[image: image1]Protoplasts: From Isolation to CRISPR/Cas Genome Editing Application

		MINI REVIEW
published: 11 August 2021
doi: 10.3389/fgeed.2021.717017


[image: image2]
Protoplasts: From Isolation to CRISPR/Cas Genome Editing Application
Jin-Jun Yue1†, Jin-Ling Yuan1†, Fu-Hui Wu2, Yu-Hsuan Yuan2, Qiao-Wei Cheng2, Chen-Tran Hsu2 and Choun-Sea Lin2*
1Research Institute of Subtropical Forestry, Chinese Academy of Forestry, Hangzhou, China
2Agricultural Biotechnology Research Center, Academia Sinica, Taipei, Taiwan
Edited by:
Joyce Van Eck, Cornell University, United States
Reviewed by:
Satya Swathi Nadakuduti, University of Florida, United States
Jaindra Nath Tripathi, International Institute of Tropical Agriculture (IITA), Kenya
* Correspondence: Choun-Sea Lin, cslin99@gate.sinica.edu.tw
†These authors have contributed equally to this work
Specialty section: This article was submitted to Genome Editing in Plants, a section of the journal Frontiers in Genome Editing
Received: 30 May 2021
Accepted: 30 July 2021
Published: 11 August 2021
Citation: Yue J-J, Yuan J-L, Wu F-H, Yuan Y-H, Cheng Q-W, Hsu C-T and Lin C-S (2021) Protoplasts: From Isolation to CRISPR/Cas Genome Editing Application. xx 3:717017. doi: 10.3389/fgeed.2021.717017

In the clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR associated protein (Cas) system, protoplasts are not only useful for rapidly validating the mutagenesis efficiency of various RNA-guided endonucleases, promoters, sgRNA designs, or Cas proteins, but can also be a platform for DNA-free gene editing. To date, the latter approach has been applied to numerous crops, particularly those with complex genomes, a long juvenile period, a tendency for heterosis, and/or self-incompatibility. Protoplast regeneration is thus a key step in DNA-free gene editing. In this report, we review the history and some future prospects for protoplast technology, including protoplast transfection, transformation, fusion, regeneration, and current protoplast applications in CRISPR/Cas-based breeding.
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INTRODUCTION
Many genes and single-nucleotide polymorphisms (SNPs) related to important phenotypes have been identified by an array of bioinformatic tools utilizing the rich and diverse genome resources currently available (Varshney et al., 2009). These regions can then be experimentally altered through targeted mutagenesis, single-base-pair substitution, or DNA insertion using clustered regulatory interspaced short palindromic repeats (CRISPR)/CRISPR associated protein (Cas)-mediated gene editing methods. CRISPR/Cas is very convenient, requiring only a Cas protein and a single guide RNA (sgRNA) designed to target the sequence of interest. For stable transformation, these two reagents are delivered to plant cells by gene transformation using Agrobacterium tumefaciens (Agrobacterium) or biolistics. DNA encoding the Cas protein and the sgRNA genes is inserted into the plant genome and expressed (Zhu et al., 2020). Selection markers can be used to screen for transformed plants, making it necessary to backcross the selected progeny with the original parental line to segregate out/eliminate foreign DNA. This will be very time consuming and expensive, especially for crops with polyploidy, long juvenile periods, a tendency for heterosis, or self-incompatibility, and back-crossing itself can cause divergent phenotypes in offspring, including a relatively long flowering time.
More recently, scientific developments have allowed gene modification using transient expression of the Cas protein and sgRNA, with no need for insertion into the chromosome. Reagents can be delivered to intact somatic plant cells either as DNA or ribonucleoprotein (RNP) using biolistic delivery (Liang et al., 2018), nanotubes (Demirer et al., 2019), virus transfection (Ellison et al., 2020), or Agrobacterium infiltration (Chen et al., 2018) without DNA insertion. These edited cells are then grown into edited, regenerated plants by tissue culture or by controlling the expression of growth regulation genes (Maher et al., 2020). One additional approach is to deliver CRISPR reagents directly into plant zygotes using polyethylene glycol–calcium (PEG–Ca2+; Toda et al., 2019); this yields high editing rates, but plant zygotes are small and difficult to manipulate.
Protoplasts, plant cells without cell walls, have been widely used in plant science research and crop breeding, and protoplast transfection (via PEG–Ca2+ and electrophoresis) can achieve high efficiency without a selection marker (Marx, 2016). The genome editing reagents (DNA, RNA, RNP) can be delivered into protoplasts via transfection; therefore, protoplast transfection is commonly used in model organisms and crops to test the efficiency of gRNA design, and Cas protein activity (Lin et al., 2018; Lin et al., 2020; Sretenovic et al., 2021). Furthermore, these edited protoplasts can be regenerated into plants. However, only a few studies on this method have been published, and most have involved dicotyledonous species (Woo et al., 2015, Andersson et al., 2017; Lin et al., 2018; Hsu et al., 2019; Park et al., 2020; Yu et al., 2020; De Bruyn et al., 2020; Hsu et al., 2021a; Hsu et al., 2021b). Despite protoplast isolation, regeneration, transfection, and transformation protocols having been established for many years, lack of protoplast regeneration systems for target crops remains major challenge for widespread utilization of protoplast transfection for DNA-free genome editing. In this mini review, we outline both historical and current results and demonstrate that protoplast regeneration technologies have developed to the point that CRISPR/Cas-based modification of protoplasts is a viable gene editing platform.
PROTOPLAST ISOLATION
In 1892, Klercher was the first to isolate protoplasts (reviewed by Cocking, 1972; Davey et al., 2005) by using a mechanical method to remove plant cell walls. In this approach, an onion bulb (Allium cepa) is sliced and placed in a plasmolysing solution to pull the membranes of epidermal cells away from their walls. Tissues are then placed on a slide and cut with a blade. Many cells that have one end of their cell wall cut off will still contain intact, plasmolysed cells. Protoplasts can then be isolated by removing these intact plasmolysed cells from the remaining cell wall (Chambers and Höfler, 1931). However, this method is only feasible for storage tissues such as bulbs; meristematic cells require more extensive plasmolysis and only yield a small number of protoplasts (Cocking 1972; Davey et al., 2005).
In 1919, Giaja demonstrated that yeast protoplasts could be isolated by using snail gastric juice to digest their cell walls (reviewed by Cocking, 1972). This enzymatic method was first applied to bacteria, algae, and fungi. Cocking (1960) expanded the method to multicellular plants when he used purified fungal cellulase to create protoplasts from tomato root tips, which contain meristematic cells. There were many advantages of this enzymatic method over the prior, mechanical method; more protoplasts could be obtained, and the tissue was subjected to less mechanical damage and osmotic shrinking (Ruesink, 1971; Cocking, 1972).
At present, the primary method for protoplast isolation is based on Cocking’s enzymatic method, in which cells are first plasmolysed by mannitol and then digested by macerozyme and cellulase. Leaves are by far the most convenient material for protoplast isolation. The leaves are cut into strips, and the lower epidermis is braced or peeled off to allow the enzymes to enter the inter-mesophyll space to enhance cell wall digestion. We developed a simple protocol, the Tape-Arabidopsis Sandwich, in which the lower epidermal layer of an Arabidopsis thaliana (Arabidopsis) leaf is removed with regular office tape to expose mesophyll cells to cell-wall-digesting enzymes (Wu et al., 2009). This innovation allows protoplasts to be obtained with less physical damage and can also make protoplast isolation more convenient. We also developed a multi-blade tool for cutting leaves into thin strips to improve rice protoplast isolation (Lin et al., 2018).
Other plant organs can also be used as materials for protoplast isolation, such as roots, stems, leaves, flowers, pollen, fruit pulp, and embryos. Protoplasts derived from developed organs retain the properties of the original organs and can be more suitable than the protoplasts derived from other organs for use in physiological and biochemical experiments (Lin et al., 2014). In addition to plant materials, suspension culture cells like tobacco BY2 (Nagata et al., 1992) and tomato MicroTom (Lin et al., 2018) cells can be used to improve the consistency of protoplast isolation or to make it more convenient. Cell-culture-derived protoplasts are commonly used to overcome plant growth limitations specific to the experiments that require a large number of protoplasts (Lee et al., 2008).
PROTOPLAST REGENERATION
Protoplasts isolated from totipotent meristematic cells were first used for plant regeneration in the early 1970s (Takebe et al., 1971). To understand research trends within the protoplast regeneration field, we analyzed 779 protoplast-regeneration-related articles (Figure 1A; Supplementary Table S1). Protoplasts are most frequently made from plants in the Solanaceae, Poaceae, and Brassicaceae families. This is because protoplast regeneration in these families tends to be easier, and also because many economically important crops belong to these families (i.e., rice is from the Poaceae, potato is from the Solanaceae, and Brassica oleracea is from the Brassicaceae). The protocol details, including explant (tissues from donor plants) source, culture incubation system, protoplast density, basal medium, growth regulators, and supplements, are optimized for each species and sometimes for each variety. For example, most protocols use juvenile organs as explants, such as seedlings for the Brassicaceae (Gerszberg et al., 2015) and cell suspensions for monocots (Abdullah et al., 1986; Supplementary Table S1). However, in tobacco and other Solanaceous species, a regeneration protocol was established using mature leaves because, in contrast to other species, this is easier and is effective for the Solanaceae. Thus, different species, and even different varieties of the same crop, require the establishment of their own protoplast regeneration protocols.
[image: Figure 1]FIGURE 1 | Protoplast regeneration and CRISPR genome editing. (A) Protoplast regeneration-related articles according to taxonomy. These 779 protoplast regeneration articles were identified from Google scholar and NCBI (Supplementary Table S1). The taxonomy of the plant species follows the Angiosperm Phylogeny Group IVsystem and NCBI taxonomy. Major familes are color coded as follows: purple; Asteraceae, light orange; Solanaceae, green; Brassicaceae, orange; Rutaceae, blue; Fabaceae, yellow-green; Poaceae. The names of the species reported in more than five articles are shown. The rest of the species are shown in grey. The information used to create this diagram is shown in Supplementary Table S1. (B) Schematic of tobacco protoplast regeneration. Delivery methods stated in grey are the methods used for protoplast transformation that can theoretically be applied in genome editing. The multiple peaks (black arrows in “Efficiency assessment” and “Progeny genotyping”) in the upstream of PAM (green boxes) are indicated. tThe target site (red boxes) is editied by CRISPR reagent.
According to a review by Roest and Gillissen (1989), the number of articles related to protoplast regeneration peaked in 1989. More recently, the numbers have decreased significantly. This is because the development of species-specific protocols is a technical barrier that prevents the widespread use of protoplasts (Eeckhaut et al., 2013).
PROTOPLAST FUSION
Two protoplasts (Kiister, 1909) can be fused into a single cell (see the review by Constabel, 1976) even if they are from different species, and the efficiency of such fusion can be increased by using Na2CO3 (Power et al., 1970), PEG (Kao et al., 1974), or electrofusion (Zimmermann and Scheurich, 1981). These fused protoplasts can be regenerated into plants that are somatic hybrids of the two original species (e.g., Nicotiana glauca and N. langsdorffii, Carlson et al., 1972). This strategy became a solution for crop breeders in cases where sexual incompatibility was a barrier or as a means to incorporate traits from wild species into related crops without the need for sexual reproduction (Louzada et al., 1993). Variations on this method have been used to introduce a variety of desired traits into crops, including stress resistance (Hennig et al., 2015), pathogen resistance (Kumari et al., 2020), seedlessness (Wu et al., 2005), male sterility (Bruznican et al., 2021), and increased photosynthetic efficiency (Takahata and Takeda, 1990). This can be performed to create a symmetric cell fusion, in which the complete nuclear genomes of the two species are combined (Narasimhulu et al., 1992; Laiq et al., 1994; Ling and Iwamasa, 1994; Desprez et al., 1995; Kirti et al., 1995); an asymmetric cell fusion, in which DNA fragments or partial chromosomes from one species are introduced into the other (Zhou and Xia 2005; Sigeno et al., 2009); or a cybrid, in which chloroplast or mitochondrial genomes from one species are introduced into cells of another (Kochevenko et al., 2000; Guo et al., 2004). Not only intra-genus, one especially interesting case was a monocot-dicot (Triticum aestivum and Arabidopsis) protoplast fusion in which regenerated calli and green plants resembling that of wheat were obtained (Deng et al., 2007). However, protoplast fusion has become less common in recent years, primarily because plant molecular genetic research over the past few decades has identified many key genes controlling important traits and thus enabled the use of more targeted approaches.
PROTOPLAST TRANSFORMATION
For stable transformation of a protoplast, foreign DNA must be integrated into its genome. This can be achieved by using the crown-gall-inducing bacterium Agrobacterium to transfect plant tissues with its Ti plasmid (Marton et al., 1979; Wullems et al., 1981a; Wullems et al., 1981b). Plants were regenerated, and analysis of their progeny indicated that the tumor markers were inherited through meiosis (Wullems et al., 1981a; Wullems et al., 1981b). Davey et al. (1980) obtained transformants using purified Ti plasmid. To increase the transformation efficiency, Krens et al. (1982) used a PEG-mediated method for protoplast transformation. Antibiotic resistance genes can be cloned into the Ti plasmid and used as selectable markers for the transgenes of interest (Paszkowski et al., 1984). Shillito et al. (1985) investigated and optimized the parameters for both a PEG-based and an electroporation protocol. Transformation efficiency was increased by 1,000-fold, to 2%, without selection. However, the stable transformation and regeneration of protoplasts has proven to be more difficult to establish than other methods. Currently, the most popular methods for stable plant transformation are Agrobacterium- and biolistics-mediated transformation by somatic embryogenesis and organogenesis.
PROTOPLAST TRANSFECTION
Since protoplasts lack the barrier of a cell wall, they can easily take up foreign DNA or protein, making them excellent material for transient expression or stable transformation (Lazzeri et al., 1991; Sheen 2001; Yoo et al., 2007). Transient transfection can also allow foreign genes to be expressed in protoplasts for a short period of time to observe phenotypes such as in vivo gene expression, protein localization, DNA-protein interaction, or protein-protein interaction. There are approximately 2,000 articles referring to the use of the Transient Expression in Arabidopsis Mesophyll Protoplast (TEAMP) system for basic research (Yoo et al., 2007), and we have developed and optimized isolation and transfection protocols for important crops (Lin et al., 2018). Both protocols are applicable for CRISPR studies.
CRISPR AND PROTOPLASTS
Because of the convenience of protoplast transfection, it has been used to assess the mutagenesis efficiency of the CRISPR/Cas system. The Cas nuclease most commonly used is Cas9 (PAM requirement: NGG), but Cas12a (PAM requirement: TTTN) has been employed in rice, tobacco, and soybean protoplasts (Kim et al., 2017; Tang et al., 2017; Hsu et al., 2019) to increase the DNA regions that can be edited. Cas13 can also be used for RNA gene editing and has been examined in rice protoplasts (Abudayyeh et al., 2017). Transient expression has been used to assess and optimize CRISPR protocols, including validation of Cas codon-optimization or modification, sgRNA, identification of the best promoter and analysis of different vector designs (Li et al., 2013; Shan et al., 2013; Lowder et al., 2015; Čermák et al., 2017; Nadakuduti and Enciso-Rodriguez 2021).
When validating CRISPR efficiency, more than 100,000 protoplasts are typically used in each transfection experiment. This large pool of protoplasts contains a mixture of edited and unedited DNA, which complicates the evaluation of editing efficiency (Lin et al., 2018). Editing efficiency can also be assessed using next-generation sequencing. This method, although accurate, is expensive and time consuming. As an alternative, we recently established a convenient and reliable protocol to quantify the efficiency of a CRISPR procedure that uses only a single protoplast (Lin et al., 2018), in which a single cell is picked up by a lab pipette and subjected to two rounds of PCR to obtain enough DNA for genotyping. This single-protoplast analysis improves the accuracy with which editing efficiency can be evaluated.
While there are many articles reporting crop CRISPR/Cas stable transformation platforms, these efforts are complicated by the fact that many commercial crop varieties are polyploid, heterozygous, or asexually propagated. Because of the back-crossing required to eliminate the CRISPR transgene, the development of CRISPR-mediated transgenic crops is limited by the complex genome, long juvenile period, and/or self-incompatibility of many commercial varieties. In these crop varieties, CRISPR-mediated, DNA-free genome editing in protoplasts followed by regeneration into whole plants would be the most feasible way to directly apply gene editing technologies to improve traits and increase commercial value. This method has already been experimentally proven in protoplasts including potato (Andersson et al., 2017; Andersson et al., 2018; Tuncel et al., 2019; González et al., 2020; Zhao et al., 2021; Nicolia et al., 2021), N. tabacum (Lin et al., 2018; Hsu et al., 2019), N. benthamiana (Hsu et al., 2021a,b), Brassica oleracea (Park et al., 2020; Hsu C. T. et al., 2021), lettuce (Woo et al., 2015), petunia (Yu et al., 2020), and witloof (De Bruyn et al., 2020). The main steps of gene editing using protoplast regeneration are illustrated in Figure 1B.
There are two major methods to regenerate plants from CRISPR-mediated edited protoplasts. Protoplasts can be transfected with plasmid DNA, or they can be transfected with preassembled RNP. However, when protoplasts are transiently transfected with DNA, a substantial proportion of the regenerated plants contain unintended inserts from the CRISPR plasmid (Andersson et al., 2017; Hsu et al., 2019). The use of RNP removes the risk of plasmid DNA insertions into the plant genome because there is no foreign DNA during the transfection (Andersson et al., 2018). These results illustrate the potential and feasibility of using protoplasts for CRISPR-meditated gene editing, especially for crops that have a long juvenile phase, are heterozygous, or are asexually propagated. Using protoplasts for CRISPR modification means that gene editing products occur directly in the T0 generation without foreign CRISPR DNA and without the need for hybridization, introgression, or back-crossing of the progeny. Recently, Agrobacterium-mediated expression without the use of antibiotic selection has also been adapted into a transgene-free protocol, which could be a very promising track for future development of this technology (Chen et al., 2018).
Most Agrobacterium-mediated transformation protocols are performed on tissue culture platforms, and, in dicots, many edited transformants are chimeric (33.3–81.8%; Shimatani et al., 2017). If edited alleles are not present in the reproductive organs, the changes cannot be passed on to the progeny. In contrast, protoplasts are single cells that are edited before the first cell division occurs. Regenerated plants are derived from a single edited protoplast, meaning all cells have the same genomic background and ensuring edited alleles are transmitted to the next generation. In our previous study, non-chimeric regenerates were derived from protoplasts that had been edited using the Cas proteins Cas9, Cas12a, and Target-AID, and the resulting genotypes were inherited in a Mendelian manner (Hsu et al., 2019). Another group has achieved this feat for lettuce (Woo et al., 2015).
DISCUSSION
In most crop species, protoplast regeneration is still a technical barrier. Meanwhile, protoplast-regenerated plants sometimes show abnormal, stunted growth, probably due to somaclonal variation. Whole-genome sequencing results indicate that there is widespread genome instability in protoplast-regenerated potatoes (Fossi et al., 2019), which has increased concern about this technology. However, other tissue culture technologies, including multiple shoot proliferation (Lin and Chang 1998) and somatic embryogenesis (Lin et al., 2004), can also cause mutations. Also, polyploid plants can arise as a result of other tissue culture technologies (Chung et al., 2017). In Agrobacterium-mediated transformation of tomatoes, the rate of tetraploid transgenic plants ranged from 24.5 to 80%, depending on both the genotype and the transformation procedure used (Ellul et al., 2003). In Arabidopsis, mutagenesis by T-DNA insertion can cause large-scale genomic rearrangements (Pucker et al., 2021). Therefore, this risk does not substantially undercut the value of protoplast regeneration and other transformation platforms as an excellent tool for gene editing.
CRISPR genome editing techniques can directly edit a target gene to create favorable traits in various crops, which opens the door to fast breeding of existing commercial varieties. However, most fruits, vegetables, and flowers are polyploid, heterozygous, asexually propagated, and/or have a long juvenile phase. CRISPR-mediated genome editing using protoplasts circumvents many of these problems and provides a material that is amenable to transgene-free products. Protoplasts provide a means to generate foreign-DNA-free mutants, which will improve their commercial value and avoid the difficult and time-consuming task of progeny hybridization. The major bottleneck with this technique is protoplast regeneration for various crops. On the other hand, there are currently no examples of protoplast fusion and application in gene-editing. This may also be considered to be one future direction for polyploidization, to create novel variety, and crop domestication. If these technical barriers can be overcome, CRISPR-mediated genome editing of protoplasts may usher in a new era of plant breeding.
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