which several tools have been developed. The Cas-OFFinder is a tool designed to detect potential off-target sites for Cas9 RNA-guided endonucleases. It can be accessed for free either as a command-line program or via a website. This tool allows searches in any sequenced genome without restrictions on PAM sequences or the number of mismatches. Cas-OFFinder enhances genome editing precision by addressing off-target mutation concerns. Unlike other tools such as TagScan (Cradick et al., 2011), Bowtie (Langmead, 2009), and CUSHAW (Liu et al., 2012), it does not limit the number of mismatches in its searches. It also considers the variability in PAM recognition by different Cas9 proteins for a more thorough off-target site search. It applies to a wide range of organisms, ensuring quick and comprehensive identification of potential off-target sites (Bae et al., 2014). Another tool to address the concern of off-target cleavage is COSMID (CRISPR Off-target Sites with Mismatches, Insertions, and Deletions), available at http://crispr.bme.gatech.edu. Based on the user-provided guide strand and specified parameters, COSMID scans genomes to identify potential off-target sites with the designated number of mismatched bases and insertions or deletions compared to the guide strand. What sets COSMID apart is its exhaustive genomic search for off-target sites due to changes in base pair (mismatches, deletions, and insertions), and also provides primers for later experimental work. TagScan algorithm is used by COSMID which helps in minimizing run times when performing for exhaustive genome searches. The run times without primer design off takes averaged 4 seconds (Cradick et al., 2014).

CHOPCHOP, simplifies the selection and design of optimal TALEN and CRISPR/Cas9 target sequences across various organisms. It accepts diverse inputs, predicts off-target effects, and offers interactive visualization and primer design to streamline genome engineering (Montague et al., 2014). CHOPCHOP can process multiple gene inputs, provides a dynamic graphical display aiding in the easy selection of optimal target sites, and is particularly useful for designing two sgRNAs. The tool automatically generates primers and visualizes restriction sites, therefore simplifying the genome engineering process. CHOPCHOP v2 brings significant enhancements to improve target accuracy and efficiency. It supports various CRISPR effectors and allows custom-length sgRNAs. Recognizing the importance of comprehensive off-target analysis, CHOPCHOP v2 identifies off-targets considering three mismatches (Labun et al., 2016). With the increased cutting efficiency and specificity, the CHOPCHOP v3 upgrade improves CRISPR research by addressing the issue of off-target mutagenesis. For improved data analysis, it interfaces with the UCSC browser and offers visual output for target quality comprehension. More than 200 genomes are currently supported by CHOPCHOP, which also offers gene annotations for genomic targets and three transcriptomes (human, mouse, and zebrafish) for RNA knockdown. Additionally, it expands its functionality to target RNA with Cas13 and other DNA targeting modes, making it a more versatile and powerful tool for genome editing (Labun et al., 2019). Another tool, CRISPR-ERA is for designing sgRNAs for CRISPR-based editing, repression, and activation (gene regulation studies). It employs a fast algorithm to identify sgRNA binding sites across the genome, assessing their efficiency and specificity using published data (Liu et al., 2015). Beyond its core functions, CRISPR-ERA is also suitable for plant-related CRISPR applications, genome imaging, and synthetic circuit design (Kiani et al., 2014). E-CRISP uses a rapid indexing method to identify target sequences that match the guide RNA (gRNA), ensuring efficient binding site discovery. It evaluates off-target effects and target-site similarity with the Bowtie2 alignment program, guaranteeing specific gRNA designs. Currently supporting more than 50 organisms, including plant species as well. E-CRISP can be expanded to include more species (Heigwer et al., 2014). However, the tool has limitations with a longer loading time when compared to other tools like CHOPCHOP and CRISPR-ERA.

The WGE database provides comprehensive resources for CRISPR research in mouse and human exons. It includes pre-computed off-target data and enables easy scoring and viewing of off-target sites, facilitating quick identification of high-quality CRISPR sites through filtering. WGE also features tools for generating and displaying gene targeting vectors directly in its genome browser, alongside gene models and protein translations. The system is versatile, supporting customization for any genome and is open-source and expandable (Hodgkins et al., 2015). Off-Spotter enhances gRNA design by rapidly and thoroughly identifying potential off-target sites with up to 5 mismatches. It offers extensive annotations, flexible target sequence input, and detailed transcriptomic data. Users can interactively explore different gRNA options, ensuring specificity through histograms and improving the experience with sorting and navigation features. This precision makes it highly effective for targeted genetic engineering applications (Pliatsika and Rigoutsos, 2015).

While numerous tools exist for designing sgRNAs in popular model organisms, only a few cater to non-model organisms. CRISPy-web (http://crispy.secondarymetabolites.org/) is a user-friendly tool based on CRISPy, enabling sgRNA design for any microbial genome provided by the user. With CRISPy-web, researchers can conveniently select a genomic region of interest and scan it for potential sgRNAs. The tool conducts a check for potential off-target matches and visually displays the resulting sgRNA sequences, which can be exported to text files for further analysis (Blin et al., 2016). A tool, CRISPick (https://portals.broadinstitute.org/gppx/crispick/public), ranks and selects candidate CRISPRko (CRISPR Knockout) sgRNA sequences for given targets, aiming to maximize on-target activity and minimize off-targets. It uses a preferred scoring system tailored to the enzyme and CRISPR mechanism for evaluating guides. Genome sequences from humans, mice, and rats are present (Doench et al., 2016).



6.1 CRISPR-Local

CRISPR-Local is a local tool designed for high-throughput single-guide RNA (sgRNA) design in plants and other organisms. It considers genetic variation and is optimized for generating genome-wide sgRNAs. The tool operates on two main principles: first, the “one-for-all” strategy constructs a comprehensive sgRNA database efficiently, generating and storing all possible sgRNAs for a given reference or user-defined genome locally; second, it retrieves or designs applicable hits by integrating data from whole genome sequencing and mRNA sequencing. CRISPR-Local offers several advantages over other sgRNA design tools, including the ability to design guide RNA for non-reference varieties, target multiple genes simultaneously, and operate offline with command-line and graphical user interface modes. It also allows for the export of multiple formats for future analysis (Sun et al., 2019).




6.2 Cas-Database and Cpf1-Database

Cas-Database (http://www.rgenome.net/cas-database/) is a web-based tool designed for generating optimal sgRNA sequences for Cas9 nucleases from Streptococcus pyogenes (SpCas9), specifically for genome-scale screening. It enables users to select multiple optimal target sequences from a vast array of genes simultaneously. The tool supports 12 different organisms and features a user-friendly interface with various filtering options (Park et al., 2016). Type V CRISPR-Cpf1 endonucleases are effective for genome editing in vivo across various organisms, similar to the earlier type II CRISPR-Cas9 system. However, there is a shortage of web-based tools that can efficiently select gRNAs from numerous potential genome-wide target sites. The Cpf1-Database (http://www.rgenome.net/cpf1-database/) addresses this gap by offering a tool for constructing genome-wide gRNA libraries specifically for the Lachnospiraceae bacterium LbCpf1 and the Acidaminococcus sp. bacterium AsCpf1. A simple method for creating gRNAs for AsCpf1 nucleases at the genome scale is offered by the Cpf1-sgu Database. This web interface makes it easy to retrieve the data, and the robust collection function makes it quick and simple to construct gRNAs for thousands of genes (Park and Bae, 2018). Both Cas-Database and Cpf1-database currently support sgRNA design in twelve different organisms: Arabidopsis thaliana, grapes, tomato, banana, and soybean, Drosophila melanogaster, human, rat, mouse, pig, zebrafish and Caenorhabditis elegans (Park and Bae, 2018).

The crisprSQL (http://www.crisprsql.com) is a new database platform designed for assessing off-target cleavage in CRISPR/Cas experiments. This platform offers insights into cutting-edge technologies driving transgenics, aids in guiding RNA design for genome engineering, and provides a transparent foundation for modelling CRISPR/Cas off-target DNA cleavage. Gene IDs attached to the data enable high-resolution analysis, informing knockout screens and functional genomics. It specifically details interactions, gene identities and epigenetic markers (Störtz and Minary, 2021). The effective targeting of sequences is crucial for any experimental success. Existing design tools often focus on specific elements, but Jackie and Albert’s Comprehensive K-mer Instances Enumerator (JACKIE) (https://github.com/albertwcheng/JACKIE2) offers a broader approach. It identifies all single- and multicopy sites in the target genome, making it suitable for large-scale genome designs. JACKIE can be integrated into genome browsers for an intuitive web-based graphical interface. It employs fast algorithms to evaluate off-target counts, allowing for the identification of designs with low off-target probabilities among millions of sequences within a practical time frame which is 100-fold more efficient than most popular tools. JACKIE offers comprehensive k-mer enumeration in the target genome and rapid evaluation of off-target effects (Zhu et al., 2022).





7 Experiments-based guide RNA design tools

The development of genome engineering with CRISPR technology has revolutionized our understanding of genomic functions. GuideScan, an open-source software, helps to build customized gRNA databases for any target genome, aiding in the design of both paired and single gRNA libraries. GuideScan allows users to customize target sequences for different CRISPR endonucleases by adjusting three parameters: the PAM, its position relative to a target sequence, and the gRNA length. However, due to its serial processing, GuideScan is computationally intensive for designing CRISPR gRNA libraries from large genomes (Perez et al., 2017). MultiGuideScan (https://github.com/bioinfomaticsCSU/MultiGuideScan) addresses this challenge by implementing parallel processing of GuideScan’s multiple processes. MultiGuideScan accelerates gRNA library design by 9–12 times compared to GuideScan, enabling efficient design of guide RNA libraries from large genomes (Li et al., 2020). Another tool, the dbGuide database, provides a repository of experimentally validated guide RNA sequences for CRISPR/Cas9 knockouts in humans and mice. Accessible via a user-friendly HTML interface, it utilizes data tables and JavaScript libraries to display information in both graphical and tabular formats. For more information, visit https://sgrnascorer.cancer.gov/dbguide. Notably, the database includes over 4000 guide RNA sequences validated through direct amplicon sequencing or manually from more than 1000 publications, making it a valuable resource. The framework supports ongoing updates with new, experimentally validated guide RNA sequences for CRISPR/Cas9 knockouts. It also includes sequences from various gene editing systems, different species, and other functions such as gene activation and repression, base editing, and more (Gooden et al., 2021).

The genome-wide approach in the CRISPR experiment design reduces validation time via PCR and minimizes computational overhead. A novel machine learning program has been built to address issues with existing tools in guiding repetitive or A/T-rich genomic regions. This scoring model significantly enhances prediction accuracy, even in non-crop genomes (Müller Paul et al., 2022). CROPSR (https://github.com/cabbi-bio/CROPSR) presents new techniques and workflows for conducting CRISPR/Cas9 knockout experiments, focusing on simplifying the design, assessment, and validation of gRNA sequences, especially in crop research. This standalone tool, with minimal dependencies and a modular structure, is designed for use on supercomputers. It can create extensive, searchable databases with essential genome-wide data for CRISPR experiments, including PCR validation by providing primer pairs. CROPSR outperformed other tools like CHOPCHOP md CRISPR-P for designing gRNA for each gene with a score ≥ 0.8. The score cutoff was defined according to the algorithm. The improved scoring model in CROPSR marks a significant improvement over existing methods (Müller Paul et al., 2022). Advanced CRISPR tools like the Synthego design tool streamline the process of designing guide RNAs (gRNAs). One can select from more than 120,000 genomes and 8,300 species to create gRNAs for gene knockout with minimal off-target impacts and view the positions of your sequences within the gene or validate guides designed using other tools (https://www.synthego.com/products/bioinformatics/crispr-design-tool) (Synthego design tool, 2024).

A recent study showed that CRISPRoffT is a complete online resource that brings together experimentally anticipated and confirmed off-target data from different CRISPR technologies, Cas enzyme variants, sgRNA designs, and human and mouse cell types. This platform now collects more than 226,000 guide–off-target combinations, including 8,840 experimentally validated off-targets. It is the largest such library to date. For each guide sequence and gene, CRISPRoffT lets you compare different experimental circumstances, technologies, and Cas/gRNA combinations. This gives you useful information on off-target behaviour. CRISPRoffT is a very important tool for improving gRNA design and making off-target prediction algorithms more accurate and reliable. It does this by giving precise information about the state of on-target and off-target sites (Wang et al., 2025).




8 Machine learning-based tools for on/off-target efficiency

CRISPOR (http://crispor.tefor.net/) is an online tool designed to aid CRISPR–Cas9 genome editing. It identifies guide RNAs in a given sequence and ranks them based on potential off-target effects and predicted on-target efficiency. The tool provides comprehensive features, including guide RNA selection, cloning, and expression, and also provides primers for evaluating guide activity and possible off-target effects. CRISPOR displays the input sequence graphically with potential guide targets and offers detailed information for each target, such as position, sequence, efficiency, and out-of-frame scores. It also integrates with the UCSC Genome Browser for interactive visualization and annotations. Recent updates include support for genome-wide CRISPR screens, custom oligonucleotide synthesis for guide cloning, and the designing of NGS primers to detect off-target mutations (Concordet and Haeussler, 2018). Another tool, DeepCRISPR is an innovative deep-learning model that simultaneously predicts CRISPR sgRNA on-target knockout efficiency and genome-wide off-target profiles. It starts with unsupervised pre-training on hundreds of millions of unlabelled sgRNA sequences to learn rich sequence representations, followed by fine-tuning a convolutional neural network with experimentally verified on- and off-target data. DeepCRISPR outperforms state-of-the-art tools consistently with varied human datasets. Its modular design makes it easily expandable to incorporate more advanced architectures, improved feature engineering, and higher-quality training data, leading to continuous enhancement as larger CRISPR screening and off-target detection data sets are obtained (Chuai et al., 2018).

A recent study created a predictive pipeline to find possible off-target sites and cleavage efficiency for CRISPR-Cpf1 nucleases, specifically AsCpf1 and LbCpf1. Cpf1’s recognizes a T-rich PAM that enhances its specificity, and therefore indicates its potential for precise genome editing. The main objective is to get more on-target activity and fewer off-targets. For that, a multilayer perceptron (MLP)-based classifier using both sequence- and base-dependent binding energy features. The training data included both types of data: experimental (positive data) and computationally predicted (negative off-target pairs). The models accurately predicted cleavage efficiency and identifies various factors, including mismatch distribution and the melting temperature of the non-seed region. It further highlights other factors such as PAM binding energy, GC content, dinucleotide frequencies, and mismatches in seed and trunk regions, which offers insights into Cpf1 off-target activity (Kesarwani et al., 2023). CRISPR-M (https://github.com/lyotvincent/CRISPR-M) is a deep learning architecture designed to improve the prediction of CRISPR-Cas9 off-target effects, particularly for target sites with mismatches and indels. It uses a unique encoding scheme and a multi-view architecture that merges convolutional neural networks and bidirectional LSTM layers into a three-branch network. The method has consistently outperformed previous methodologies in assessing datasets like CIRCLE and GUIDE_I, demonstrating robust generalization and predictive precision. The architecture’s ability to simulate the impacts of mismatch/indel sites and sequence characteristics is also validated through visual analysis. This study represents a significant advancement in sgRNA off-target prediction (Sun et al., 2024). DeepCRISTL (https://github.com/OrensteinLab/DeepCRISTL) is a deep learning model designed to predict on-target efficiency for CRISPR-Cas9 editing by utilizing high-throughput datasets (CRISPRon and DeepHF). It uses transfer learning (TL) to refine these features with functional or endogenous data pertinent to specific cellular contexts, including human, Zebrafish, and mouse. DeepCRISTL exhibits enhanced efficacy compared to current methodologies. Its architecture enables effective adaptation to smaller, context-specific datasets, contingent upon the adequate correlation between source and target data. Moreover, saliency map analyses demonstrated that the features acquired by DeepCRISTL possess biological significance (Elkayam et al., 2024). Similarly, CrnnCrispr is also a deep learning method for the prediction of CRISPR/Cas9 on-target activity. It uses four advanced deep learning models such as DeepSpCas9, TransCrispr, DeepCas9, and CRISPRont. It can help models when training data is limited (Zhu et al., 2024).

Toufikuzzaman et al. (2024) introduced the CRISPR-DIPOFF suite (https://github.com/tzpranto/CRISPR-DIPOFF), an interpretable deep learning model, that precisely predicts CRISPR-Cas9 off-target sites. It work on recurrent neural networks (RNNs) optimized through genetic algorithms, and only uses sequence data. Using Integrated Gradients to interpret the model was important because it showed two separate sub-regions within the sgRNA seed region, which gave us new information about why off-target effects happen. While the work focused solely on substitution mismatches and excluded structural or energy-based comparisons, there is the need to expand future studies to include other Cas variants (e.g., Cas12, Cas13), indel mismatches, broader genomic contexts, and diverse benchmark datasets from various species and cell types to improve generalizability and robustness.

The RNAS-sgRNA (https://github.com/shehlarafiq5/RNAS-sgRNA) model, a hybrid framework integrating neural architecture search (NAS) with recurrent neural networks (RNN), provides a reliable method for predicting the on-target efficacy of CRISPR/Cas9 sgRNAs. By automating architecture optimization via NAS, the model diminishes manual tuning while proficiently analysing sgRNA sequences represented as binary matrices. RNAS-sgRNA demonstrated superior performance across various datasets and cell lines, when compared area under the receiver operating characteristic curve (AUROC), with an average AUROC enhancement of 14.74% compared to DeepCRISPR. The model exhibited robust performance on smaller datasets via transfer learning, highlighting its potential applicability in personalized medicine and genome-wide contexts where data is frequently scarce (Rafiq and Assad, 2025).





9 Some other recent tools

DrugThatGene (DTG) (https://github.com/pinellolab/DrugThatGene) is an online tool designed to help translate functional genomics findings for potential treatments. It helps in the analysis of therapeutic targets identified using functional genetic screens. By submitting a list of genes, users can use DTG to automatically identify small molecules and access supporting information from various databases. DTG also aids in recognizing common biological pathways and protein complexes, thus speeding up the identification of small molecules from extensive CRISPR screen data (Canver et al., 2019). Additionally, “WeReview: CRISPR Tools” is an online platform offering a comprehensive, up-to-date repository of computational tools for designing CRISPR/Cas experiments. Researchers can search for tools that meet their specific needs and suggest modifications or new tools through the website (Torres-Perez et al., 2019).

CRISPR-Cas systems enable allele-specific gene editing, offering a personalized treatment approach for autosomal dominant disorders by targeting and correcting disease-causing alleles. AsCRISPR (https://bio.tools/AsCRISPR) facilitates the design of sgRNAs for allele-specific genome engineering, taking into account factors like allele discrimination, efficiency, and off-target effects, providing a comprehensive and user-friendly platform (Zhao et al., 2020). Recent prime editing (PE) technology uses prime editing guide RNA (pegRNA) to direct a fusion protein, along with nCas9 and reverse transcriptase, to specific genomic sites for precise editing. Designing PEs is more complex than using single gRNAs with CRISPR nucleases or base editors, and analysing high-throughput sequencing data post-PE requires special consideration of PEs’ unique features. To solve these complexities, two user-friendly web tools, PEDesigner and PE-Analyzer, have been created. PEDesigner helps select pegRNA by providing extension sequences, target sequences, and nicking gRNA sequences. PE-Analyzer evaluates PE results, summarizing data related to mutations in tables and interactive graphs (Hwang et al., 2021). SpacePHARER (CRISPR Spacer Phage–Host Pair Finder) (https://github.com/soedinglab/spacepharer) is a fast and sensitive tool for predicting relationships between phage and host by identifying phage genomes matching CRISPR spacers in different data (genomic or metagenomic). It can compare phages at the protein level, adjust its scoring system for very short sequences, and combine evidence from multiple matches to reduce false positives. Run time for SpacePHARER is 12 min to process the dataset which is 47 times faster than BLASTN search (575 min) (Zhang et al., 2021). SynBioStrainFinder (http://design.rxnfinder.org/biosynstrain/) is the latest tool developed to integrate CRISPR/Cas gene-editing system information with genome sequences and data to form a comprehensive database of microbial strains. SynBioStrainFinder is a publicly available resource that offers an easy-to-use interface for searching, exploring, and visualizing comprehensive data on microbial strains at http://design.rxnfinder.org/biosynstrain/. The quick strain information query system integrates modules to create a curated and accessible platform. It has retrieved 1426 records of CRISPR/Cas-based gene editing from 157 microbial strains. The database also includes 773,298 strain-related compounds and 139,499 genome sequences (Cai et al., 2022).




10 Conclusion

Today, the CRISPR tools are diverse, functional, highly specialized, with difficulty in scalability, and ease of use. These resources provide researchers with valuable support in designing, executing, and analysing genome editing experiments, enabling more efficient and precise modifications of the genetic code. From comprehensive databases of validated guide RNA sequences to user-friendly web-based tools for primer design and outcome analysis, the landscape of genome editing resources continues to expand and evolve. CRISPOR, CHOPCHOP and DeepCRISPR offer robust features for gRNA design and are excellent choices for many users. For users focused on ease of use and visual tools, CHOPCHOP is a great option, while CRISPOR is highly reliable for detailed off-target analysis and supports a wide range of organisms. Ultimately, the best tool depends on specific requirements and workflow preferences. Many tools are limited by specific species (primarily human or plant), by dated datasets, or by a focus on specific Cas proteins such as SpCas9 but not on emerging variants such as Cas12a, Cas13, or anti-CRISPR. Off-target prediction remains the biggest challenge, with limited validation. Various tools are developed based on machine learning algorithms, often restricted to a fewer Cas variant and limiting their practical applications. There are functional annotation gaps in CRISPR technology present in terms of limited understanding of the roles, mechanisms, and biological functions of newly discovered CRISPR-Cas systems, particularly those identified through metagenomic and bioinformatic approaches. These gaps are particularly evident in a typical system, where little experimental data exists to confirm computational predictions. Because of the uncertainties surrounding their activity, PAM preferences, and off-target behaviour, many CRISPR variants are therefore unreliable for use in genome editing applications. Current CRISPR technology has limitations due to its lack of integration with experimental validation, affecting the reliability and translational potential of computational predictions. In silico tools can predict guide RNA efficiency, PAM recognition, and off-target effects, but they are rarely linked with standardized or high-throughput experimental workflows. This gap between functional verification and computational design causes uncertainty in editing results. Therefore, integrated platforms that combine automated experimental validation pipelines are needed. For the future CRISPR tools, there should be a focus on unifying platforms that handle multiple types of Cas, greater organism coverage, and design facilitated by artificial intelligence for improved guide RNA specificity and reduction of off-targets. Also, combining computational tools with experimental methods provides the most comprehensive understanding of CRISPR experiments. These advancements not only accelerate research progress but also hold promise for various applications in biotechnology, medicine, greater scalability for throughput experiments, and inclusion of real-time CRISPR screening results will further close the gap between research, synthetic biology, and therapy. As the field of genome editing continues to grow, the continued development and refinement of these databases and tools will be crucial for unlocking the full potential of genetic engineering and realizing its benefits for society.
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Soybean (Glycine max L.) P34 (GmP34) is a prominent allergenic seed protein belonging to the papain-like cysteine protease family. To mitigate its allergenic potential, we implemented a CRISPR/Cas9-based genome editing strategy targeting GmP34 along with its two highly similar homologs, GmP34h1 and GmP34h2, in the soybean cultivar Williams 82. Phylogenetic analysis and domain characterization identified GmP34h1 and GmP34h2 as the closest homologs to GmP34, with conserved allergenic peptide motifs. Gene expression profiling revealed similar expression patterns of all three genes during seed maturation, indicating potential functional redundancy. Two multiplex CRISPR/Cas9 constructs were designed to simultaneously target GmP34/GmP34h1 and GmP34/GmP34h1/GmP34h2 genes, respectively. Transgenic genome editing plants were generated via Agrobacterium-mediated transformation, and targeted mutagenesis was confirmed by genomic PCR and deep sequencing. Loss of GmP34 protein in edited lines was further validated through western blot analysis. Using this strategy, we successfully generated GmP34 single, GmP34/GmP34h1 double, and GmP34/GmP34h1/GmP34h2 triple mutants. This study highlights the utility of multiplex genome editing in silencing soybean allergenic gene and its homologs. Ongoing analyses of allergenicity in these edited lines aim to provide a genetic foundation for the development of hypoallergenic soybean cultivars through precise genome engineering.
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1 Introduction

Soybean (Glycine max [L.] Merr.) is a globally important crop, valued for its high-quality protein and oil, which are widely used in both human and animal diets. However, food products derived from soybeans can provoke allergic reactions in sensitive individuals due to specific seed storage proteins that function as allergens. Several of these seed proteins have been identified as allergenic, exhibiting immunoglobulin E (IgE) binding activity and containing IgE/IgG-binding epitopes (Riascos et al., 2009; Cabanillas et al., 2017; Kern et al., 2018; Wiederstein et al., 2023).

Soybean is recognized as one of the eight major food allergens (Cordle, 2004). To date, 16 soybean proteins with immunoglobulin E (IgE) binding activity have been identified as allergens involved in immune-mediated allergic responses (Wilson et al., 2008). According to the World Health Organization (WHO) and the International Union of Immunological Societies (IUIS), eight of these proteins—designated Gly m 1 to Gly m 8—are officially classified as soybean allergens (http://www.allergen.org/index.php). Soybean allergens are categorized into two classes—class 1 and class 2—based on differences in sensitization routes (Maruyama et al., 2018; Matsuo et al., 2020). Class 1 food allergens are primarily associated with direct sensitization through ingestion, particularly in early childhood, and can cause symptoms such as urticaria, diarrhea, vomiting, atopic dermatitis, and anaphylaxis (Matsuo et al., 2020; Wiederstein et al., 2023). This group includes Gly m 5 (7S globulin), Gly m 6 (11S globulin), Gly m 7 (seed biotinylated protein), Gly m 8 (2S albumin), Gly m KTI (Kunitz-type trypsin inhibitor), Gly m BBI (Bowman–Birk inhibitor), Gly m Bd 30K/GmP34 (thiol protease-like protein), and Gly m Bd 28K (vicilin-like protein) (Matsuo et al., 2020; Wiederstein et al., 2023). Class 2 food allergens are associated with secondary sensitization due to cross-reactivity with other legumes or pollen allergens, often leading to comorbid allergic responses (Matsuo et al., 2020; Wiederstein et al., 2023). This group includes Gly m 1 (hydrophobic seed protein), Gly m 2 (defensin), Gly m 3 (profilin), and Gly m 4 (a pathogenesis-related protein belonging to the PR-10 family, also known as starvation-associated message 22, SAM22). These allergens are commonly linked to oral allergy syndrome, airway constriction, breathing difficulties, and anaphylaxis accompanied by facial swelling (Matsuo et al., 2020; Wiederstein et al., 2023). Notably, Gly m 1 and Gly m 2 are found in the soybean hull and function as potent respiratory allergens (Pi et al., 2021).

Among the recognized soybean allergens, Gly m 4, Gly m 5, Gly m 6, Gly m Bd 28K, and Gly m Bd 30K are immunodominant proteins identified as major contributors to soybean allergenicity (Wiederstein et al., 2023). Gly m 4, a pathogenesis-related 10 (PR-10) protein, is prevalent in smoothly processed soy products such as soymilk and exhibits strong cross-reactivity with the birch pollen allergen Bet v 1. This cross-reactivity can occasionally lead to severe allergic reactions, including anaphylaxis in individuals with birch pollinosis (Kosma et al., 2011; Asero et al., 2021; Finkina et al., 2022). Gly m 5 and Gly m 6, the major seed storage proteins belonging to the cupin superfamily, constitute 60%–80% of the total protein content in soybean seeds (Wang et al., 2014). Gly m 5, a β-conglycinin protein with a molecular weight of 180 kDa, comprises α, α’, and β subunits (Singh et al., 2015). Gly m 6, a 360 kDa glycinin protein, is the most abundant protein in soybean seeds and forms a hexameric structure composed of Gly m 1 to Gly m 5 subunits (Maruyama et al., 2001). Both Gly m 5 and Gly m 6 are clinically significant allergens known to trigger severe immune responses, including anaphylaxis (Holzhauser et al., 2009; Lu et al., 2018). Gly m Bd 28K is a vicilin-like protein belonging to the cupin superfamily, with a molecular weight of 26 kDa, and is isolated from the 7S globulin fraction (Xiang et al., 2004). Gly m Bd 30K, also known as GmP34 in soybeans, is a cysteine protease classified within the papain family. GmP34 is initially produced as a pre-pro-precursor protein with a molecular weight of 46–47 kDa, which undergoes processing through the removal of a 122-amino acid N-terminal signal peptide. The mature form, a 34 kDa protein, is ultimately localized in the protein storage vacuoles of soybean seeds (Kalinski et al., 1992; Ogawa et al., 1993). Despite being a relatively low-abundance seed protein—comprising less than 1% of the total seed protein—GmP34 is classified as a major allergen, as over 65% of soy-sensitive individuals exhibit allergic responses exclusively to this protein (Ogawa et al., 1993; Helm et al., 2000).

Several strategies have been investigated to reduce or eliminate GmP34 in soybean, including transgene-induced gene silencing (Herman et al., 2003), natural variant screening (Joseph et al., 2006; Bilyeu et al., 2009), and, more recently, genome editing via the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) system (Sugano et al., 2020; Adachi et al., 2021). The first biotechnology-based approach to eliminate GmP34 in transgenic soybean plants employed a cosuppression-mediated gene-silencing technique (Herman et al., 2003). As an alternative strategy, researchers screened the USDA national soybean germplasm collection and identified two soybean accessions, PI603570A and PI567476, with significantly reduced levels of GmP34 protein (Joseph et al., 2006). These accessions were later found to carry a four-nucleotide insertion at the GmP34 start codon, which disrupts efficient translation (Bilyeu et al., 2009; Koo et al., 2013). More recently, both GmP34 single mutants and GmP34/Gly m Bd 28K double mutants were developed using CRISPR/Cas9-mediated genome editing (Sugano et al., 2020; Adachi et al., 2021). Although these approaches have shown promise, most studies have focused exclusively on the GmP34 gene, without addressing its closely related homologs that may also contribute to allergenicity due to their sequence and functional similarity.

Recent advances in genomic resources and bioinformatic tools have enabled the identification and functional characterization of gene families with potential allergenic properties. In this study, we discovered two previously uncharacterized GmP34 homologs, GmP34h1 and GmP34h2, which exhibit high sequence similarity to GmP34 and contain conserved allergenic peptide motifs. Expression profiling revealed that all three genes are co-expressed during seed maturation, suggesting possible functional redundancy and shared roles in seed development and allergenicity.

To generate hypoallergenic soybean mutants, we employed multiplex CRISPR/Cas9-mediated genome editing to simultaneously target GmP34 and its homologs. By designing guide RNAs to induce mutations in all three genes, we successfully obtained GmP34 single, GmP34/GmP34h1 double, and GmP34/GmP34h1/GmP34h2 triple mutants. These mutants were validated using insertion/deletion (InDel) PCR and targeted deep sequencing, and the absence of GmP34 protein was further confirmed through western blot analysis. This study represents the first report of simultaneous mutagenesis of GmP34 allergenic gene and its closest homologs highlighting the effectiveness of multiplex genome editing for crop improvement, particularly in polyploid or genome-duplicated species such as soybean. We intend to evaluate the allergenicity of these edited lines in the further study to establish a foundation for the development of hypoallergenic soybean cultivars through precise genome engineering.




2 Materials and methods



2.1 In silico analysis

Multiple amino acid sequence alignments were generated using Clustal Omega (https://www.ebi.ac.uk/jdispatcher/msa/clustalo). Protein domains were identified and analyzed with PROSITE (https://prosite.expasy.org/) and PredictProtein (https://predictprotein.org/).




2.2 Plant materials and growth conditions

The soybean cultivar Williams 82 (cv. W82) served as the wild-type control in all experiments. Seeds were germinated in a growth chamber under long-day photoperiod conditions (16 h light/8 h dark) at 25°C, then transferred to a greenhouse and maintained under natural environmental conditions.




2.3 mRNA expression analysis

Seed samples were harvested from pods at the reproductive stage R6. Total RNA was isolated using the TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s instructions. Contaminating genomic DNA was eliminated using DNase I (Thermo Fisher Scientific), and first-strand cDNA was synthesized from 1 μg of RNA using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific). Quantitative real-time RT-PCR (qRT-PCR) was conducted with gene-specific primers (Supplementary Table 2) using the QuantiSpeed SYBR No-Rox Kit (PhileKorea, Seoul, Korea). GmPBB2 (Glyma.14G014800) was used as the internal reference gene. Relative expression levels were automatically calculated from triplicate reactions using the CFX Real-Time PCR Detection System and CFX Manager Software v2.0 (Bio-Rad, Hercules, CA, USA). All experiments were performed in a minimum of three independent biological replicates with three technical replicates per biological replicate. Statistical significance was determined using the Student’s t-test.




2.4 Western blot analysis

Total protein was extracted from soybean cotyledons using an extraction buffer containing 100 mM Tris-HCl (pH 7.5), 1 mM EDTA, 150 mM NaCl, 3 mM DTT, and 1 mM PMSF. One microgram of total protein per sample was resolved on a 15% SDS-PAGE gel and transferred onto Immobilon-P PVDF membranes (Merck Millipore, Co. Wicklow, Ireland). The membranes were incubated with a polyclonal anti-GmP34 antibody and visualized using an HRP-conjugated anti-rabbit IgG secondary antibody (Proteintech, Rosemont, IL, USA) in combination with ECL detection reagent (TransLab, Daejeon, Korea). As a loading control, five micrograms of protein were stained with Coomassie Brilliant Blue.




2.5 Guide RNA design and genome editing vector construction

Genomic sequences of GmP34 (Glyma.08g116300), GmP34h1 (Glyma.08g116400), and GmP34h2 (Glyma.05g158600) were retrieved from the Phytozome v13 database (https://phytozome-next.jgi.doe.gov/). Candidate guide RNAs (gRNAs) were designed using CRISPR-P v2 (http://crispr.hzau.edu.cn/CRISPR2/) and CRISPR RGEN tools (http://www.rgenome.net/). Specifically, guide RNAs (gRNAs) with a GC content between 30% and 70% were initially selected using CRISPR-P v2. These candidates were further refined by identifying gRNAs with zero to three potential off-target mismatches across the genome, as predicted by Cas-OFFinder from RGEN Tools. Finally, we selected gRNAs that did not target the exon regions of any genes, except for our intended target genes. Three gRNAs—gRNA1, gRNA2, and gRNA3 were selected to simultaneously target either GmP34 and GmP34h1 (gRNA1/gRNA2) or all three genes (GmP34, GmP34h1, and GmP34h2) using the gRNA1/gRNA3 combination, with minimal predicted off-target activity (Supplementary Table 1). The constructs were assembled into the pECO201 binary vector using the Golden Gate cloning strategy (Oh et al., 2020). This vector features the Arabidopsis ubiquitin6 (AtU6) promoter for multi-tRNA-gRNA expression, the NOS promoter for Bar gene selection, and the CaMV 35S promoter for expressing Arabidopsis codon-optimized Cas9 (acoCas9). The gRNA sequences are listed in Supplementary Table 1.




2.6 Agrobacterium-mediated soybean transformation

Soybean W82 seeds were transformed using an Agrobacterium-mediated half-seed method, with minor modifications based on a previously published protocol (Kim et al., 2017). Seeds were surface-sterilized inside a desiccator for 5 min using chlorine gas generated from 1% sodium hypochlorite. Sterilized seeds were then germinated on germination medium in the dark for 20 h. Under sterile conditions, germinated seeds were halved longitudinally, and the seed coats were carefully removed. The half-seeds were then immersed in a suspension of Agrobacterium tumefaciens strain EHA105 harboring the CRISPR/Cas9 construct for 30 min at room temperature, followed by co-cultivation at 23°C for 5 h under a 16 h light/8 h dark photoperiod. After co-cultivation, explants were sequentially transferred to shoot induction medium and subsequently to root induction medium. Regeneration was carried out at 23°C under 16 h light/8 h dark conditions until the shoots exceeded 4 cm in height and roots reached lengths >5 mm.




2.7 Genome editing analysis and targeted deep sequencing

Genomic DNA was isolated from leaves of transformed soybean plants using the Exgene™ Plant SV Kit (GeneAll Biotechnology, Seoul, Korea). Transgenic lines were initially screened by PCR amplification of the Bar and Cas9 genes using gene-specific primers (Supplementary Table 2). The PCR conditions were as follows: an initial denaturation at 95 °C for 10 min; 30 cycles of 95°C for 30 s, 58°C for 10 s, and 72°C for 30 s; followed by a final extension at 72°C for 10 min. Genomic regions targeted for editing were PCR-amplified for subsequent InDel detection and deep sequencing analysis. The PCR conditions for InDel detection were: 94°C for 5 min; 35 cycles of 94°C for 45 s, 60°C for 30 s, and 72°C for 1 min; followed by a final extension at 72°C for 10 min. Amplicons were further processed by incorporating adapter sequences via an additional round of PCR (Oh et al., 2020). The adapter PCR conditions were: 94°C for 3 min; 5 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 1 min; followed by 25 cycles of 94°C for 30 s, 65°C for 30 s, and 72 °C for 1 min; with a final extension at 72°C for 10 min. Deep sequencing was carried out using the Illumina MiSeq platform (v2, 300-cycle; San Diego, CA, USA), and the resulting data were analyzed using Cas-Analyzer, part of the CRISPR RGEN Tools suite (http://www.rgenome.net/).





3 Results



3.1 Identification of GmP34 homologs in soybean

The soybean P34 gene (GmP34, Glyma.08G116300) encodes a papain-like cysteine protease and is recognized as one of the major seed protein allergens (Kalinski et al., 1990, 1992). Analysis of the soybean genome via the Phytozome database (https://phytozome-next.jgi.doe.gov/ identified approximately 100 proteins exhibiting sequence similarity to GmP34. Of these, the ten most closely related proteins were subjected to phylogenetic analysis, which identified two highly similar homologs: GmP34h1 (Glyma.08G116400) and GmP34h2 (Glyma.05G158600), sharing 79.7% and 72.7% amino acid similarity with GmP34, respectively (Supplementary Figure 1). GmP34 is initially produced as a pre-pro-protein and undergoes processing that includes the removal of a 122-amino acid N-terminal signal peptide, ultimately yielding the mature 34 kDa protein localized in the protein storage vacuoles of soybean seeds (Kalinski et al., 1992). Multiple amino acid sequence alignment and domain prediction using PROSITE (https://prosite.expasy.org/) and PredictProtein (https://predictprotein.org/) revealed that GmP34, GmP34h1, and GmP34h2 possess conserved structural motifs. These include endoplasmic reticulum signal peptides, protein kinase C phosphorylation sites, myristoylation sites, a PFTA domain, N-glycosylation sites, and a thiol protease Asn active site (Figure 1). Notably, allergen-associated motifs such as allergen representative peptides (ARPs) and IgE-binding epitopes were also conserved across all three homologs, suggesting a potential shared allergenic function (Figure 1).
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Figure 1 | Amino acid sequence alignment and domain prediction of GmP34 and its homologs. Multiple sequence alignment of GmP34 (Glyma.08G116300), GmP34h1 (Glyma.08G116400), and GmP34h2 (Glyma.05G158600) was conducted using Clustal Omega. Asterisks indicate identical amino acid residues; dots denote conserved physicochemical properties. Functional domains were predicted using PROSITE (https://prosite.expasy.org/) and PredictProtein (https://predictprotein.org/). Color-coded boxes represent the following features: purple, signal peptide (TMSEG); red, allergen representative peptide (ARP); blue, IgE-binding epitope; orange, N-myristoylation site (MYRISTYL); green, protein kinase C phosphorylation site (PKC_PHOSPHO_SITE); navy, PFTA domain; purple (alternate), N-glycosylation site (ASN_GLYCOSYLATION); pink, thiol protease Asn active site (THIOL_PROTEASE_ASN). The red underline indicates pre-pro-peptide sequences.




3.2 Expression patterns of GmP34 homologs during soybean seed maturation

Previous studies have shown that GmP34 is specifically expressed during soybean seed maturation (Kalinski et al., 1992; Koo et al., 2011, 2013). To investigate the expression profiles of the three GmP34 homologs, we conducted qRT-PCR using gene-specific primers (Supplementary Table 1) on total RNA extracted from developing soybean seeds of various sizes (2–4 mm, 5–6 mm, 7–8 mm, 9–10 mm, and 11–12 mm). All three homologs exhibited comparable expression patterns, with transcripts first detectable in 7–8 mm seeds and progressively increasing with seed maturation. Notably, GmP34h1 transcript levels declined more rapidly in 11–12 mm seeds compared to GmP34 and GmP34h2 (Figure 2A). These transcriptional patterns were further supported by western blot analysis using an anti-GmP34 polyclonal antibody (Figure 2B), suggesting functional similarity among the three proteins.
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Figure 2 | Expression dynamics of GmP34 and its homologs during soybean seed maturation. (A) Quantitative RT-PCR analysis of GmP34, GmP34h1, and GmP34h2 transcript levels in developing seeds of W82 soybean at different developmental stages (2–4 mm, 5–6 mm, 7–8 mm, 9–10 mm, and 11–12 mm in length). GmPBB2 was used as a reference gene. Error bars indicate standard deviation (SD) from three biological replicates. Asterisks denote statistically significant differences in expression relative to GmP34 (*0.01 < p ≤ 0.05; **p ≤ 0.01, Student’s t-test). (B) Western blot analysis of GmP34 protein accumulation across seed maturation stages, detected using a polyclonal anti-GmP34 antibody.




3.3 Development of soybean mutants targeting GmP34 homologs using CRISPR/Cas9-mediated genome editing technology

Although various strategies have been developed to reduce GmP34 protein accumulation in soybean seeds—including transgene-induced gene silencing, extensive screening of natural accessions, and CRISPR/Cas9-mediated genome editing (GE) (Herman et al., 2003; Bilyeu et al., 2009; Sugano et al., 2020)—these methods have exclusively targeted the GmP34 gene. To concurrently eliminate GmP34 along with its closely related homologs, GmP34h1 and GmP34h2, we employed the CRISPR/Cas9 system and designed three guide RNAs (gRNAs) using CRISPR-P v2.0 and RGEN tools, referred to as gRNA1, gRNA2, and gRNA3. Among them, gRNA1 and gRNA3 were designed to target all three GmP34 homologs, whereas gRNA2 specifically targeted GmP34 and GmP34h1 (Figures 3A, B). Using these gRNAs, we constructed two multiplex genome-editing vectors in the pECO201 backbone: one expressing gRNA1 and gRNA2 to target GmP34 and GmP34h1, and another expressing gRNA1 and gRNA3 to simultaneously target all three homologs. These constructs were designated GmP34 GE Common Target 1 (GmP34 GE_CT1) and Common Target 2 (GmP34 GE_CT2), respectively (Figure 3C).
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Figure 3 | Generation of GmP34 genome-edited (GE) soybean plants. (A) Schematic illustration of gRNA target sites within the GmP34, GmP34h1, and GmP34h2 gene sequences. (B) Sequence alignment of gRNAs with their corresponding target regions in GmP34, GmP34h1, and GmP34h2. PAM sequences are highlighted in green. The target regions for gRNA1, gRNA2, and gRNA3 are shown in black, red, and blue, respectively. Mismatched nucleotides in GmP34h1 and GmP34h2 relative to the GmP34 sequence are indicated in purple. (C) Schematic map of the binary vector used for co-expression of Cas9 and gRNAs. The Arabidopsis codon-optimized Cas9 (acoCAS9) was driven by the CaMV 35S promoter, while gRNAs were expressed under the control of the Arabidopsis U6 (AtU6) promoter. The gRNA1/gRNA2 combination was used to target GmP34 and GmP34h1, while the gRNA1/gRNA3 combination was designed to target all three genes: GmP34, GmP34h1, and GmP34h2. NLS, nuclear localization signal; LB/RB, left and right T-DNA borders. (D) Workflow of Agrobacterium-mediated transformation in soybean, showing key stages from left to right: co-cultivation of imbibed seeds, shoot induction without (w/o) or with (w/) phosphinothricin (PPT), shoot elongation, root induction, and selection of transgenic seedlings in soil. (E, F) PCR-based detection of the Bar selection marker and InDel mutations in the GmP34, GmP34h1, and GmP34h2 genes in T0 transgenic lines from GmP34 GE_CT1 (E) and GE_CT2 (F).

The embryonic axis of soybean W82 was inoculated with Agrobacterium strains carrying either the GmP34 GE_CT1 or GmP34 GE_CT2 construct, and transgenic T0 plants were selected using phosphinothricin (PPT) (Figure 3D). Fifteen T0 plants were obtained for each construct, and stable integration of the T-DNA into the genome was confirmed via Bar gene PCR (Figures 3E, F). To characterize mutation patterns in each T0 line, the targeted genomic regions of the GmP34 homologs were analyzed using InDel PCR and targeted deep sequencing. InDel PCR analysis revealed that T0 lines harboring the GmP34 GE_CT1 construct exhibited a range of deletions in the GmP34 gene. Notably, lines #8 and #10 showed simultaneous deletions in both GmP34 and GmP34h1 (Figure 3E). Deep sequencing confirmed these findings, revealing multiple mutation types—including deletions and substitutions—with one or two predominant mutation patterns in both GmP34 and GmP34h1 in lines #8 and #10 (Supplementary Figure 2A). In the case of GmP34 GE_CT2 T0 lines, InDel PCR identified clear deletions in GmP34 and GmP34h1 in lines #1 and #14, respectively, while no distinct deletion patterns were observed in GmP34h2 (Figure 3F). Sequencing analysis of CT2 line #1 showed a predominant 61-nucleotide deletion in GmP34, while GmP34h1 and GmP34h2 contained only small deletions (1–4 nucleotides) that were indistinguishable from the W82 control by InDel PCR. Similarly, CT2 line #14 exhibited a 76-nucleotide deletion in GmP34h1, along with minor deletions in GmP34 and GmP34h2 as the primary mutation patterns (Supplementary Figure 2B). Based on these InDel PCR and sequencing results, we selected CT1 lines #8 and #10, which carried mutations in GmP34 and GmP34h1, and CT2 lines #1 and #14, which harbored mutations in all three GmP34 homologs. These T0 lines were subsequently advanced to the next generation.




3.4 Identification of T-DNA-free GmP34 single-mutant lines

Using the GmP34 GE_CT1 T1 plants (#8 and #10), we performed Bar PCR, InDel PCR, and targeted deep sequencing. Based on this screening, line #10—characterized by a single T-DNA insertion and higher editing efficiency (data not shown)—was selected and advanced to the T2 generation. We then screened T2 progeny (#10–1 to #10-28) for GmP34 protein expression via western blotting. Three days after sowing, when GmP34 protein is still detectable, a small portion of the cotyledons was sampled for protein analysis (Figure 4A). Western blot analysis revealed that none of the #10–6 progeny expressed detectable levels of GmP34 protein in their cotyledons (Figure 4B). In contrast, the #10–22 progeny showed variable GmP34 protein expression (Figure 4C), whereas all #10–14 progeny exhibited clear GmP34 protein signals (Figure 4D). Subsequent Bar PCR analysis of these lines indicated that #10–6 was T-DNA homozygous, #10–22 was heterozygous, and #10–14 lacked the T-DNA insertion (null) (data not shown).
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Figure 4 | Molecular characterization of GmP34 genome-edited (GE)_CT1 lines. (A) Western blot analysis of GmP34 protein levels in W82 dry seeds and cotyledons at various days after germination (DAG). (B-D) Detection of GmP34 protein in T2 progeny of GmP34 GE_CT1 lines by western blotting. (E) Phosphinothricin (PPT) leaf painting assay on T3 seedlings from GmP34 GE_CT1 lines. Red arrows indicate the sites of PPT application on unifoliolate leaves. (F) Combined western blot and PCR analyses of T3 lines, using a polyclonal anti-GmP34 antibody and gene-specific primers for BAR and Cas9. PC, positive control. (G) Targeted deep sequencing analysis of GmP34 and GmP34h1 loci in T-DNA-free T3 lines (#10-22-2–77 and #10-22-2-124). PAM sequences are highlighted in green. Target sequences for gRNA1 and gRNA2 are shown in bold black and red, respectively. Deletions at both the nucleotide and amino acid levels are indicated by dashes. Red asterisks mark amino acid deletions or substitutions.

To generate T-DNA-free mutants for the GmP34 homologs, we employed two approaches: (1) advancing T-DNA heterozygous lines to identify segregating T-DNA-free progeny and (2) backcrossing T-DNA homozygous lines with W82 plants and screening the F2 (BC1F2) generation. For the first strategy, we selected the T-DNA heterozygous GmP34 GE_CT1 T2 line #10-22–2 based on Bar PCR and TaqMan PCR analyses and obtained T3 seeds (data not shown). From 3-day-old germinating T3 seedlings, a small portion of the cotyledons was sampled to assess GmP34 protein levels by western blotting. To identify T-DNA-free lines, we applied PPT solution to the leaves of further-grown T3 seedlings and selected individuals exhibiting a PPT-sensitive necrosis phenotype (Figure 4E). Among these, we screened for GmP34-null individuals using western blotting and ultimately identified two T-DNA-free GmP34-null lines: #10-22-2–77 and #10-22-2-124 (Figure 4F). Targeted deep sequencing revealed that both lines carried an identical 3-nucleotide deletion in GmP34, resulting in a single amino acid deletion (Val) and a substitution (Lys to Glu) at positions 150 and 151, respectively. No mutations were detected in the GmP34h1 gene (Figure 4G). These results demonstrate the successful isolation of T-DNA-free GmP34 single mutant lines.




3.5 Identification of T-DNA-free GmP34 and GmP34h1 double-mutant lines

As the second strategy, we analyzed T3 lines derived from the T-DNA homozygous GmP34 GE_CT1 #10-6–1 line. All T3 plants were confirmed to carry T-DNA based on Bar and Cas9 PCR. InDel PCR analysis revealed that six lines (#12, 16, 18, 20, 29, and 30) exhibited deletions in both GmP34 and GmP34h1 genes (Figure 5A). Among these, line #10-6-1–18 was selected for backcrossing with W82, and a BC1F2 population was generated. T-DNA-free individuals were initially identified through PPT leaf painting and subsequently confirmed by Bar and Cas9 PCR (Figure 5B). InDel PCR further revealed that three BC1F2 lines (#9-21, #9-25, and #9-43) harbored homozygous deletion patterns in both GmP34 and GmP34h1 identical to those of the parental #10-6-1–18 line (Figure 5B), confirming that they were T-DNA-free GmP34/GmP34h1 double mutants. Western blot analysis supported these findings, showing the complete absence of GmP34 protein in cotyledons of all three lines (Figure 5C). Targeted deep sequencing revealed that each line carried a 415-nucleotide deletion in the first exon of GmP34, resulting in a frameshift and a premature stop codon at the 12th amino acid position (Figures 5D, E). Editing in the GmP34h1 gene was more complex: lines #9–21 and #9–43 harbored a 591-nucleotide deletion spanning the 3’ region of the gRNA2 target site, encompassing the first intron, second exon, and second intron, along with six nucleotide substitutions (Figures 5D, E). Line #9–25 exhibited the same pattern with an additional 3-nucleotide deletion in the first intron (Figure 5D). Despite these differences, both editing types led to frameshift mutations and a premature stop codon at amino acid position 144 of the GmP34h1 protein (Figure 5E).
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Figure 5 | Characterization of GmP34 GE_CT1 BC1F2 mutant lines. (A, B) Genomic PCR detection of Bar and Cas9, along with InDel PCR analysis of GmP34 and GmP34h1 genes in GmP34 GE_CT1 T3 #10-6-1 (A) and BC1F2 #9 lines (B). The backcross parent, GmP34 GE_CT1 T3 #10-6-1-18, was included as a control f. (C) Western blot detection of GmP34 protein in T-DNA-free BC1F2 #9 lines. Total proteins were extracted from 3-day-old cotyledons of W82 and BC1F2 #9 lines, and GmP34 expression was analyzed using an anti-GmP34 antibody. (D) Targeted deep sequencing of GmP34 and GmP34h1 in T-DNA-free BC1F2 lines (#9-21, #9-25, and #9-43). PAM sequences are highlighted in green. Target sequences for gRNA1 and gRNA2 are shown in bold black and red, respectively. Nucleotide deletions are indicated by dashes; red asterisks indicate substitutions. (E) Summary of DNA mutations and their predicted protein-level consequences. Red triangles indicate deletion sites in GmP34, GmP34h1, and GmP34h2 genes in lines #9-21, #9-25, and #9-43. Red asterisks mark nucleotide substitutions and premature stop codons; substituted amino acids are shown in red.

Additional T-DNA-free GmP34 and GmP34h1 double mutants were identified through the analysis of GmP34 GE_CT2 T1 lines. Western blot analysis of T1 seedlings from CT2 #1 and #14 lines revealed 19 and 28 GmP34 protein-null individuals, respectively (Supplementary Figure 3). Among these, one T-DNA-free line, designated #1-65, was identified in the CT2 #1 progeny using Bar and Cas9 PCR (Figure 6A). InDel PCR and targeted deep sequencing showed that this line harbored a 61-nucleotide deletion along with a single-nucleotide substitution in the GmP34 gene and a one-nucleotide deletion in the GmP34h1 gene (Figures 6A, C). These mutations introduced premature stop codons at the 52nd and 12th amino acid positions of the GmP34 and GmP34h1 proteins, respectively (Figure 6E). No sequence alterations were observed in the GmP34h2 gene (Figures 6C, E).
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Figure 6 | Molecular characterization of GmP34 GE_CT2 lines. (A, B) Genomic PCR detection of Bar and Cas9, and InDel PCR analysis of GmP34 homologs in GE_CT2 T1 lines #1 (A) and #14 (B). (C, D) Targeted deep sequencing of GmP34, GmP34h1, and GmP34h2 in T-DNA-free lines CT2_T1 #1-65 (C) and CT2_T1 #14-1, #14-114, and #14-117 (D). PAM sequences are highlighted in green. Target sequences for gRNA1 and gRNA3 are shown in bold black and blue, respectively. Nucleotide deletions are indicated by dashes; red asterisks indicate substitutions. (E, F) Summary of nucleotide mutations and corresponding protein-level changes in #1-65 (E) and CT2_T1 #14 lines (F). Red triangles indicate deletion sites in GmP34, GmP34h1, and GmP34h2 genes. Red asterisks denote nucleotide substitutions and resulting premature stop codons. Substituted amino acids are shown in red.

In contrast, Bar and Cas9 PCR analyses of GmP34 protein-null CT2 #14 T1 seedlings indicated the absence of T-DNA-free individuals in this population (Figure 6B). Subsequent InDel PCR and targeted deep sequencing analyses revealed that the CT2 T1 #14–1 line harbored 4- and 75-nucleotide deletions in the GmP34 and GmP34h1 genes, respectively. These mutations introduced premature stop codons at the 30th and 12th amino acid positions of the GmP34 and GmP34h1 proteins, respectively (Figures 6D, F). To obtain T-DNA-free mutants, this line was backcrossed with W82 plants. Among 192 BC1F2 progeny derived from the CT2 T1 #14–1 line, seven T-DNA-free individuals were identified by PPT leaf painting and further confirmed by Bar and Cas9 PCR (Supplementary Figure 4A). Western blot analysis of these lines revealed two GmP34 protein-null lines, #7–109 and #7-138 (Supplementary Figure 4B). InDel PCR analysis confirmed that both lines carried homozygous deletions in the GmP34 and GmP34h1 genes (Supplementary Figure 4C), and targeted deep sequencing validated the presence of the same 4- and 75-nucleotide deletions identified in the original #14–1 line (Supplementary Figure 4D), resulting in premature stop codons at the same amino acid positions (Supplementary Figure 4E). No mutations were detected in the GmP34h2 gene. Collectively, these findings led to the identification of two additional T-DNA-free GmP34/GmP34h1 double mutants: CT2 T1 #14–1 BC1F2 #7–109 and #7-138. In summary, we successfully generated six independent T-DNA-free GmP34/GmP34h1 double-mutant lines: three from the BC1F2 population of the GmP34 GE_CT1 #10-6-1–18 line (#9-21, #9-43, and #9-25), one from the GmP34 GE_CT2 T1 line (#1-65), and two from the BC1F2 population of the GmP34 GE_CT2 #14–1 line (#7–109 and #7-138).




3.6 Identification of GmP34, GmP34h1, and GmP34h2 triple-mutant lines

Targeted deep sequencing revealed that two CT2 T1 lines, #14–114 and #14–117 carried mutations in all three GmP34 homologs—GmP34, GmP34h1, and GmP34h2. Notably, the two lines exhibited identical mutation patterns, consisting of 4-, 75-, and 8-nucleotide deletions in the GmP34, GmP34h1, and GmP34h2 genes, respectively (Figure 6D). These deletions caused frameshift mutations, which introduced premature stop codons at the 30th, 12th, and 15th amino acid positions of the GmP34, GmP34h1, and GmP34h2 proteins, respectively (Figure 6F). To generate T-DNA-free triple mutants, both lines are currently being backcrossed with W82 plants.

Taking all results together, we summarized the GE status of the three GmP34 homologous genes in Table 1. Through CRISPR/Cas9-mediated GE, we successfully generated GmP34 single mutants, GmP34/GmP34h1 double mutants, and GmP34/GmP34h1/GmP34h2 triple mutants. From the screening of the GmP34 GE_CT1 T3 population, we identified two T-DNA-free GmP34 single-mutant lines, #10-22-2–77 and #10-22-2-124. A total of six T-DNA-free GmP34/GmP34h1 double-mutant lines were obtained—one directly from the GmP34 GE_CT2 T1 population (#1-65), and five from BC1F2 populations derived from CT1 #10-6-1-18 (#9-21, #9-25, and #9-43) and CT2 #14-1 (#7–109 and #7-138) lines. In addition, we identified two GmP34/GmP34h1/GmP34h2 triple-mutant lines (#14–114 and #14-117) from the GmP34 GE_CT2 T1 population, which are currently being backcrossed with W82 to eliminate the T-DNA.


Table 1 | Summary of the genome editing status of GmP34 homologs.
	Genome Editing Lines
	T-DNA
	GmP34 (Glyma.08g116300)
	GmP34h1 (Glyma.08g116400)
	GmP34h2 (Glyma.05g158600)


	Mutations in nucleotide (nt)
	Mutations in amino acid (aa)
	Mutations in nucleotide (nt)
	Mutations in amino acid (aa)
	Mutations in nucleotide (nt)
	Mutations in amino acid (aa)



	CT1 T3 #10-22-2-77, CT1 T3 #10-22-2-124
	Free
	3 nt Del1)
	1 aa Del & 1 aa Sub2)
	–
	–
	–
	–


	CT1 T3 #10-6-1-18, BC1F2 #9-21, #9-43
	Free
	415 nt Del
	Premature stop
	591 nt Del & 6 nt Sub
	Premature stop
	–
	–


	CT1 T3 #10-6-1-18, BC1F2 #9-25
	Free
	415 nt Del
	Premature stop
	594 nt Del & 6 nt Sub
	Premature stop
	–
	–


	CT2 T1 #1-65
	Free
	61 nt Del & 1 nt Sub
	Premature stop
	1 nt Del
	Premature stop
	–
	–


	CT2 T1 #14-1, BC1F2 #7-109, #7-138
	Free
	4 nt Del
	Premature stop
	75 nt Del
	Premature stop
	–
	–


	CT2 T1 #14-114*
	○
	4 nt Del
	Premature stop
	75 nt Del
	Premature stop
	8 nt Del
	Premature stop


	CT2 T1 #14-117*
	○
	4 nt Del
	Premature stop
	75 nt Del
	Premature stop
	8 nt Del
	Premature stop





1),2)Del and Sub indicate deletion and substitution mutations, respectively.

*Backcrossing with W82 is in progress.







4 Discussion

Soybean is an important dietary protein source, though its allergenic properties continue to pose challenges for both consumers and food producers. Among the allergenic seed proteins, GmP34, a papain-like cysteine protease, has been recognized as a key allergen despite its relatively low presence in seeds (Ogawa et al., 1993; Helm et al., 2000). Various strategies, including co-suppression (Herman et al., 2003), screening diverse soybean accessions (Joseph et al., 2006), and CRISPR/Cas9-based genome editing (Sugano et al., 2020; Adachi et al., 2021), have been employed to eliminate GmP34 from seeds. However, most of these efforts have focused solely on the GmP34 gene, potentially overlooking allergenic effects from its homologous counterparts. In this study, we extensively characterized two closely related GmP34 homologs, GmP34h1, and GmP34h2, which share strong sequence similarity with GmP34, including conserved IgE-binding regions and functional motifs (Figure 1). The concurrent expression of all three genes during seed maturation suggests functional overlap and their collective role in contributing to soybean allergenicity (Figure 2). To simultaneously suppress all three GmP34 homologs, we engineered two multiplex CRISPR/Cas9 constructs capable of targeting GmP34, GmP34h1, and GmP34h2. This approach generated a range of genome-edited lines, including T-DNA-free single, T-DNA-free double, and triple mutants. Notably, two triple mutants exhibited frameshift mutations introducing premature stop codons in all three genes, underscoring the efficiency of the multiplex method (Figure 6). This represents the first report of concurrent editing of multiple allergen-related gene families in soybean, addressing gene redundancy due to duplication—a hallmark of the soybean genome (Schmutz et al., 2010)—and illustrating the power of multiplex genome editing in complex polyploid crops.

Reverse genetics techniques such as T-DNA and transposon-mediated insertional mutagenesis, along with RNA interference (RNAi)-based gene silencing, have long been instrumental in uncovering gene functions and enhancing crop traits (Alonso and Ecker, 2006). However, these methods come with notable drawbacks. Insertional mutagenesis often leads to random or biased genomic insertions, reducing its effectiveness for comprehensive functional analyses (Krysan et al., 2002). RNAi, while widely used, is susceptible to off-target effects and may not achieve complete gene suppression (Neumeier and Meister, 2021). Critically, neither approach is well-suited for targeting multiple genes simultaneously. This limitation is especially problematic when attempting to edit members of multigene families or tandemly repeated genes—an issue compounded in polyploid crops like soybean, where gene redundancy is common (Alonso and Ecker, 2006). In contrast, recent advancements in genome editing tools—such as zinc finger nucleases, transcription activator-like effector nucleases, and the CRISPR/Cas9 system—have enabled precise, efficient, and multiplex gene modifications (Gao, 2021). Of these, CRISPR/Cas9 has rapidly emerged as the preferred platform for genetic improvement in many crops, including soybean (Bao et al., 2019; Baek et al., 2022; Nerkar et al., 2022). In this study, we designed multiplex CRISPR/Cas9 constructs to simultaneously target three homologous allergen genes in soybean: GmP34 (Glyma.08G116300), GmP34h1 (Glyma.08G116400), and GmP34h2 (Glyma.05G158600). Notably, GmP34 and GmP34h1 are tandem duplicates on chromosome 8, while GmP34h2 resides on chromosome 5. Using this system, we successfully generated soybean lines with concurrent mutations in the tandemly duplicated GmP34 and GmP34h1 genes (Figures 5, 6; Table 1). Additionally, we produced triple mutant lines carrying edits in all three genes—GmP34, GmP34h1, and GmP34h2 (Figure 6; Table 1)—as well as GmP34 single mutants (Figure 4; Table 1). These findings underscore the precision and versatility of CRISPR/Cas9 genome editing, highlighting its potential to overcome the inherent constraints of traditional mutagenesis and breeding, and positioning it as a powerful approach for improving complex polyploid crops such as soybean.

Our genome editing approach produced a wide array of edited soybean lines, including single, double, and triple mutants. All mutant lines exhibited frameshift mutations that led to premature stop codons in the GmP34 homolog genes, except for the GmP34 single mutants (Table 1). Two of these single mutant lines (CT1 T3 #10-22-2–77 and #10-22-2-124) carried the same 3-nucleotide deletion, which caused the removal of a valine residue and a lysine-to-glutamate substitution at positions 150 and 151 of the GmP34 protein, respectively (Figure 4G). Sequencing confirmed that no additional mutations were present in the GmP34 gene in these lines (data not shown). Interestingly, western blotting with a polyclonal anti-GmP34 antibody failed to detect the GmP34 protein in these mutants (Figure 4F), indicating that these two amino acid alterations may substantially compromise GmP34 protein stability or disrupt its epitope. These observations suggest that the deleted and substituted residues are likely critical for maintaining the structural integrity or functional role of GmP34. Further studies exploring their impact on protein stability and allergenic potential are warranted. In an effort to isolate GmP34 single mutants with frameshift mutations, we extensively screened BC1F2 progeny derived from CT1 T3 #10-6-1–18 and CT2 T1 #14–1 lines using InDel PCR, targeted deep sequencing, and western blotting. However, such mutants were not recovered (data not shown), likely due to suppressed recombination between the closely linked GmP34 and GmP34h1 genes during backcrossing. We are currently performing further backcrosses of triple mutant lines CT2 T1 #14–114 and #14–117 with the W82 cultivar, aiming to isolate T-DNA-free single and triple mutants with frameshift mutations that may segregate in subsequent generations through recombination.

A gene editing system represents a distinct form of genetic modification that entails the deliberate alteration of an organism’s genome (Ahmad et al., 2023). Traditionally, genetically modified (GM) plants—those incorporating exogenous transgenes via biotechnological methods—have been classified as genetically modified organisms (GMOs) by scientists and regulatory bodies (Ahmad et al., 2023). Since 1986, the United States Department of Agriculture (USDA) has regulated GMOs under the Coordinated Framework. In 2020, the USDA implemented significant updates to its biotechnology regulations (Code of Federal Regulations, 7 CFR 340), reflecting advancements in genome editing technologies (Tachikawa and Matsuo, 2024). Notably, certain genome-edited organisms may be exempt from regulatory oversight if they meet one of five specified criteria—one of which states that the modification must involve cellular repair of a targeted DNA break without the use of an exogenous transgene (Tachikawa and Matsuo, 2024). To address regulatory concerns related to GMOs and to enable the integration of hypoallergenic soybean lines into elite germplasm and consumer-sensitive products such as baby food and infant formula, it is crucial to eliminate T-DNA from genome-edited lines. To generate T-DNA-free mutants, we employed two distinct strategies and successfully obtained T-DNA-free lines for both GmP34 single mutants and GmP34/GmP34h1 double mutants (Table 1). The GmP34 single mutant lines (CT1 T3 #10-22-2–77 and #10-22-2-124) and the GmP34/GmP34h1 double mutant line (CT2 T1 #1-65) were isolated by selecting T-DNA-free segregants from progeny of heterozygous T-DNA-containing plants. In contrast, the remaining T-DNA-free double mutants were identified among BC1F2 progeny resulting from backcrosses of CT1 T3 #10-6-1–18 and CT2 T1 #14–1 with wild-type W82. Additionally, we are currently backcrossing the triple mutant lines CT2 T1 #14–114 and #14–117 with W82 in an effort to obtain T-DNA-free triple mutants. We consider the backcrossing approach followed by BC1F2 screening to be more advantageous than direct selection from segregating heterozygous lines, particularly for minimizing potential off-target effects of genome editing. Although CRISPR/Cas9 is renowned for its specificity, it can still generate unintended edits at off-target loci (Graham et al., 2020). Backcrossing with wild-type plants can aid in eliminating such mutations through segregation. Future research should aim to quantify the frequency of off-target mutations in CRISPR-edited soybean lines and to assess the effectiveness of backcrossing in removing them—using whole-genome sequencing as a comprehensive evaluation tool.

In this study, we present a foundational advance toward the development of hypoallergenic soybean cultivars. Looking ahead, it will be essential to assess the allergenic potential of the single, double, and triple-mutant lines relative to wild-type soybean using immunoreactivity assays with sera from soy-allergic individuals. In summary, our study presents a robust and scalable genome editing strategy for reducing seed allergenicity in soybean by simultaneously targeting multiple GmP34 homologs. This strategy not only provides a promising pathway for allergen reduction in soybean but also serves as a valuable model for reducing allergenicity in other polyploid crops. Moreover, it highlights the potential of multiplex CRISPR/Cas9-mediated editing to effectively address gene redundancy, a common challenge in modern crop improvement.
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Genome editing technology has revolutionized plant genetic breeding. However, Significant variability in editing activity has been observed across different genome editing systems and target sites, highlighting the importance of developing efficient evaluation systems for assessing genome editing efficiency in plants. In this study, we developed a simple, rapid, and efficient system based on hairy root transformation to evaluate somatic genome editing efficiency in plants. This system is easy to implement, does not require sterile conditions, and enables visual identification of transgenic hairy roots within two weeks. We first validated the system using the CRISPR/Cas9 genome editing platform, confirming its effectiveness. Subsequently, we applied this system to assess the somatic editing activity of the recently identified ISAam1 TnpB nuclease, which show considerable promise for plant genome editing applications. Furthermore, through protein engineering, we identified two variants, ISAam1(N3Y) and ISAam1(T296R), which exhibited a 5.1-fold and 4.4-fold enhancement in somatic editing efficiency, respectively. These findings demonstrate that the developed method provides an effective tool for optimizing genome editing system and screening potential target sites in plant genomes.
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Introduction

CRISPR/Cas technology has revolutionized the field of life sciences. However, in contrast to the extensive research conducted in mammalian cells, the development and application of novel CRISPR/Cas systems in plants have lagged behind their counterparts. Most CRISPR systems have been initially developed for genome editing in human cells and subsequently adapted for plant applications (Zhong et al., 2023). However, genome editing in plants presents distinct challenges compared to mammalian systems. Many editing systems that demonstrate high efficiency in mammalian cells either fail to work or exhibit marked reductions in editing efficiency when applied in plants (Zhong et al., 2023). As a result, developing a system that allows for rapid evaluation of genome editing efficiency in plants is critically important. In many cases, the in vitro cleavage assay in protoplasts offers a convenient method for assessing genome editing efficiency (Li et al., 2013, 2017b; Molla et al., 2021; Pan et al., 2021; Panda et al., 2024; Perroud et al., 2023; Syombua et al., 2021; Xiong et al., 2023; Zhang et al., 2022). However, the routine use of protoplasts in laboratory settings faces several limitations, including the complexity of the isolation process, low viability of isolated protoplasts, and suboptimal transfection efficiency. Moreover, protoplast-based assays typically rely on transient expression systems, which may not accurately reflect the true genome editing efficiency observed in stably transformed plants.

Hairy root transformation mediated by Agrobacterium rhizogenes offers a more efficient, rapid, and straightforward alternative to Agrobacterium tumefaciens-mediated transformation. Following infection, the characteristic “hairy root syndrome” is induced, resulting in the formation of chimeric composite plants with transgenic roots and non-transgenic shoots within just a few weeks (Gutierrez-Valdes et al., 2020; Kereszt et al., 2007; Kong et al., 2023). It has also been widely applied in the field of plant genome editing, particularly in the efficient screening of genome editing sites (Bai et al., 2024; Cao et al., 2023). However, for many studies, Agrobacterium-mediated genome editing still requires operation under sterile conditions to obtain transgenic hairy roots, which is time-consuming and labor-intensive (Zhu et al., 2024). This poses significant challenges for large-scale target screening or system optimization experiments of genome editing nucleases. Recent studies have reported that soybean transgenic hairy roots can be rapidly obtained through a one-step method that does not require aseptic conditions (Fan et al., 2020). However, the infection process and screening for transgenic positive hairy roots still require significant effort.

In this study, we developed a simple and rapid system for evaluating somatic genome editing activity in plants, capable of producing transgenic hairy roots within two weeks. This system is easy to operate, does not require sterile conditions, and enables clear identification of transgenic hairy roots without the need for specialized instruments or equipment. Furthermore, we applied this method to assess the somatic genome editing efficiency of the small nuclease ISAam1 TnpB in plants. Through protein engineering, we identified two variants, ISAam1(N3Y) and ISAam1(T296R), which exhibited significantly enhanced somatic editing efficiency. Collectively, this system provides a practical and efficient platform for evaluating and optimizing somatic genome editing tools in plants.





Results




Development of a system for the rapid generation of transgenic hairy roots

In this study, we first established a simple and efficient hairy root transformation system using soybean as the model organism. This system involved slant cut of the hypocotyl of soybeans germinated for 5–7 days and directly infecting them with Agrobacterium rhizogenes harboring 35S:Ruby vectors capable of expressing the Ruby gene (He et al., 2020), which is a synthetic reporter gene system to track gene expression and successful plant transformations without needing special equipment (Figure 1A), followed by cultivation in moist vermiculite. After two weeks, we were able to visually select transgenic soybean roots (Figure 1B).

[image: Diagram illustrating genetic modification steps and results. (A) Schematic of the 35S::Ruby construct with labeled components. (B) Process flow of Agrobacterium infection inducing hairy roots, showing stages from initial infection to next-generation sequencing. (C) Bar graph displaying percentages of positive plants with various treatments. (D) Violin plot comparing positive root percentages between LBS and LBL vectors. (E) Violin plot showing root transformation efficiency for strains K599, Arqul, Ar1193, and C58C1. Each graph includes sample points and error bars.]
Figure 1 | Development of an efficient method for the generation of transgenic hairy roots. (A) Schematic representation of the 35S: ruby vector for the expression of Ruby. (B) Workflow of soybean hairy root transformation protocol. (C) Impact of different infection methods on transformation efficiency. Each point represents a biological replicate from an independent experiment, in which no fewer than 30 plants were inoculated. (D) Number of positive roots per independent plant across various infection methods. (E) Effect of different Agrobacterium rhizogenes strains on the transformation efficiency of transgenic hairy roots. Data were analyzed using one-way ANOVA, assuming Gaussian distribution of residuals and equal standard deviations among groups; ns, P>0.05; Data are presented as mean values ± SD.

For the infection protocol, the slant cut of the hypocotyl was either scraped onto Luria-Bertani solid medium containing K599 Agrobacterium rhizogenes (LBS), directly planted into vermiculite and watered with K599 liquid medium (LBL), or watered with resuspended Agrobacterium rhizogenes in 1/4 Murashige and Skoog liquid medium (1/4 MS), or watered with 1/4 MS supplemented with 100 μmol of Acetosyringone (1/4 MS + AS), or subjected to a combination of these methods (LBS+LBL; LBS+1/4MS; LBS+1/4MS+AS). Our study demonstrated that all infection protocols resulted in a high rate of successful transformation, with 80% of the infected plants exhibiting transformed roots (Figure 1C). Moreover, within each infected plant, 10% of the roots were successfully transformed (Figure 1D). Given that different Agrobacterium rhizogenes strains typically show significant variations in infection efficiency across different plant species, we applied the LBS infection method to three Agrobacterium rhizogenes strains: Ar1193, Arqual, and C58C1. The results indicated that the infection efficiency of these three strains was lower than that of K599 in soybean (Figure 1E).

Studies have shown that Agrobacterium rhizogenes can infect most dicots, a small number of monocots, and gymnosperms. To date, hairy roots have been developed and exploited in more than 400 plant species across 50 angiosperm families and 150 genera, with the majority concentrated in the Apiaceae, Asteraceae, Brassicaceae, Caryophyllaceae, Convolvulaceae, Fabaceae, Polygonaceae, and Solanaceae families (Phuong et al., 2023; Rogowska and Szakiel, 2021; Banerjee et al., 2012; Wan et al., 2023; Zhu et al., 2024). To assess whether our established method is applicable across a broader range of plant species, we selected several plant species for verification, including peanut (Arachis hypogaea L.), adzuki bean (Vigna angularis (Willd.) Ohwi & Ohashi), mung bean (Vigna radiata (L.) Wilczek), and black soybean (Glycine max (L.) Merr.). These species were subjected to transformation using Agrobacterium rhizogenes strain K599 for hairy root induction. The results demonstrated that the method was similarly effective across all tested species, with transformation efficiencies of 43.3% in black soybean, 28.3% in mung bean, 17.7% in adzuki bean, and 43.3% in peanut (Figure 2).

[image: Four images of plant seedlings and a bar graph. Panel A: Seedlings of Black Soybean, Mung Bean, Adzuki Bean, and Peanut with arrows indicating root nodules. Panel B: Bar graph showing the percentage of positive plants for each type, with Peanut having the highest percentage around 60%, followed by Black Soybean, Mung Bean, and Adzuki Bean.]
Figure 2 | Hairy root transformation of black soybean, mung bean, adzuki bean, and peanut mediated by Agrobacterium rhizogenes. (A) Positive transgenic hairy roots in black soybean, mung bean, adzuki bean and peanut, respectively. The white arrows indicate the transgenic hairy roots, which exhibit a red coloration due to the stable expression of the Ruby gene. (B) Agrobacterium rhizogenes K599 mediated hairy root transformation efficiency in black soybean, mung bean, adzuki bean and peanut. Each point represents a biological replicate from an independent experiment, in which no fewer than 20 plants were inoculated.





Evaluation of CRISPR/Cas9-mediated somatic genome editing efficiency using Agrobacterium rhizogenes-induced hairy root systems

Next, we sought to verify whether our method could rapidly evaluate the efficiency of somatic genome editing. We constructed a CRISPR/Cas9 system into the 35S:Ruby vectors targeting endogenous loci within the GmWRKY28, GmCHR6, GmPDS1, GmPDS2 and GmSCL1 gene (Figures 3A, B). The results from next-generation sequencing (NGS) demonstrated that 5 out of 7 targets showed high somatic editing efficiency (Figure 3C). Notably, although the target sequences of GmWRKY28-T1 and GmWRKY28-T2 are identical, the somatic genome editing efficiency varied significantly between the homologous genes. No somatic genome editing activity was detected at GmWRKY28-T1, whereas at GmWRKY28-T2, the somatic editing efficiency reached as high as 45.1%, with an average of 13.1% somatic genome editing efficiency (Figure 3C). This highlights the importance of screening for highly efficient genome editing sites before initiating stable transformation. Analysis of the genome editing types in individual transgenic hairy roots revealed that the genome editing observed was predominantly chimeric (Figure 3D). This may be attributed to the fact that these transgenic roots were developed without undergoing traditional tissue culture, antibiotic selection, and regeneration processes. Consequently, this method is particularly well-suited for evaluating genome editing efficiency because each root represents a complex assembly of numerous transgenic cells, thus providing a more accurate reflection of genome editing characteristics.

[image: (A) Diagram of the RUBY-SpCas9 construct with labeled components: AtU6, Spacer, gRNA, TTTTTTT, 2x35S, Ruby, Ter, CaMV35S, SpCas9, NLS, Ter. (B) Table showing information of target sites, including gene names, crRNA index, PAM, and sequences. (C) Violin plot displaying mutation percentages for different target sites: GmWRKY28-T1, GmWRKY28-T2, GmCHR6-T1, GmSCL1-T1, GmSCL1-T2, GmPDS-T1, GmPDS-T2. (D) Sequence alignment for GmPDS-T1 with indicated protospacer and PAM regions, showing various base pair deletions or insertions. (E) Comparison of wild-type and GmPDS edited plants, showing the phenotypic difference.]
Figure 3 | Development of a system for the rapid evaluation of genome editing efficiency in plants. (A) Schematic representation of the RUBY-SpCas9 vector for the co-expression of Ruby, SpCas9, and sgRNA. (B) Information of seven target sites. (C) Genome editing efficiency of the CRISPR/Cas9 system targeting seven loci in transgenic hairy roots. Each point represents the genome editing efficiency of an independent transgenic hairy root (n> 8). (D) Mutations type of CRISPR/Cas9-mediated genome editing in soybean hair roots. The PAM sequences and spacers are highlighted in red and blue, respectively. Dashes represent deletions, while insertions are shaded in yellow. (E) Phenotypes of GmPDS gene edited mutants.

To further evaluate the feasibility and applicability of the method established in this study, the CRISPR/Cas9 construct, designed to target the GmPDS1 and GmPDS2 genes and in which the RUBY gene was replaced by the bar gene as a selectable marker, was subsequently introduced into soybean via Agrobacterium tumefaciens-mediated transformation. Following tissue culture and plant regeneration, ten independent stable transgenic lines were successfully obtained. Next generation sequencing (NGS) of the editing sites revealed that eight of these lines carried mutations at the expected loci. Phenotypic characterization showed that several edited plants exhibited mild chlorotic phenotypes, whereas distinct albino phenotypes were observed in T1 generation plants (Figure 3E). These results further demonstrate the feasibility and potential applications of the method established in this study.





Characterization and engineering of ISAam1 TnpB-mediated somatic genome editing in soybean hairy roots

The widely used CRISPR/Cas system is thought to have evolved from IS200/IS605 transposons. TnpB proteins, encoded by one type of IS200/IS605 transposon, are considered to be the evolutionary ancestors of Cas12 nucleases, which have been engineered to function as RNA-guided DNA endonucleases for genome editing in bacteria and human cells, and have recently been reported in plants, including Arabidopsis, rice, and medicinal plants. However, the efficiency remains relatively low, with significant variations observed across different targets, indicating that there is still considerable room for improvement (Karmakar et al., 2024; Lv et al., 2024; Weiss et al., 2025; Zhang et al., 2024). ISAam1 TnpB is a member of the TnpB protein family. To date, ISAam1-mediated genome editing has been evaluated exclusively in rice and Arabidopsis thaliana. Notably, the editing efficiency observed in rice protoplasts ranged from 2.36% to 4.65%. In Arabidopsis thaliana, among the 20 target sites tested, only 7 exhibited detectable editing activity, with efficiencies ranging from 0% to 0.3% (Lv et al., 2024; Weiss et al., 2025; Zhang et al., 2024). To evaluate the feasibility of the method developed in this study for engineering novel nucleases, we cloned the rice codons optimized ISAam1 gene into the 35S:Ruby vector and constructed nine target-specific editing constructs for the GmBADH1, GmSweet15, GmFAD2-1A, and GmCCD4 genes. These constructs were then introduced into soybean hairy roots for further analysis (Figure 4A). The results indicated that, among the nine selected targets, only one target (ISAam1-T2) exhibited somatic genome editing, with an average editing efficiency of just 0.29% (Figures 4B, C). These findings suggest that there is still considerable room for improvement before these nucleases can be effectively applied in soybean.
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Figure 4 | Engineering ISAam1 for efficient genome editing in plants. (A) Schematic representation of the RUBY-ISAaml vector for the co-expression of Ruby, ISAam 1, and ReRNA. (B) Genome editing efficiency of the ISAaml targeting ten loci in transgenic hairy roots. Each point represents a biological replicate from an independent experiment (n > 3). (C) Mutations type of ISAam1-mediated genome editing in soybean hair roots. The TAM sequences and spacers are highlighted in red and blue, respectively. Dashes represent deletions. (D) Domain organization of ISAam1. REC, recognition domain; WED, wedge; RuvC, RuvC endonuclease domain; TNB, target nucleic acid-binding; CTD, C-terminal domain. (E) Identification of sites that enhance genome editing efficiency of ISAam. The protein structures of ISDra2 (gray) and ISAaml (cyan) are shown, with red highlights indicating the sites in ISDra2 that improve genome editing efficiency and their corresponding sites in ISAam1. (F) Editing efficiency of ISAam variants. Each point represents the genome editing efficiency of an independent transgenic hairy root (n > 3). Data were analyzed using one-way ANOVA. Statistical significance is denoted as follows: ns, P > 0.05; *, P < 0.05; Data are presented as mean values ± SD.

Recent studies have demonstrated that engineered optimization of ISDra2 TnpB can substantially enhance its genome editing activity in both animal and plant systems. Moreover, the amino acid residues associated with improved editing efficiency have been found to be highly conserved across various TnpB homologs (Thornton et al., 2025). Guided by protein sequence alignment and structural predictions generated by AlphaFold2, we found that, ISAam1 TnpB and ISDra2 TnpB exhibit a high degree of structural similarity, with a root mean square deviation (RMSD) values of 1.68. Based on these findings, we identified four potentially critical sites in ISAam1 that may influence genome editing efficiency (Figures 4D, E). Based on these insights, we rationally engineered ten variants (N3F, N3Y, L167C, L167G, L167S, M274I, M274V, T296F, T296R, and a combined variant ISAam1-V1 [N3Y/L167G/M274I/T296R]). Genome editing constructs targeting the ISAam1-T2 locus were generated for each variant. Using the rapid hairy root transformation system developed in this study, we screened transgenic hairy roots and performed NGS of the target site. The results revealed that variants N3Y and T296R significantly enhanced somatic genome editing efficiency, achieving 1.47% (5.1-fold increase) and 1.28% (4.4-fold increase), respectively. However, the combination of these two mutations in ISAam1-V2 led to a reduction in somatic editing efficiency in ISAam1-T2, rather than a further enhancement (Figure 4F).






Discussion

The assessment of genome editing efficiency, particularly in the context of applying and engineering novel editing systems in plants, often necessitates the construction of numerous expression vectors for validation. Consequently, the development of a streamlined, efficient, and robust method for such evaluations is critically important. In comparison to the transient protoplast transformation method, Agrobacterium rhizogenes-mediated transformation presents clear advantages. This approach eliminates the requirement for large-scale purification of high-copy plasmid DNA and avoids the technically demanding process of protoplast isolation. It is operationally streamlined and, more importantly, achieves a high transformation efficiency. Notably, the genome editing efficiency achieved with this system was comparable to that observed in stable transgenic. For the constructs targeting the GmPDS1 and GmPDS2 genes, all nine tested independent transgenic hairy roots exhibited detectable genome editing activity, while eight out of ten stable transgenic soybean lines harboring the same construct also displayed editing activity. Previously, Cao et al. (2023) developed a highly efficient and simple cut-dip-budding (CDB) system, which involves the inoculation of explants with Agrobacterium rhizogenes to induce the formation of transgenic roots. Transgenic plants are subsequently generated through adventitious rooting. This method successfully facilitated genetic transformation and genome editing in several plant species (Cao et al., 2023; Gu et al., 2025; Lu et al., 2024; Sun et al., 2025). However, for these plants, the process from infection to the generation of transgenic hairy roots still requires a relatively long period. Additionally, their genomic information remains relatively underexplored, making them less suitable for rapid evaluation of genome editing systems. In this study, we focused on soybean as a model organism with well-defined genomic information and developed a rapid method for generating stable transgenic roots. This method not only eliminates the need for sterile procedures, but also allows for the direct visual identification of transgenic hairy roots. More importantly, it enables the generation of transgenic hairy roots within two weeks. Undoubtedly, this approach will significantly accelerate the development and application of plant genome editing systems.

ISAam1 is distinguished by its recognition of a specific target adjacent motif (TAM), TTTAA, which sets it apart from other TnpB orthologs, such as ISDra2, ISYmu1, and ISDge10. These orthologs recognize the motifs TTGAT, TTGAT, and TTAT, respectively. In addition to its unique TAM specificity, ISAam1TnpB is characterized by a notably compact structure, comprising only 369 amino acids. In contrast, ISDra2, ISYmu1, and ISDge10-TnpB contain 408, 381, and 391 amino acids, respectively (Xiang et al., 2024; Zhang et al., 2024). Due to its compact size, ISAam1 holds great potential for broader applications, particularly in virus-mediated genome editing (Hu et al., 2025; Liu and Zhang, 2020; Tuncel et al., 2025). In this study, we demonstrated that ISAam1 possesses somatic genome editing activity in soybean. Furthermore, structural prediction using AlphaFold2 enabled the identification of putative residues that may enhance its somatic editing activity. By employing the evaluation system established in this study, we efficiently identified two ISAam1 variants with significantly improved somatic genome editing efficiency, which not only demonstrates the applicability of this system but also provides a solid foundation for its further use in plant genome engineering. However, it is important to transparently acknowledge the current limitations and challenges associated with applying the ISAam1 TnpB system, even with the optimized variants, particularly in the context of generating heritably edited plants. To address the current limitation of mutation frequency, rational protein engineering guided by structural insights may be pursued to further enhance the editing efficiency of ISAam1 TnpB. Future work will therefore focus on systematic site-directed mutagenesis or directed evolution targeting these predicted functional domains, such as the catalytic RuvC-like nuclease domain, the TAM recognition interface, and regions involved in guide RNA binding or conformational changes. It is anticipated that such comprehensive engineering approaches will significantly enhance the genome editing efficiency of ISAam1 TnpB in plants.





Methods




Vector construction

The vectors used in this study were constructed based on the backbone of 35S:Ruby (Addgene#160908) from Yubing He’s lab. The DNA sequences for the ISAam1 TnpB gene were optimized for rice codons and synthesized by Sangon Biotech (Shanghai, China). Different variants of the ISAam1 gene were generated through overlapping PCR to introduce specific mutations. For testing editing activity in soybean hairy roots, target sites were selected based on the reference sequence of the relevant gene and the requirements of the TAM sequence. Once a target site was selected, forward and reverse oligonucleotides were designed and synthesized. These oligonucleotides were then used to generate the reRNA scaffold via overlapping PCR. The reRNAs and ISAam1 gene were driven by AtU6 and CaMV35S promoter, respectively. All DNA fragments were assembled into the linearized 35S:Ruby backbone using Seamless Cloning (TransGen Biotech). The full-length sequences and maps of RUBY-SpCas9 and RUBY-ISAam1 are provided in the Supporting Information.





Hairy roots transformation

The constructed plasmids were introduced into various Agrobacterium rhizogenes competent cells using the calcium chloride (CaCl2)-mediated transformation method. Single colonies were selected, cultured in liquid medium with shaking, and subsequently aliquoted into 2.0 mL centrifuge tubes for storage and further use. Agrobacterium rhizogenes used for plant infection were prepared using the following methods: (1) A tube of Agrobacterium rhizogenes glycerol stock was spread onto LB solid medium containing the appropriate antibiotics (LBS); (2) A 20μL aliquot of glycerol stock was inoculated into 5mL of LB liquid medium and incubated overnight at 28°C with shaking. The resulting culture was either used directly for plant infection (LBL) or centrifuged and resuspended in 1/4 MS liquid medium supplemented with 100μM acetosyringone (1/4 MS + AS). All preparations for infection were conducted one day prior to plant inoculation to ensure optimal bacterial activity and infection efficiency. Competent cells of Agrobacterium rhizogenes strains K599, Ar1193, Arqual, and C58C1, along with associated chemicals, were commercially procured from Coolaber Co., Ltd. (Beijing, China).

Soybean transgenic hairy roots were generated using a modified version of a previously reported protocol (Fan et al., 2020). Briefly, healthy seedlings at 5–7 days post-germination, with fully expanded true leaves, were selected for transformation. The primary root was removed using sterile scissors, leaving a 0.7–1 cm segment of the hypocotyl intact. The wounded surface was either scraped onto LB solid medium containing K599 Agrobacterium rhizogenes (LBS), directly planted into vermiculite and watered with K599 liquid medium (LBL), or watered with resuspended Agrobacterium rhizogenes in 1/4 Murashige and Skoog liquid medium (1/4 MS), or watered with 1/4 MS supplemented with 100 μmol of Acetosyringone (1/4 MS + AS), or subjected to a combination of these methods (LBS+LBL; LBS+1/4MS; LBS+1/4MS+AS). The inoculated plants were subsequently maintained under high-humidity conditions to promote root induction. Emergence of hairy roots was typically observed within two weeks post-inoculation.

The generation of transgenic hairy roots in black soybean, mung bean, adzuki bean, and peanut was conducted following protocols established for soybean, with appropriate modifications for each species. For black soybean, mung bean, and adzuki bean, seeds were germinated for approximately 7–10 days until the seedlings developed fully expanded true leaves. Seedlings with well-developed leaves were selected for transformation. The primary root was removed using sterile scissors, leaving a 0.5–0.8 cm segment of the hypocotyl intact. The wound site was thoroughly coated with Agrobacterium rhizogenes strain K599 harboring the 35S:Ruby vector, and the seedlings were directly inserted into moist vermiculite. Following cultivation under these conditions for two weeks, transgenic hairy roots could be visually identified. For peanut, seeds were sown and grown for approximately 20 days to obtain robust seedlings. The aerial part of the seedling was excised and the cut surface was coated with Agrobacterium rhizogenes K599 harboring 35S:Ruby vector. The treated shoots were then inserted into moist vermiculite. Transgenic hairy roots typically emerged after approximately one month. Throughout this period, vermiculite moisture was consistently maintained to ensure successful root induction.





Agrobacterium tumefaciens-mediated stable transformation of soybean

To construct vectors targeting the GmPDS1 and GmPDS2 genes, the RUBY reporter gene in the RUBY-SpCas9 vector was replaced with the bar gene to enable selection of transgenic positive plants. The resulting constructs were introduced into Agrobacterium tumefaciens strain EHA105 and subsequently transformed into Williams 82, following previously established protocols (Li et al., 2017a).





Mutagenesis analysis

Mutation frequencies in soybean hairy roots were determined via amplicon-based deep sequencing, as described previously with slight modifications (Sun et al., 2024). Genomic DNA was extracted and used as a template for PCR amplification. The resulting amplicons were submitted to the Hi-TOM platform at the State Key Laboratory of Rice Biology and Breeding, China National Rice Research Institute, Chinese Academy of Agricultural Sciences (Hangzhou, China), for sequencing. A minimum of 5,000 reads per sample were obtained for mutation efficiency determination. The mutation frequency was calculated as the percentage of reads harboring insertions or deletions (indels) within the target site sequence and its flanking 20-bp regions on both sides. Mutation frequencies were calculated using data exported from the Hi-TOM platform and analyzed in Microsoft Excel.

Statistical analyses were conducted using GraphPad Prism version 8.0, and graphical outputs were refined and assembled using Adobe Photoshop and Adobe Illustrator.





Protein structures alignments and analyzing

The ISAam1 and ISDra2 protein structures were predicted using Alphafold v2.2.0. Protein structure visualizations and diagrams were generated using PyMOL (DeLano, 2002).
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Brassica species, which include economically important Brassica crops grown around the globe, are important as popular vegetables, forage, and oilseed crops, supplying food for humans and animals. Despite their importance, these crops face increasing challenges from biotic and abiotic stresses, exacerbated by climate change and the evolving threat of crop pathogens. Enhancing crop resilience against these stresses has become a key priority to ensure stable crop production. Recent advancements in genomic studies on Brassica crops and their pathogens have facilitated the deployment of CRISPR/Cas systems in breeding major Brassica crops. This review highlights recent progress in CRISPR/Cas-based gene editing technologies to improve resistance to pathogens and enhance tolerance to drought, salinity, and extreme temperatures. It also summarises the molecular mechanisms underlying crop responses to these stresses. Furthermore, the review discusses the workflow for employing the CRISPR/Cas system to boost stress tolerance and resistance, outlines the associated challenges, and explores prospects based on gene editing research in Brassica species.
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1 Introduction

The Brassica genus in the Brassicaceae family comprises around 159 species, many of which are of economic importance, providing seed oil, condiments, and vegetables (Bhattacharya, 2019; Borges et al., 2023). Brassica vegetables are cultivated and consumed worldwide, involving different cultivars of cabbage, cauliflower, broccoli, brussels sprouts (Brassica oleracea var. gemmifera), and kale (Podsędek, 2007). Meanwhile, B. napus (canola) is one of the most important oilseed crops planted globally and is the leading crop amongst other Brassica oilseed crops such as winter turnip rape (B. rapa subsp. oleifera), swede (B. napus spp. napobrassica), Indian mustard (B. juncea), Ethiopian mustard (B. carinata) and black mustard (B. nigra) cultivated in selected regions of the world (Kirkegaard et al., 2021). The genomic relationships of these Brassica species described by U, N, (1935) comprises three diploid and three allopolyploid species, including B. oleracea (CC, 2n = 18), B. rapa (AA genome, 2n = 20), B. nigra (BB, 2n = 16), B. carinata (BBCC, 2n = 34), B. juncea (AABB, 2n = 36), and B. napus (AACC, 2n = 38).

Both oilseed and vegetable Brassica species play important roles in global food security, with a steady increase in their production since 2000 (FAOSTAT, 2023). Brassica vegetables are good sources of vitamins and antioxidants and protect against certain cancers and inflammation (Francisco et al., 2017). According to FAOSTAT (2023), cauliflower and broccoli are among the world’s primary crops, with a total production of approximately 26 million tonnes (MT) in 2022. Based on the average production of cauliflower and broccoli during the 1994–2022 period, China was the leading producer with around 7.5 MT, followed by India (6.3 MT), the US (1.1 MT), Spain (0.5 MT) and Italy (0.4 MT). China is the leading cabbage producer, with 29.9 MT, followed by India (7.0 MT) and Russia (2.9 MT) (FAOSTAT, 2023). Brassica vegetable production plays an important economic and social role in developing countries, such as African countries. In Kenya, cabbage is cultivated on small to medium-scale farms and is an important crop for tackling nutrition poverty due to its highly nutritious components (Daniel et al., 2023). Brassica oil crops, such as B. napus and B. juncea, provide canola oil for multiple industries, such as food, feed, fertiliser, and biodiesel. Canola oil is the third most consumed oil after soybean and palm oil (Adwiyah et al., 2023; USDA, 2023). Recently, Brassica carinata has been cultivated as a rotated crop for biofuel production (Basili and Rossi, 2018). Demand for vegetable and oilseed Brassica species is forecast to increase in the next decade due to the increasing global population. Besides, recent changes in renewable energy policies in some countries have led to the expansion of the biofuel market (OECD-FAO, 2023) and allowed the use of canola oil in biofuel production, boosting canola oil demand. However, global Brassica crop production faces challenges, such as limitations in arable land and consequences of climate change, such as the emergence of more virulent plant pathogens and more intensive abiotic stresses. Diseases caused by microbial pathogens can cause up to 90% of yield losses in Brassica species (Greer et al., 2021), while heat stress and UV-B radiation cause significant yield reduction (Secchi et al., 2023; Sehgal et al., 2022).

Breeding for disease resistance and abiotic stress tolerance in Brassica crops has been dramatically improved with advancements in genomics (Boivin et al., 2004; Das et al., 2024) and genome editing tools (Bao et al., 2019; Chen et al., 2019; Bhadauria et al., 2024). Nonetheless, the adverse consequences of climate change continue to challenge Brassica crop yield and have been linked to the emergence of novel strains of plant microbial pathogens that overcome current resistance in cultivated crops (Borges et al., 2023; Guerret et al., 2017; Van de Wouw et al., 2014). Fortunately, recent advancements in functional genomics of Brassica crops have revealed complex genetic networks and molecular mechanisms underlying their response to abiotic and biotic stressors, from which key genes and genomic factors controlling the response have been identified, allowing for the intervention of novel gene editing technologies (Wu et al., 2020; Varanda et al., 2021; Tan et al., 2024; Wang et al., 2024). Since 2012, the clustered regularly interspaced short palindromic repeats/CRISPR-associated protein (CRISPR/Cas) systems modified from the bacterial adaptive immune system of bacteria and archaea (Jinek et al., 2012) have been the most widely used genome editing tool worldwide (Talakayala et al., 2022; Wada et al., 2022). Compared to genome editing nucleases, such as zinc-finger nucleases (ZFNs) (Carroll, 2008; Cathomen and Keith, 2008) and transcription activation-like (TAL) effector nucleases (TALENs) (Christian et al., 2012; Li and Yang, 2013), RNA-directed CRISPR-Cas systems are more popular due to their versatility, simplicity, and feasibility (Li et al., 2025; Guo et al., 2023; Nerkar et al., 2022). Briefly, a typical CRISPR/Cas system for genome editing involves two main components a single Cas effector protein with one or two nuclease domain(s) and one or multiple CRISPR RNA (crRNA) sequences, with an additional trans-activating CRISPR RNA (tracrRNA) in case of the Cas9 systems (Charpentier et al., 2015; Jiang and Doudna, 2017). Each crRNA contains a spacer (30–40 bp) at the 5’ end, complementary to a sequence of a foreign DNA source, and a CRISPR repeat (25–35 bp) at the 3’ end (Jiang and Doudna, 2017). For the Cas9 and most Cas12 systems, the base pairing of the repeat sequence of crRNA with tracrRNA forms guide RNA (gRNA). The gRNA directs the Cas protein to a complementary DNA site (~20 nucleotides), or DNA targets flanked by specific protospacer adjacent motifs (PAMs) (Asmamaw and Zawdie, 2021). For the Cas9 and Cas12 systems, Cas protein in complex with gRNA cleaves the double-stranded DNA (dsDNA) target and generates a double-stranded break (DSB). Modifications (e.g. indels, base editing) are introduced at DSBs through natural cellular DNA repair pathways called non-homologous end joining (NHEJ), where the ends of cleaved DNA are re-joined, and homologous recombination (HR), where the DNA gaps are synthesised based on the homologous template (Cathomen and Keith, 2008; Li and Heyer, 2008). Therefore, Cas9 and Cas12 systems are powerful tools for plant functional genomics and improving crop traits (Nerkar et al., 2022; Hussain et al., 2018). In the RNA targeting systems, such as CRISPR/Cas13a-d, Cas13 protein is directed to its target mainly by gRNA and is less dependent on PAMs for target recognition, of which the Cas13c and Cas13d system has no PAM preference (Mahas et al., 2019; Cox et al., 2017). The single-stranded RNA target is cleaved upon being bound by the CRISPR/Cas13 (Cox et al., 2017). Hence, the CRISPR/Cas13 has been quickly adopted for targeting RNA viruses to improve plant resistance to viruses and diagnose viral diseases (Hagit et al., 2024; Zhan et al., 2023; Shihong Gao et al., 2021).

Over the past two decades, CRISPR/Cas-based precise genome modification has rapidly evolved in its application in plant crops, including Brassica species (Li et al., 2024). Benefiting from the Brassica omics findings, the CRISPR/Cas tools further characterise functions of candidate genes and key genetic elements regulating plant resilience traits (Amas et al., 2023; Zhang et al., 2023), enable precise mutation induction in the Brassica genomes that conferring resistance/tolerance to biotic and abiotic stress. This review highlights the recent progress in deploying CRISPR/Cas tools in Brassica crops, focusing on resistance to microbial pathogens and tolerance to major abiotic stresses, such as heat, drought, and salinity which reveal potential genes controlling these processes were summarised in Table 1. The workflow for utilising the endonuclease system is also discussed.


Table 1 | CRISPR/Cas application for addressing biotic and abiotic stresses in Brassica.
	Stressors
	Targeted gene
	Targeted genome
	Cas enzyme/type of modification
	Improved phenotypes
	References



	S. sclerotiorum resistance
	BnaA03.MKK5, BnaA06.MPK3/BnaCO3.MPK3,
	B. napus
	Cas9/overexpression
	Enhanced hypersensitive response cell death
	Zhang et al., 2021


	BnaA03.WRKY28/BnaA09.VQ12
	B. napus
	Cas9/knock-out
	Enhanced hypersensitive response cell death
	Zhang et al., 2022


	S. clerotiorum and Botrytis cinera resistance
	Receptor like kinase (BnaA05.RLK-902)
	B. napus
	 
	Enhanced resistance to the two pathogens.
	Zhao et al., 2024


	P. brassicae resistance
	Bna-APS4 (a sulphate adenyl-transferase gene)
	B. rapa
	Cas9/knock-out
	Enhanced resistance to clubroot disease
	Zhou et al., 2024



	Fusarium wilt and Xanthomonas black rot resistance
	BoBPM6 and BoDMR6 genes
	B. oleracea
	Cas9/knock-out
	Improved clubroot and black rot resistance
	Zhang et al., 2025a


	Black rot resistance
	BoSWEET15b
	B. oleracea var. captitata L.
	Cas9/base editing
	Improved black rot resistance
	Kaur et al., 2023a


	TuMV resistance
	eIF(iso)4E genes (Bra035531, Bra039484, and Bra035393)
	B. rapa
	Cas9/indel
	Improve resistance to TuMV
	Lee et al., 2023a


	 
	eIF(iso)4E.c
	B. rapa
	Cas9/frameshift
	Increased jasmonic acid content and TuMV resistance
	Liu et al., 2024


	CMV
	CMV ss-RNA genome
	A. thaliana
	FnCas9/viral RNA silencing
	CMV resistance
	Zhang et al., 2019


	TRV
	TRV genome
	A. thaliana
	LshCas13a /viral RNA cleaving
	TRV resistance
	Aman et al., 2018a


	Abiotic stress
	OPEN STOMATA 2 (OST2)
	A. thaliana
	Cas9/frameshift
	Increased stomatal response
	Osakabe et al., 2016


	Drought
	vacuolar H+ pyrophosphate (AVP1) regulatory gene
	A. thaliana
	Cas9/upregulation
	Improved drought stress tolerance
	Park et al., 2017b


	 
	abscisic acid-responsive element binding (AREB1)
	A. thaliana
	dCas9/histone acetylation
	Enhanced drought stress response
	Roca Paixão et al., 2019


	Drought
	trehalase 1 (TRE1)
	A. thaliana
	Cas9/indel
	Increased trehalose accumulation and cell viaability
	Nuñez-Muñoz et al., 2021


	Drought
	BnaA6.RGA
	B. napus
	Cas9/frameshift
	Improved drought tolerance
	Wu et al., 2020


	ER stress
	elongated hypocotyl 5 (HY5)
		B. rapa




	Cas9/indel
	Improved drought tolerance
	Lee et al., 2023b


	Drought
	B. napus nuclear factor YA7 (BnaA9.NF-YA7)
		B. napus




	Cas9/knockout
	Increased drought tolerance, reduced stomatal conductance and transpiration rate.
	Wang et al., 2024


	Drought and high salt
	ABA-induced transcription repressor (AITR) family genes
	A. thaliana
	Cas9/knockout
	enhanced drought and salinity tolerance
	Wang et al., 2015; Chen et al., 2021


	Toxic metal
	BnaNRAMP1
		B. napus




	Cas9/knockout
	Reduced Cd accumulation
	Zhang et al., 2025b


	Toxic metal
	BnCUP1
		B.napus




	Cas9/knockout
	Reduced Cd accumulation
	Yao et al., 2022










2 Improvement of biotic stress tolerance in Brassica

To cope with pathogen infection, plants have developed two layers of immune systems. The first layer, pathogen-associated molecular patterns (PAMPs) triggered immunity (PTI), is activated by surface-localised pattern recognition receptors (PRRs) upon recognising (PAMPs), microbe/damage-associated molecular patterns (MAMPs and DAMPs) (Iqbal et al., 2021; Ngou et al., 2022). The second layer is effector-triggered immunity (ETI), which is induced by recognition of pathogen-secreted effector proteins by plant resistance proteins. The resistance proteins are usually receptors consisting of nucleotide-binding leucine rich repeat (NLR) domains (Dalio et al., 2021). Most identified resistance genes mentioned below are NLRs.



2.1 Alternatives for enhancing resistance to fungal diseases

The fungal pathogens Alternaria spp., Fusarium oxysporum, Leptosphaeria maculans, and Sclerotinia sclerotiorum are the primary pathogens affecting Brassica crop yield worldwide (Zheng et al., 2020a). To overcome plant host PTI, fungi produce specialised virulence factors called effector proteins that interact with plant host resistance proteins encoded by (R) genes, activating ETI (Tsuda and Katagiri, 2010; Spoel and Dong, 2012);. Resistance (R) genes are the key components of the plant immune response involved in pathogen recognition and the activation of the defence response (Chisholm et al., 2006).

As an efficient system to generate mutants, CRISPR/Cas9 has contributed to recent developments in the knowledge of plant-fungal pathogen interactions, unveiling the intricate dynamics of these processes. This ribonucleoprotein (RNP) complex has been utilised to eludcidate plant response mechanisms to to identify and confirm the functions of major host and fungal factors involved in the interactions. Chitin, a major component of fungal cell walls, functions as a PAMP in plants and animals (Liu et al., 2020). Host plants counteract fungal invasions by degrading these molecules with chitinases (Punja and Zhang, 1993; Zhu et al., 2021). To counteract, fungal pathogens secrete chitin-binding proteins to protect their hyphae from hydrolysis and avoid activating escalated defence responses (Cunnac et al., 2009). Cas9-mediated knockout mutants of a L. maculans gene (LmCBP1) encoding chitin-binding protein resulting in two mutants with reduced pathogenicity in B. napus (Liu et al., 2020). Similarly, the RNP complex has been used to confirm the roles of glucosinolate biosynthetic genes of B. oleracea, like ST5b-Bol026202 and MYB34-Bol017062 in resistance to Mycosphaerella brassicicola (Abuyusuf et al., 2018) and modify effector genes (OBR08294 and OBR06881) in Colletotrichum higginsianum, a hemibiotrophic fungal pathogen responsible for anthracnose disease in Brassicas, to identify the potential effectors involved in the pathogenicity of the disease (Bhadauria et al., 2024).

Towards improving fungal resistance in Brassica crops, plant host factors, such as Calmodulin-binding transcription activators (CAMTAs), BnWRKY transcription factors in B. napus and PRRs also play important roles in various plant biological processes including biotic stress tolerance and disease resistance (Finkler et al., 2007; Jose et al., 2020; Noman et al., 2021; Chen et al., 2021). Several CAMTA genes have been identified in B. napus, from which BnCAMTA3, also found in B. oleracea, may play a significant role in resistance against Sclerotinia stem rot infection (Rahman et al., 2016). This assumption is based on observations on S. sclerotiorum resistance of Arabidopsis plants with the CAMTA3 mutation (Atcamta1-6), where the camta3 plants were more resistant to S. sclerotiorum compared to wild-type and the other camta mutant plants (Rahman et al., 2016).

Based on the understanding of plant defense mechanisms and available Brassica genomic data, many candidate resistance genes have been identified. CRISPR/Cas9 have been used to introduce mutations to these genes to confirm their functions. In some cases, modifying genes that negatively control host resistance result in mutants with improved resistance to fungal pathogens. The WRKY family is one of the largest plant transcription factor gene families, of which several members are involved in regulating the defence response (Chen et al., 2021). In B. napus, BnWRKY28 and BnWRKY33 have antagonistic roles in the response of B. napus to S. sclerotiorum invasion (Zhang et al., 2022), in which BnWRKY28 on chromosome A03 (BnaA03.WRKY28) functions negatively in resistance to S. sclerotiorum in B. napus. The CRISPR/Cas9 system was used to mutate six sites in the target gene, resulting in the BnaA03.WRKY28 knockout mutant lines with enhanced resistance to S. sclerotiorum, the organism responsible for stem canker (Zhang et al., 2022). By similar approach, improved resistance to Sclerotinia was also reported in transgenic B. napus plants containing BnaWRKY70 mutants (Sun et al., 2018).

Plant host factors have different effects on fungal infection. During fungal infection, a lysin motif-containing PRR, chitin elicitor receptor kinase 1 (CERK1), perceives and binds to chito-oligosaccharides (COs) elicitors, which activates the downstream signalling cascade and, hence, mounts immune responses (Liu et al., 2012; Yang et al., 2022).While most RLKs have been reported to have positive roles in empowering plant resistance during fungal infection (Soltabayeva et al., 2022), a few RLKs were reported with adverse effects. A receptor-like protein kinase 902 (RLK-902) in B. napus has been suggested to assist S. sclerotiorum and Botrytis cinerea pathogenicity (Zhao et al., 2024). The function of RLK-902 in disease progression was confirmed in CRISPR/Cas9-based RLK-902 knockout mutants in B. napus through pathogenicity tests with S. sclerotiorum and B. cinerea. The RLK902 knockout lines significantly improved disease resistance without compromising plant growth and development (Zhao et al., 2024; Ye et al., 2024). Overexpression of lysine motif RLK 4 in Sinapis alba, an inactive kinase from B. juncea, significantly induced resistance to Alternaria brassicicola compared with susceptible B. juncea in the same conditions (De et al., 2021).

Incorporating CRISPR-Cas9 technology into Brassica breeding programs offers tremendous possibilities for creating resilient crop varieties. In contrast to traditional breeding techniques, which can be time-consuming and less accurate, CRISPR gene editing enables specific genetic alterations conferring the expected resistance in T0 generationand significantly reduce the time for developing germplasm of resistant cultivars.




2.2 Bacteria/protists

Diseases induced by bacteria and protists are among the many challenges facing the sustainable cultivation of Brassica crops globally. Although there are fewer examples of bacterial and protist diseases of Brassica crops than those caused by fungi, they still require careful management to prevent significant yield losses. Clubroot, caused by the biotrophic obligate parasite protist Plasmodiophora brassicae (Javed et al., 2023), is a widespread disease of canola and vegetable Brassicas, which is particularly devastating to the Canadian canola industry (Zheng et al., 2020b) with yield loss in canola ranging from 60% to 90% (Pageau et al., 2006). It has emerged as one of the biggest threats to canola production, and its management alone has forced significant resource investment (Botero-Ramirez et al., 2022). The bacterial pathogen Xanthomonas campetris pv. campestris (Xcc) causes black rot, a major disease primarily affecting vegetable Brassicas, such as B. oleracea var capitata (Vicente and Holub, 2013; Sun et al., 2021). In addition, several species of bacteria belonging to the genera Erwinia, Pseudomonas and Pectobacterium result in bacterial leaf spot and soft rot in various Brassica species (Ren et al., 2001; Takikawa and Takahashi, 2014; Klair et al., 2021). Coordinating with recent advance in genomics, CRISPR/Cas tools have accelerated the identification, validation and utilization of clubroot and black rot resistance genes.

Deploying genetically resistant cultivars has been one of the primary management strategies to control clubroot (Hwang et al., 2014). This is because there is currently no way to eradicate the pathogen from infested soil, and soil amendments only provide limited disease control (Hasan et al., 2021). Therefore, there have been significant efforts to identify sources of natural resistance and the genes underlying clubroot resistance (see Hasan et al., 2021 for a comprehensive review of clubroot resistance genes). used a CRISPR/Cas9-based vector system to introduce the clubroot R gene Rcr1 into the susceptible B. napus line DH12075. The modified plants in T2 generation were selection marker-free and showed stable resistance to clubroot. Beside Rcr1, two resistant genes from B. rapa, CRa and Crr1, encoding Toll-Interleukin1 receptor/nucleotide-binding site/leucine-rich-repeat (TIR-NBS-LRR; TNL) have been isolated (Yu et al., 2016). By transcriptomic analysis and comparative analysis of cell wall components in clubroot resistant B.napus, and Tu et al. (2024) suggested that Rcr1 and Crr1rutb in canola mediated the induction of lignin accumulations and possibly interact with genes involved in the phenylpropanoid pathway. Over 10 resistance genes and over 20 QTLs were identified within Brassica species, especially in B. rapa (Yu et al., 2016). Hu’s study (Hu et al, 2024) demonstrates an efficient Cas9-based platform to quickly introduce a clubroot resistant line by integrating the resistance gene into a susceptible plant and a Cas9-assisted breeding framework that help avoiding rounds of back crossing, with the resistant line achievable in just two generations.

Another recent study examining clubroot resistance identified a microRNA-target pair that was thought to regulate clubroot resistance in the B. rapa cultivar ECD04 (Zhou et al., 2024). The authors generated a CRISPR/Cas9 construct by cloning their sgRNA into the pYLCRISPR/Cas9 expression vector and used it to disrupt Bna-APS4, a sulphate adenylyl-transferase gene that is targeted by miR395a. Loss-of-function mutants displayed increased resistance toward clubroot, implicating Bna-APS4 as a negative regulator of clubroot resistance (Zhou et al., 2024). These studies demonstrate multiple applications of CRISPR/Cas9 to investigate resistance mechanisms toward clubroot in Brassica species. Their findings deepen the understanding of resistance mechanisms and can support the accelerated identification of novel clubroot receptors or genes that mediate clubroot resistance.

Cas9 from Streptococcus canis (ScCas9) was successfully employed to introduce broad-spectrum resistance against Fusarium wilt, black rot and clubroot in B. oleracea by knocking out the BoBPM6 and BoDMR6 genes (Zhang et al., 2025a). The BPM6 gene, BTB/POZ (Broad complex, Tramtrack, Bric-a-brac/Pox virus and Zinc finger)-MATH 6 (BPM6), was differently expressed and induced by Fusarium wilt and black rot of B. oleracea. Meanwhile, Downy Mildew Resistant 6 (DMR6) has been known as a conserved S gene (Zhang et al. 2025a; Thomazella et al., 2021). Subsequent inoculation experiments with homozygous mutants in T1 generation resulted in decreased disease indexes (DIs), as compared to DIs for wild-type plants, after being challenged with the three pathogens. The bodmr6 mutant presented significant DI changes with black rot and clubroot infection (from 79.3 to 55.1, and from 90.7 to 57.6), while the bobpm6 showed significant DI decrease with Fusarium wilt and clubroot (from 65.4 to 14.5, and from 53.8 to 20.9). These results suggest Cas9-based editing as a powerful in breeding disease resistance in B. oleracea.

Another study by the same authors employed CRISPR/Cas9 to optimise the modification of a potential host susceptibility gene, BoSWEET15b (SWEET15b gene in B. oleracea), in the cabbage cultivar ‘Ohgane’ (Kaur et al., 2023b). In plants, Sugars Will Eventually be Exported Transporter (SWEET) proteins have been known to involve in biological processes (e.g. regulation of pollen development, nectar secretion, seed development, phloem loading, and leaf senescence) and poteintial regulatory roles under biotic and abiotic stress (Song et al., 2022). The Cas9 ribonucleoprotein and sgRNA were transferred via a PEG-mediated delivery system, and a 39% insertion/deletion frequency was achieved in BoSWEET15b (Kaur et al., 2023b). The search for black rot resistance in cabbage is sped up supported by advancement in genomics (Ma et al., 2025). Therefore, the finding by Kaur et al (2023a) laid the foundation for employing CRISPR/Cas9 to both characterise potential black rot resistance genes and breeding black rot resistance in B. oleracea. Although in its infancy, applying CRISPR/Cas technology to enhance resistance to bacterial pathogens in Brassica crops is a promising tool to accelerate future resistance improvements.




2.3 Viruses

Viral diseases can cause up to 84% yield loss in rapeseed (B. napus and B. juncea) (Jones, 2021) and 65% in vegetable Brassicas (Das et al, 2024), which are often caused by turnip mosaic virus (TuMV, family Potyviridae), cucumber mosaic virus (CMV; family Bromoviridae), cauliflower mosaic virus (CaMV, family Caulimoviridae), Turnip yellow virus (TuYV), and Brassica yellow virus (BrYV) (Bruckner et al., 2024; Wu et al., 2024). The last two viruses belong to the genus Polerovirus of the family Luteoviridae (Kidanemariam and Abraham, 2023). In natural conditions, aphids are the most common vector for transmission of the mentioned viruses (Ng and Perry, 2004; Latham et al., 2003), and mixed infections with TuMV, TuYV and CaMV often occur in Brassica crops worldwide (Raybould et al., 1999; Broadbent, 2015; Latham et al., 2003; Z Meena et al., 2021; Bruckner et al., 2024).

While persistently transmitted viruses, such as luteoviruses and poleroviruses, or semi-persistently transmitted viruses, such as TuYV and CaMV, can be managed using chemical treatment (Fereres and Raccah, 2015). Such treatment is ineffective for non-persistent viruses, such as TuMV and CMV (Hooks and Fereres, 2006). Additionally, the widespread of TuMV in Brassica growing areas worldwide, especially in cultivated B. napus and B. rapa, has necessitated the search for TuMV resistance genes and breeding TuMV resistance (Walsh et al., 2023; Palukaitis and Kim, 2021). Virus infection induces layers of plant response, such as PTI, RNA silencing and PAMP-triggered response. Upon TuMV infection, Brassica species response and develop symptom differently depending on viral strains. Most of the naturally identified virus resistance is conferred by R genes. Being transmitted by more than 80 aphid species have made TuMV become a concern for Brassica crops worldwide (Nellist et al., 2022).

As a model for RNA virus study and its economic importance to canola and cabbage crops, many research groups have focus on TuMV genome structure and TuMV resistance. The intensive studies revealed 16 dominant resistant loci or quantitative trait loci (QTLs) associated with TuMV resistance in the A genome of B. rapa, 5 resistance loci in the A or C genome of B. napus, and one in B. juncea (Palukaitis and Kim, 2021). Among the mapped resistance loci, the dominant and recessive resistance genes, ConTR01 and retr01 shared the same loci with the eukaryotic initiation factor 4E (eIF4E) and eIF(Iso)4E, respectively (Rusholme et al., 2007). This effort has been facilitated by advancements in sequencing and gene editing technologies, and Brassica genomic data, which deepens the understanding of molecular interactions between virus and plant host factors during the viral infection. In TuMV, viral genome-linked protein (VPg) functions like 5’-cap binding to eukaryotic translation initiation factors (eIF) and initiates viral protein translation (Okade et al., 2009; Leoonard et al., 2000);. Mutations in the binding sites of viral VPg or plant host eIF affect virus infectivity (Leoonard et al., 2000; Zhang R. et al., 2022; Lee et al., 2023b). Resistance to potyviruses, including TuMV, conferred by natural and artificial mutated eIF4E and eIF(iso)4E in different plant species, including A. thaliana and B. rapa, was thoroughly reviewed by Sanfaçon (2015). Therefore, currently, there are two approaches to utilise CRISPR/Cas tool for introducing virus resistance trait in plant host, either modifying plant genome to interfere virus multiplication and movement or directly cleaving genome of the infecting virus. The Cas9 systems are often selected for the first approach, while Cas13 systems are used for the later approach (Nie et al., 2024; Ton, 2024; Robertson et al., 2022; Mahas et al., 2019).

With climate change happening, general virus control measures become less effective, of which the most reliable ones are host resistance genes and control of insect vectors (Jose et al., 2020). Additionally, RNA viruses are prone to mutations that lead to the rise of novel strains (McDonald and Lindie, 2002). New TuMV strains overcoming known resistances in B. napus was reported in Australia and Korea (Song et al., 2022; Guerret et al., 2017). These facts necessitate the CRISPR/Cas tool deployment in the arms race between viruses and Brassica crops.

Induced sequence-specific point mutations at eIF(iso)4E locus in A. thaliana showed complete resistance to the GFP-tagged infectious TuMV clone pCB-TuMV-GFP with no TuMV detection by viral GFP imaging and quantitative RT-PCR. At the same time, TuMV-GFP systemic infection was visible in wild-type Arabidopsis plants (Pyott et al., 2016). There was no difference in plant growth between the mutants and the wild-type in this study, implying no compensations for growth in the eIF(iso)4E mutant line. Following this approach, Lee et al (2023b) utilised CRISPR/Cas9 vector targeting the eIF(iso)4E genes (Bra035531, Bra039484, and Bra035393) of B. rapa. The eIF(iso)4E-T1 edited plants were successfully generated and exhibited resistance to TuMV under the experimental conditions. Both studies showed no phenotypic differences between the mutant lines and the wild-type plants of Arabidopsis and B. rapa. However, single-gene resistance is not durable and overcome easily by novel virus strains (Palukaitis and Kim, 2021). Fortunately, the advancement of Brassica genomic data has supported the search for new candidate resistance genes. Shopan et al (2020) revealed that new eIF subgroups, eIF2β, eIF2α, eIF2Bβ, eEF1A, and poly(A)-binding proteins (PABPs) could be the targets for antiviral strategies in B. juncea. Meanwhile, defect/mutated eIF2Bβ, eIF4E, eIF(iso)4E, eIF4G, and eIF(iso)4G have been found to confer recessive resistance to plant viral infections (Shopan et al., 2017, Shopan et al., 2020).

In addition to modifying the plant genome, virus resistance can be achieved by using RNA-targeting CRISPR/Cas systems to target and cleave viral genomes in infected plant hosts. A reprogrammed Cas9 protein from Francisella novicida (FnCas9) inhibited CMV in Arabidopsis, conferring virus resistance (Zhang et al., 2018a). The functionality of CRISPR-Cas13 systems in plant cells encouraged the use of this tool in tackling RNA plant viruses. Aman et al. (2018a) investigated the ability of the Cas13a effector from Leptotrichia shahii (LshCas13a) to target TuMV in vitro and planta on tobacco plants (N. benthamiana). This study used a fusion clone of TuMV-GFP to visualise the virus movement in the plants expressing crRNA-LshCas13a. Four crRNAs targeting TuMV-GFP at the sites encoding for HC-pro, CP, GFP1 and GFP2 were cloned as uniplexes or a multiplex of 3 crRNAs (HC-pro, GFP1 and GFP2) into tobacco rattle virus (TRV) vectors. Transient expression assays with Nicotiana benthamiana leaves agro-infiltrated with a mixture of A. tumacien strain GV3010 containing TuMV-GFP, LshCas13a vector, and TRV-crRNAs showed an apparent reduction in GFP intensity at seven days post-inoculation compared with the control treatments with neither LshCas13a expression nor the TRV-crRNAs. In pCas13a-overexpressed tobacco plants, leaf agro-infiltration with TuMV-GFP and uniplex TRV-crRNAs or multiplex TRV-crRNA produced a similar result as the transient assay. Transgenic A. thaliana lines expressing crRNA- LshCas13a targeting HC-Pro also had reduced TuMV accumulation upon being infected with TuMV-GFP (Aman et al., 2018b). The results on both model plants showed higher TuMV inhibition efficiencies with crRNAs binding HC-pro and GFP-T2 targets compared to CP and GFP-T1 targets. The LshCas13a systems have been successful in inhibiting the tobacco mosaic virus (TMV), southern rice black-streaked dwarf virus (SRBSDV), and rice stripe mosaic virus (RSMV) invasion in N. benthamiana and rice (Zhang et al., 2019). Together, these studies have revealed the potential use of Cas13 tools to confer resistance to RNA viruses in monocot and dicot plants, advancing crop breeding strategies for RNA virus resistance.





3 Abiotic stress tolerance in Brassica

Climate change consequences have intensified abiotic stress on Brassica crops and vegetables. Stress conditions such as drought, high temperature, and high salinity adversely affect plan physiological, metabolic and biochemical processes, resulting in significant reduction in yield and productivity (Raza et al., 2021). Plants possess different mechanisms in response to each individual stress. Recent transcriptomic studies on Brassica under abiotic stress and application of CRISPR/Cas9 in elucidating the role of stress responsive genes involved have provided insights into the molecular mechanisms underlying the stress responses. The developing understanding on the key genes controlling these mechanisms will facilitate the application of modern molecular breeding techniques, such as genetically transformation and genome editing (Sato et al., 2024).



3.1 Drought tolerance

Drought is caused by several reasons, including low soil moisture, salinity, high and low temperature (Salehi-Lisar and Bakhshayeshan-Agdam, 2016). Drought stress worsened by climate change significantly challenges these crops, affecting growth, development, and productivity (Wang et al., 2024). Annually, drought causes a minimum 30% reduction in canola yield (Farooq et al., 2009). Therefore, it is crucial to study Brassica crops’ responses to drought stress and strategies to enhance their drought resistance.

Drought inhibits photosynthesis, reducing biomass and yield, and disrupts biochemical pathways (Liu et al., 2004; Wahab et al., 2022; Zahra et al., 2023). However, plants have evolved adaptations to combat drought stress effectively (Yang et al., 2021), primarily through regulating abscisic acid (ABA) biosynthesis and signalling cascades (Wei et al., 2025; Soma et al., 2021) Drought condition induces the expression of many ABA biosynthesis genes along with binding factors and transcription factors (TF), leading to an increase in ABA levels and ABA-orchestrating mechanisms (Muhammad Aslam et al., 2022). Regulating stomatal closure to avoid dehydration is the primary plant response to drought (Sato et al., 2024). However, long-term photosynthesis disruption due to stomatal closure increases oxidative stress, activating stress-responsive genes like superoxide dismutase, catalase, dehydrins, late embryogenesis abundant (LEA) and DELLA proteins (Sun et al., 2021; Wang et al., 2020). Therefore, the activation of reactive oxygen species (ROS) scavenging pathways and increased biosynthesis of the protective genes represent drought tolerance. Genes responsive to drought and abscisic acid (ABA) are vital for plant protection, influencing LEA proteins, chaperones, osmo-protectants, sugar and proline transporters, aquaporins, and ROS-detoxifying enzymes (Muhammad Aslam et al., 2022; Kim et al., 2024).

Tolerance to drought stress is a complex quantitative trait (Rahman et al., 2022). Generating knock-out mutants of key stress responsive genes by CRISPR/Cas9 is a time efficient approach to elucidate functions of genes responsive to drought stress, which have been demonstrated through multiple studies in Arabidopsis. ABA mediated stomatal closure is the popular target for improving drought tolerance in crops (Hyun, 2020). OPEN STOMATA 2 (OST2) gene, which encodes a plasma membrane H+ATPase AHA1, activates many secondary transporters involve in ion and metabolite uptake and prevents ABA-mediated stomatal closure (Merlot et al., 2007). Osakabe et al (2016) successfully generated homozygous OST2 mutated Arabidopsis using CRISPR/Cas9. The homozygous line with 1-bp frameshift OST2 mutation showed a lower rate of transpirational water loss compared with that of the wild-type. Drought tolerance enhancement can be achieved by editing activation of the vacuolar H+-pyrophosphate (AVP1) regulatory gene, abscisic acid-responsive element binding (AREB1) gene, and silencing of the trehalase 1 (TRE1) gene, as well as editing of the STL1 structural gene (Park et al., 2017a; Roca Paixão et al., 2019; Nuñez-Muñoz et al., 2021). Increased drought tolerance phenotypes include plant survival, growth, and development after drought treatment. In case of overexpressing AVP1 gene, the modified plants survived and restored growth after 8 days without watering, while the wild type died after seven days (Park et al., 2017a). Regarding plant growth, the edited plants resulted in 2–5 fold increases in expression, additional four leaves, double size in single-leaf area, and enhanced drought tolerance compared to the wild-type (Park et al., 2017a). These preliminary studies on the model plants provide platforms for employing CRISPR/Cas9-assisted breeding towards drought tolerance in cultivated Brassica species.

The CRISPR-Cas9 systems are powerful tools to characterise functions of members of gene family contributing to stress response in an allotetraploid species, such as B. napus. As an example, CRISPR/Cas9 was deployed to edit BnaA6.RGA. B. napus contains 10 DELLA genes, including four homologs of RGA: BnaA6.RGA, BnaC7.RGA, BnaA9.RGA, and BnaC9.RGA. Previously, CRISPR/Cas9 technology was used to create mutants of these BnaRGAs (Yang et al., 2017). Subsequently, Wu et al. (2020) confirmed gain-of-function mutants of BnaA6.RGA and BnaC7.RGA among the BnaRGA mutants, which positively regulate drought tolerance in B. napus.

In a study, Lee et al (2023b) used CRISPR/Cas9 technology to investigate the role of the ELONGATED HYPOCOTYL 5 (HY5) gene in B. rapa under endoplasmic reticulum (ER) stress conditions which generally result from abiotic stresses (eg., increasing temperature, drought, salinity and pathogen infection). Researchers targeted the HY5 gene with sgRNAs and confirmed mutations. When subjected to ER stress using tunicamycin (TM), wild-type and hy5 mutant plants showed increased growth inhibition with higher TM concentrations, but the hy5 mutants had less severe inhibition. Staining methods revealed that hy5 mutants produced lower reactive oxygen species levels under ER stress. Additionally, these mutants exhibited lower expression levels of genes related to the unfolded protein response and cell death. The study concludes that editing the HY5 gene can reduce stress-related growth inhibition, potentially improving crop quality and yield.

In a recent study (Wang et al., 2024), using CRISPR/Cas9 to introduce a nonsynonymous substitution (M63I) in the target gene, researchers confirmed a transcription factor called BnaA9.NF-YA7 (nuclear factor-Y) in B. napus that negatively affects drought tolerance. They used a genome-wide association study to pinpoint this factor, highlighting two specific SNPs within a CCAAT cis-element that reduced expression of the B. napus nuclear factor YA7 (BnaA9.NF-YA7) under drought conditions. Additionally, they discovered a genetic substitution (M63I) that activates BnaA4.DOR inhibits abscisic acid (ABA)-induced stomatal closure, thereby affecting water regulation in the plant. Furthermore, the study revealed that Bna.ABF3/4s directly control the expression of BnaA9.NF-YA7. Interestingly, BnaA9.NF-YA7 indirectly suppresses Bna.ABF3/4s expression through its regulation of Bna.ASHH4s. These findings underscore the role of BnaA9.NF-YA7 is used to maintain ABA signal balance during drought stress in canola. The study suggests that targeting BnaA9.NF-YA7 could be a promising strategy for breeding drought-tolerant varieties of B. napus.

Although some drought responsive genes have been cloned and functionally characterised in B. napus and B. rapa, the molecular signalling during stress response in Brassica species is largely unexplored (Wang et al., 2024). The dependence on Agrobacterium-mediated transformation of CRISPR/Cas delivery and genotype-dependence of transformant regeneration conditions may hindered the Cas-based breeding process. Moreover, exploring functions and roles of homologous genes controlling a complex trait like drought tolerance has recently initiated in Brassica along with the evolution of sequencing technologies (Zhang et al., 2023; Kayum et al., 2015). To date, CRIPSPR/Cas9 have been mainly utilised to elucidate functions of potential genes involved in the drought response.





3.2 Salinity and metal toxicity tolerance

Salinity and metal toxicity are other persistent problems affecting Brassica crop production. Like other abiotic stresses, they affect key physiological processes, ultimately affecting yield outcomes in these crops (Dahlawi et al., 2023; Pavlović et al., 2019). Losses to salinity stress have been reported to reach up to 50% (Chakraborty et al., 2016), while toxic concentrations of heavy metals significantly reduce plant development, resulting in severe yield and quality reduction (Dahlawi et al., 2023).

Salinity stress is commonly due to high concentration of Na+ and Cl− in the soil, resulting in hyperosmotic and hyperionic conditions (Ismail et al., 2014; Yang et al, 2018). Salt stress tolerance in Brassica spp is a complex trait that varies among species, of which allotetraploid species (B. juncea, B. carinata, and B. napus) are relatively more tolerant to salt stress as compared to their diploid parents, such as B. campestris, B. nigra, and B. oleracea (Shahzad et al., 2022). In B. napus, salt stress induced photosynthesis reduction, leaf gas exchange, and high ROS production (Shahzad et al., 2022; Wani et al., 2013). The comparison between halophyte and glycophytic plants (quinoa and Atriplex versus sugar beet and bean) highlight typical features of salt stress tolerance, such as high K+ retention in leaf mesophyll associated with higher vacuolar Na+ sequestration and less H+ pumping.

The deployment of CRISPR/Cas systems in studying salinity tolerance in Brassica is an emerging field, with pioneering works mainly relying on the knowledge gained from the related model species A. thaliana. For instance, knock-down of transcription factors (TFs) WRKY3, WRKY4, WRKY66 and AITR (ABA-induced transcription repressor) using CRISPR/Cas9 resulted in severe salt stress in A. thaliana, indicating the critical role of regulatory elements in mediating salt tolerance in plants (Chen et al., 2021; Li et al., 2021a; Zhang et al., 2023). WRKY proteins are key regulators in developmental processes, such as trichome initiation, embryp morphogenesis, senescence, and plant hormone-mediated signal transduction processes by GA, ABA, or SA (Kayum et al., 2015). Orthologs of these genes have been found in Brassica species and can be potentially targeted to improve salt tolerance in these crops (Zhang et al., 2023). These findings enhance the understanding of the complicated genetic control of salinity tolerance in crops extending beyond the known mechanisms, such as osmotic regulation and ion sequestration (Shah et al., 2018). Rewiring the regulatory network where these genetic elements participate can potentially create novel salt-tolerant phenotypes valuable for breeding (Hetti-Arachchilage et al., 2022).

CRISPR/Cas has also helped investigate the interaction of salt stress with other trace elements essential for plant growth, including boron, which has been reported to alleviate salt stress in crops (Qu et al., 2024). In B. napus, boron application upregulated the expression of BnaA2.HKT1, a gene involved in sodium (Na) unloading in plant cells (Hua et al., 2024). CRISPR/Cas9-knockout mutants of this gene were severely affected by salt stress despite the presence of elevated boron concentration. This suggests that boron is a positive regulator of Na unloading mechanisms, increasing the plant’s tolerance to salt stress. This finding informs the implementation of an optimal soil fertilisation strategy to enhance salinity tolerance in B. napus, translating CRISPR/Cas research into an actual field management practice.

Similarly, CRISPR/Cas systems have proven useful in identifying genes involved in metal toxicity tolerance in Brassica crops. Loss of function mutation in the gene BnaNRAMP1 using CRISPR/Cas9 resulted in low cadmium (Cd) accumulation in B. napus plants (Zhang et al., 2025b). Further analysis indicates this gene is crucial in detoxifying Cd by reducing its toxic levels within plant cells. Another gene that regulates Cd absorption is BnCUP1 (Yao et al., 2022), which was previously implicated in chelating excess copper in plant cells. The disruption of this gene using CRISPR/Cas9 in B. napus reduced the accumulation of Cd in both roots and shoots without negatively affecting the agronomic characteristics of the genome-edited plants. From the field experiment, in comparison with observations in the wild-type, BnCUP1-edited lines accumulated less Cd with reduction by 52% in roots and by 77% in shoots and increased in the biomass (by 42%) and yield (by 47%). Furthermore, the other key elements, including iron, zinc, and manganese, were maintained in typical concentrations, suggesting that BnCUP1 does not affect the absorption of these elements to maintain normal plant growth. The created BnCUP1-edited lines are important germplasm for breeding Cd safe edible and fodder oilseed rape.

While applying the CRISPR/Cas systems for studying salt and metal toxicity tolerance in Brassica crops is still a developing field, the abovementioned studies provide the groundwork for effectively implementing genome editing strategies to develop cultivars better adapting to these stresses. This will be further supported by the continuous development of high-quality genomic resources (Amas et al., 2023), which enables faster identification of candidate genes for various agronomic traits, including tolerance to various stresses.




3.3 Extreme temperature tolerance

Under current climate change and global warming scenarios, the impact of higher temperatures on crop production, particularly Brassica crops, is a critical concern. Climate model simulations indicate that by 2100, the Earth’s average temperature may rise by 1.1 to 5.4°C, and projections suggest a 50% increase in drought-affected areas (Battisti and Naylor, 2009; Herring, 2012).

The upper threshold warm temperature varies based on plant species. In general, an increase by 5–10 °C exceeding a plant’s optimal growth temperature triggers ROS burst and irreversible cellular oxidative damage, especially in photosynthesis systems I and II (Kan et al., 2023). Numerous studies have shown that heat stress, often coupled with drought, significantly affects crop production by impacting plant metabolism, reproduction, and physiology (Nadeem et al., 2019; Kourani et al., 2022). Studies have reported substantial crop yield reductions (Frenck et al., 2011; Hasanuzzaman et al., 2014). As cool-season crops, Brassicas can be extremely sensitive to high temperatures, significantly impacting their production (Yu et al., 2014; Ahmed et al., 2020). Hence, due to global population growth, expanding crop varieties that can withstand environmental stresses is crucial, using traditional breeding methods and advanced biotechnological tools such as CRISPR/Cas9.

The CRISPR/Cas9 technology has been applied extensively to enhance heat tolerance in various crops, however, its application in Brassica species for this trait remains relatively limited. Heat shock proteins (HSPs) act as molecular chaperones that aid cellular survival by transporting, folding, and degrading proteins under heat stress (Xu et al., 2011). Increased expression of HSP70 genes has been shown to provide more excellent resistance to abiotic stresses, including high temperatures (Wang et al., 2016; Zhao et al., 2019). Under heat stress condition, heat stress transcription factors (HSFs) bind to with HSP gene promoters and interact with heat shock factor binding proteins (HSBP) genes. HSF-mediated stress tolerance is negatively regulated by HSBPs, which affects the DNA-binding capacity activation activity of HSFs (Muthusamy et al., 2023). Although, the loss-of-function mutant of BrHSBP1 in B. rapa was indistinguishable from the BrHSBP1 overexpressed line in heat-stress responsive phenotypes, the Muthusamy et al. (2023) suggested the positive role of BrHSBP1 in drought-stress response through supporting raffinose biosynthesis, through which enhanced yield and stress tolerance can be achieved.

Heat stress significantly reduces seed production in Brassica species by altering the typical structure of floral organs. In a mutation known as sepal carpal modification (scm) observed in B. rapa, four of the five sepals merge to form a ring structure enclosing abnormal stamens and a pistil, ultimately leading to diminished seed yield. This mutation affects homologues of the BrAP2 gene, which are orthologous to the APETALA (AP2) gene in Arabidopsis. Researchers used CRISPR/Cas9 technology to generate knockout plants of four BnAP2 gene homologues in rapeseed, aiming to explore their roles in sepal and petal development (Zhang et al., 2018b). In another study, the expression of BrRH22, a chloroplast-targeted DEAD-box RNA helicase, in cabbage (B. rapa) was markedly increased by heat, drought, salt or cold stress (Nawaz et al., 2018). BrRH22 has been known to contribute positively to seed germination and plant vigor under varied abiotic stress conditions (Nawaz et al., 2018). DEAD-box RNA helicases (RHs) are nucleus-encoded chloroplast-targeted RNA-binding proteins (RBPs) involve in regulating chloroplast gene expression.

In conclusion, efforts to enhance heat tolerance through advanced biotechnological tools like CRISPR/Cas9 show promise. Future research should focus on expanding these technologies to commercial Brassica crops, such as B. napus, to mitigate the adverse effects of heat stress on yield and ensure food security in a changing climate. Integrating traditional breeding methods with cutting-edge biotechnology remains pivotal in developing resilient Brassica varieties capable of withstanding anticipated climatic challenges.





4 CRISPR gene editing in modern plant breeding

CRISPR genome editing can be integrated into plant breeding to improve resistance to biotic and abiotic stress. This involves a thorough literature review of the transcriptomic and genomic data to identify targets involved in regulating plant’s mechanisms to enhance resistance to biotic and abiotic stress (Kumar et al., 2023). Advances in plant molecular biology techniques have helped decipher the principles underlying plant signalling and regulatory pathways involved in abiotic and biotic stress responsiveness (Aroca and García, 2023). The co-occurrence of biotic and abiotic stresses sometimes results in the activation of signalling and regulatory pathways that are either unrelated, additive, or conflicting to the stress (Li et al., 2019; Yang et al., 2019). Transcriptome analysis of the plants exposed to individual and combined stresses identifies genes and transcriptional factors involved in the stress response (Rizhsky et al., 2004). On the other hand, techniques such as RNA-seq, genome-wide association studies (GWAS), and quantitative trait loci QTL mapping help to determine the significantly upregulated and down-regulated genes in plants (Meng et al., 2020). QTL mapping has identified factors involved in resistance to Sclerotinia stem rot on the chromosome locus SRC06 (Wu et al., 2013). CRISPR can be used to validate the function of the candidate genes on the locus in a short time and choose the right gene responsible for providing resistance.

The next step to validate gene function is to create a knock-out in resistant or stable transformants of the gene in susceptible plants. CRISPR/Cas genome editing offers great potential for targeted gene editing in plants (Zhang et al., 2018). The outcome of these studies is then utilized in plant breeding through traditional breeding approaches such as backcrossing and selfing to incorporate the mutated gene (Kumar et al., 2023). The plants with mutated genes are then tested in the fields under real growth conditions and challenged by the abiotic or biotic stress to assess their yield and performance. This is done to ensure that the overall yield and growth of the plant is not affected by the desired mutation and the trait has successfully been passed on to the next generation.

Genome-wide identification and characterisation studies have identified several transcription factors (TFs) involved in biotic and abiotic stress responsiveness in Brassica. Some of these studies have highlighted the function of TFs such as BRASSINAZOLE-RESISTANT (BZR) (Saha et al., 2016), NUCLEAR FACTOR (NF-Y) (Xu et al., 2014), bZIPs, MYB, NAC, WRKYs and EREBPs (Meraj et al., 2020) in biotic and abiotic stresses as well as several regulatory pathways. BZR is a positive regulator of the brassinosteroid (BR) signaling pathway in different plant families (Saha et al., 2016). Members of the auxin-responsive transcription factors (ARF) transcription factors play role in altering the expression of genes involved in auxin, abscisic acid, MeJA, salicylic acid and ethylene (Li et al., 2021). These integrative analyses have facilitated the identification of several key genes involved in both biotic and abiotic stresses. Which genes in mutated forms/altering expression level can enhance plant growth during stress conditions, then, CRISPR/cas9 can be used for gene editing.

The genome of Brassica is polyploid, complex, and redundant, making it a challenge for genome editing. As there are multiple copies of the same genes, they need to be eliminated at the same time for functional studies (Khan et al., 2021). Moreover, the chromosomal rearrangement and epigenetic modification in polyploid plants often produce transcriptional changes such as activation of transposable elements, duplication, and neo-functionalization of genes and variable expression (Wendel et al., 2018), making it difficult to link genotype to phenotype and characterize gene function (May et al., 2023). In polyploid crops such as Brassica, the exact number of homologues and homeologous genes and their function remains unclear due to gene redundancy (Schaart et al., 2021).

The availability of well-curated databases such as Brassica Database (Cheng et al., 2011) for genetics and genomics, BrassicaEDB (Cheng et al., 2011) for gene expression database, and BrassicaTED (Murukarthick et al., 2014) a public database for the utilisation of miniature transposable elements in Brassica species, have helped to narrow down targets for gene editing. EnsemblePlants and NCBI’s GEO (functional genomics dataset) have further improved gene search by providing access to gene models and synteny with related species, such as A. thaliana (Bolser et al., 2016; Clough et al., 2024). These genetics and functional genomic databases not only provide a valuable tool for designing gRNAs with high specificity and minimal off-target effects but also differentiate between homeologous gene copies, which is a common challenge in polyploid Brassica genomes.

CRISPR-based tools have a significant advantage for genome editing in Brassica due to precise, homeolog-specific gene editing, providing researchers the ability to target genes and their copies on the subgenomes, evaluating their response to different stresses (Ahmad et al., 2023a). More advanced gene editing techniques, such as CRISPRa (CRISPR activation) of Resistance genes, and CRISPRi (CRISPR interference) of susceptible genes, can be effectively employed to improve disease resistance in Brassica crops (Zafar et al., 2020) Figure 1. Multiplex gene editing of JAGGED genes in B. napus through CRISPR has helped understand the role of several homeologs of the genes in pod shattering resistance. The results showed that a single mutation of one of the JAG genes on ChrA08 helped to improve pod shattering resistance (Zaman et al., 2019). In most reported studies, by targeting the key genes regulating the stress-responsive pathways, scientists can improve a plant’s ability to withstand adverse environmental conditions. Cas-edited mutants often have loss or gain functions, while some are fine-tune in their functions. The precision and flexibility in genome editing provide a huge potential for developing crops with enhanced yield, improved resistance to biotic and abiotic stress, and better quality.

[image: Flowchart illustrating the process of gene editing: starting with target gene selection and identification using databases (Brassica reference genome, Ensembl, TAIR, E-CRISP, CRISP-P, CHOPCHOP) leading to gRNA design. This proceeds to binary vector assembly and delivery. The paths diverge to transient and stable expression. Transient expression involves leaf agro-infiltration and phenotypic analysis. Stable expression includes biolistic gene delivery, Agrobacterium-mediated transformation, or PEG-mediated protoplast transfection, followed by plant selection, mutant evaluation, and removal of foreign genes by segregation.]
Figure 1 | The flowchart shows a typical CRISPR/Cas-based genome editing pipeline in Brassica. Candidate genes are selected through transcriptomic and genomic analysis and used as targets for gRNA design. gRNA prediction tools, such as E-CRISP, CRISP-P and CHOPCHOP are used for designing gRNA. Then, CRISPR/Cas constructs specifically targeting the candidate genes are incorporated into transformation vectors. CRISPR/Cas constructs can be delivered and active through either transient (agro-infiltration) or stable transformation methods (biolistic gene delivery, Agrobacterium-mediated transformation and protoplast transformation). Following the transformation, modified plants are genotyped and selected on based on selection markers (e.g. fluorescence signal) and phenotypes. They are then multiplied and crossed for a few generations to confirm the transfer of the desired trait and removal of foreign DNA.




5 Workflow for CRISPR/Cas application in Brassica

CRISPR/Cas-mediated genome editing in plants, including Brassica species, is often coupled with transformation. Therefore, the workflow for CRISPR/Cas-based modification in Brassica involves three main stages, as depicted in Figure 1: constructing a vector carrying an endonuclease system for targeted modifications, transforming vectors encoding the CRISPR/Cas components into plant cells, transgenic plant generating and evaluating the transformation and genome editing efficiency (Ahmad et al., 2023b). 

Firstly, developing a CRISPR/Cas construct may involve the following steps: identifying genomic targets, selecting a CRISPR/Cas tool, and designing and evaluating CRISPR/Cas vectors Hanna and Doench, 2020. The availability of Arabidopsis reference genome TAIR10 and the evolution of Brassica genomic data within recent years, especially an increasing number of published Brassica reference genomes and pangenomes, has benefited choices for the genetic improvement of Brassica crops via genome editing tools (Niu et al., 2024). Typical online Cas9-gRNA predicting tools are E-CRISP v.5.4 (Heigwer et al., 2014), CHOPCHOP (Labun et al., 2019), and Optimized CRISPR Plant Design Tool/CRISPR-P (http://cbi.hzau.edu.cn/cgi-bin/CRISPR; Liu et al., 2017; Lei et al., 2014). These tools employ published genome data as input for PAM scanning and gRNA designing. In 2022, Müller Paul et al., 2022 introduced CROPSR, a gRNA design and validation tool specialised for crop genomes, claiming this open-source tool written in Python 3.7 as the first developed tool for genome-wide generation and validation of sgRNA for crop genome editing and outperforming CHOPCHOP.

Following gRNA design, assembling CRISPR/Cas components is crucial in determining genome editing efficiency. A typical CRISPR/Cas expression vector can range from 9 to 16 kb (Zhang et al., 2024; Sun et al., 2018; Ma et al., 2015), containing Cas, gRNA, selection marker, and/or reporter gene sequences. Promoters control the expression of these genes. Choices of promoters, especially those controlling the expression of Cas enzymes and gRNAs, contribute to efficient genome editing. CaMV 35S, a strong constitutive promoter, is widely used for Cas expression in Brassica crops and vegetables (Villao-Uzho et al., 2023; Zhang D. et al., 2020). Use of other promoter types, such as tissue-specific promoters, inducible promoters, and Arabidopsis ubiquitin 10 promoter (Ubi10), were also reported (Tu et al., 2024; LeBlanc et al., 2018; Kurokawa et al., 2021; Papikian et al., 2019). Due to the small size of gRNA (20–30 nt), A. thaliana RNA polymerase III promoters (U3, U6) are often used to control the expression of gRNA cassettes in Arabidopsis and other Brassica species beside ubiquitin promoters (Li et al., 2022; Ma et al., 2019). In Arabidopsis, the gene editing efficiency of Cas9 driven by DD45 (subgroup of cysteine-rich peptide sequences, CRP) and the ribosomal protein S5A (RPS5A) promoters showed an increase in gene editing efficiency up to 30-fold compared to 35S and ubiquitin promoters (Ordon et al., 2020). Likewise, cell-specific promoters, such as pYAO and pEC, also showed similar effect (Chen et al., 2021, Chen et al., 2021; Wang et al., 2015). Cas and sgRNA(s) constructs of a CRISPR/Cas system can be expressed in the same or separate expression vectors. Other main components the expression vector includes are the localisation signal (NLS) and terminators of Cas and gRNA expression cassettes, which also attribute to efficient genome modification (Ordon et al., 2020).

For Brassica and other plant species, Agrobacterium-mediated transformation is the most commonly used method (Li et al., 2024; Li et al., 2022; Huang et al., 2020) for permanent and transient expression of CRISPR/Cas systems (Zhang K. et al., 2020; Aman et al., 2018a). Other methods such as PEG-mediated transformation and bombardment have been successfully applied for delivering CRISPR/Cas constructs directly into Arabidopsis protoplasts (Zhang Y. et al., 2022), B. oleracea (Romero and Pérez, 2024; Stelmach-Wityk et al., 2024; Stajič and Kunej, 2023), and B. napus (Li et al., 2021b). Yu et al. (2024) optimised a PEG-mediated protoplast transformation system for the transient expression of CRISPR/Cas9 vectors in B. oleracea L. (Chinese cabbage), Chinese kale and B. rapa (turnips) with improved protoplast yield and high transfection efficiencies (50 – 80%).

A non-transformation approach for CRISPR/Cas delivery, such as leaf infiltration and virus-based Cas-gRNA vectors, can be utilised to quickly evaluate the CRISPR/Cas system expression and skip many steps of in vitro plant regeneration. The small size of virus vectors (~ 1 kb) allows more efficient CRISPR/Cas delivery than Agrobacterium vectors (~ 8.9 kb). However, their package capacity is often below 4 kb (Varanda et al., 2021; Kirigia et al., 2014). Therefore, in a typical functional genomic study, gRNA constructs were cloned into virus-derived vectors, while Cas9 were delivered into plant cells via different vectors. Ali et al. (2015) developed the RNA2 genome of the bipartite genome of the tobacco rattle virus (TRV) into a vehicle for sgRNAs delivery in Nicotiana benthamiana. This TRV-mediated system also successfully delivered multiple sgRNAs into Arabidopsis leaves, leading to high mutation frequencies of targeted sequences (Ali et al., 2018). Other plant virus-derived CRISPR/Cas systems, also known as effective plant genome editing tools, such as pea early browning virus (PEBV), tobacco mosaic virus (TMV), and Sonchus yellow net rhabdovirus (SYNV), caused high frequency of target mutations in N. benthamiana (Ma, 2020; Ali et al., 2018). However, these have not been applied in Brassica plants.

To obtain a CRISPR/Cas mutant line, in most cases, transformed cells/tissues need to constitutively express CRISPR/Cas components, grow on selection media, and develop into whole plants (Romero and Pérez, 2024; Bao et al., 2019). The putative transformed plants are then genotyped and checked for the expression of the Cas and gRNA sequences using PCR and qPCR (Yu et al., 2024; Li et al., 2022; Hussain et al., 2018). Genome editing efficiency is calculated based on the number of plants containing targeted mutants and the total number of transgenic plants (Zhang et al., 2019). Mutated lines of the T0 population are then sequenced to confirm the CRISPR/Cas-induced mutations. For commercial, breeding or study purposes, several rounds of crossing and backcrossing of T0 progenies may be needed, as shown in Figure 2, to remove foreign genetic insertions in the plant genome, such as selection marker genes, gRNA and Cas sequences, and to obtain homozygous mutant plants as shown in Figure 2 (Romero and Pérez, 2024). Transgene-free CRISPR/Cas-mutated plants can be directly obtained in T0 generation with protoplast-based genome editing by transient expression of CRISPR/Cas without incorporating the foreign gene construct into plant genome (Romero and Pérez, 2024). However, Brassica regeneration from protoplasts is more challenging than other explants, such as cotyledons and hypocotyl segments, and is a time-consuming process (Li et al., 2021b, Li et al, 2022). Therefore, Agrobacterium-mediated transformation using cotyledon or hypocotyl explants remains the dominant method (Zhang K. et al., 2020). Despite the availability of many regeneration protocols for the main Brassica crops (B. napus, B. oleracea, and B. rapa), their transformation efficiency and in vitro growth are mostly genotype-dependent (Farooq et al., 2019), presenting a major challenge for developing a CRISPR/Cas genome-edited Brassica crop.

[image: Illustration depicting the process of enhancing plant stress resistance using CRISPR technology. It begins with abiotic and biotic stress treatment of plants, followed by transcriptome analysis and gene identification. CRISPR methods are used to knock out, interfere with, or activate genes. Regeneration and selection of genome-edited plants occur in a greenhouse. Subsequent selfing, backcrossing, and field trials help select plants with desired traits.]
Figure 2 | The workflow highlights key steps in employing advanced CRISPR/Cas tools (CIRSPR-KO, CRISPRi, and CRISPRa) in breeding abiotic/biotic stress tolerant Brassica plants, from genetic target identification, CRISPR/Cas vector construction and delivery, transformant selection and confirmation, characterization of genetic modifications, and the generation of “transgene-free” and homologous mutants of edited plants. Created in BioRender. Qayyum, Z. (2025) https://BioRender.com/3jb9miy.




6 Conclusion

CRISPR/Cas systems are efficient tools for exploring functions of Brassica genomes, especially the complex polyploid genomes of B. napus. These tools also help develop the knowledge of interactions between brassica hosts and their pathogens and the genetic mechanisms underlying abiotic stress responses in Brassica crops. This knowledge widens CRISPR/Cas-based approaches for the genetic control of Brassica phenotypes, improving resistance and resilience to biotic and abiotic stress. Although limited Brassica genes with known functions are being exploited for these breeding targets, several Brassica genomic resources are being constructed, and the evolution of Brassica multi-omics will provide more information for CRISPR/Cas genome editing interventions. Regarding tackling plant pathogens, CRISPR/Cas tools can target plant hosts or pathogens to improve plant defence capacity. At the same time, components of the CRISPR/Cas expression constructs are also being optimised for different research purposes and tailored for more efficient and controllable mutation inductions in Brassica. Genotype-dependence in transformation and regeneration of both Brassica explants and protoplasts remains a challenge, prolonging these processes. A transgene-free protoplast-based genome editing approach is still being pursued by many research groups to develop CRISPR/Cas-based edited Brassica crops for commercial release. Platforms for applying CRISPR/Cas genome editing tools in Brassica are urgently needed to accelerate the improvement of these crops under the negative consequences of climate change.
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