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Editorial on the Research Topic
 Plant Transformation



Plant transformation provides a key tool for much basic research, such as the study of gene functions and interactions, protein–protein interactions, developmental processes, as well as applications for crop improvement and the development of plant bioreactors to produce vaccines. Efficient and reproducible transformation technologies are not only essential for the development of transgenic plants but also critical for other applications like transient gene expression studies and gene editing.

Agrobacterium tumefaciens was first identified in 1907 as the etiological agent of crown gall disease. The bacterial factor responsible for tumor induction was described in the ‘70s: a DNA plasmid called the Ti plasmid by Zaenen et al. (1974). Transposon mutagenesis was used to dissect the functional regions of the plasmid Ti, and two main regions were identified: (1) a segment of the Ti plasmid, denominated T-DNA, which is transferred into plant cells and integrated into the plant genome, and (2) a virulence region that provides all functions necessary for T-DNA transfer (for a review see Gelvin, 2000). The Ti plasmid was engineered by removing the genes responsible for tumor induction and replaced by dominant selectable markers to produce transgenic plants (Herrera-Estrella et al., 1983; Zambryski et al., 1983; De Block et al., 1984). Two repetitive 25 bp sequences at the right and left border were reported as essential for the transfer of the T-DNA (Wang et al., 1984). During the complex process of T-DNA integration into the plant genome, sometimes border T-DNA sequences are not recognized as limiting and vectors get integrated as well, particularly in the case of the left border. To reduce the integration frequency of undesired backbone vector DNA segments Sahab and Taylor incorporated multiple left border repeats. Molecular analyses confirmed a 2-fold reduction of vector sequence integration when triple left borders in three different transformation systems were tested including cassava transformation.

Even though the first transgenic plants were produced in the early ‘80s, not all plant species are transformed as easily as model species, particularly when it comes to some economically important crop species. Some plants are still considered as difficult or recalcitrant to transformation. Almost every plant species has a specific transformation protocol that slowly evolved over the years and has not been updated in the last two decades except for the methodology section of published papers. Protocols were modified to facilitate new breeding techniques like gene editing, and some of the latest methodological improvements include breakthrough advancements like the use of developmental regulator genes and tissue-culture independent gene editing protocols. This Research Topic provides a collection of reviews and original research articles on the recent advancement of plant transformation and gene editing of different crops. Below we briefly describe the original papers are reviews that integrate this Research Topic. Maize, perhaps the crop species with most transgenic commercial traits incorporated so far and for which many new approaches to improve its engineering, including genome editing, is critically summarized by Carvalho-Teixeira-Yassitepe et al.. In contrast, the genetic transformation of Teosinte the most closely related wild species of maize (phylogenetically speaking) did not evolve as fast as its domesticated relative. In this context, Zobrist et al. report an innovative protocol by using whorl segments of seedlings germinated from mature seeds of Zea parviglumis.

As mentioned above, efficient genetic transformation is currently performed routinely for many plant species, but there are still many recalcitrant species. Even in species where transformation was successfully achieved, some agronomically important genotypes remain reluctant, thus slowing down breeding programs since the obtention of new engineered varieties normally requires the introgression of transgenic or gene-edited traits into elite germplasm. Several reports in this Research Topic deal with this issue by improving tissue culture conditions. For example, pluronic F-68 (PF-68) is a non-ionic surfactant used in plant tissue culture as a growth additive. Kok et al. report that supplementation with specific PF-68 concentrations enhances callus proliferation in recalcitrant rice cultivars. Chinese cabbage is another example of a recalcitrant crop. Sivanandhan et al. report stable Agrobacterium tumefaciens-mediated transformation for Chinese cabbage cv. Kenshin by employing antioxidants in the co-cultivation and subsequent regeneration media. The Asteraceae family is the largest and most diversified family of the Angiosperms and includes economically important crops such as lettuce and sunflower. There is a sharp contrast between lettuce that has easily adapted to tissue culture and transformation and sunflower, which is much trickier and difficult to transform. The peculiarities of their genetic transformation protocols are described by Darqui et al..

Grapevine has been considered a recalcitrant crop to produce transgenic plants as several other woody perennials. The ability to regenerate plants from transformed explants is considered the main obstacle in the process. State-of-the-art technologies to improve grapevine transformation and regeneration are reviewed by Campos et al.. Switchgrass is a grass of importance for biofuel production. Upland switchgrass cultivars are recalcitrant to genetic transformation. As for the case of the rice cultivar below, Xu et al. report improved transformation methods for two important upland cultivars. Speaking of forage crops and grasses, dallisgrass is a very important apomictic pasture in South America and other temperate warm regions of the world. In the paper authored by Schrauf et al., the transformation methodology status of cultivars of Paspalum dilatatum transformation is reviewed, and the authors propose this species as a model for molecular breeding in C4 perennial forage species. Although apomixis (asexual reproduction by seeds) is a pursued trait in grasses because the introduced transgene becomes immediately fixed in a highly adapted genetic background capable of large-scale clonal propagation, it may present a serious constraint for conventional breeding. Another review (Bellido et al.) addresses this paradox by describing the potential molecular pathways involved in apomixis determination and how these pathways could be used for both conventional and molecular breeding.

Many crops belong to polyploid species and require the search of systems to identify new dominant markers. A perspective article from Jozefkowicz et al., proposes the use of the Tnt1 element as a candidate to identify dominant mutations in allogamous tetraploid cultivated alfalfa. They illustrate this potential by showing that a single allelic mutation in the MsNAC39 gene produces multifoliol leaf plants in alfalfa. Sugarcane is another complex polyploid (and aneuploid) species. Modern sugarcane cultivars have extremely large genomes originating from artificial interspecific crosses making traditional breeding extremely difficult. The review authored by Budeguer et al. summarizes the current techniques and state of the art in sugarcane transformation. Potato is another well-studied polyploid crop of global importance that is not apomictic but clonally propagated like apomictic grasses, sharing the difficulties in conventional breeding. Thus, genetic engineering provides the opportunity to introduce/switch-off genes of interest without altering the allelic combination that characterizes successful commercial cultivars or to induce targeted sequence modifications by genome editing. The review by Nahirñak et al. summarizes the latest developments in the field.

Citruses are among the most prevailing fruit crops produced worldwide. As for the examples mentioned above, conventional methods are difficult because of prolonged juvenile periods, complex reproductive stages, occasional low fertility, self-incompatibility, parthenocarpy, or polyembryony. Genetic engineering technologies offer alternative approaches for overcoming these difficulties. The review by Conti et al. provides a detailed overview of the currently used strategies for the development of genetically modified citruses.

Forest-tree breeding using transgenic technology is still in its early stages compared to annual plants except for a few model species. In the review by Yin et al., the later advances in transgenic technology of forest trees and their application for trait improvement are discussed. Some forest species are widely used in agroforestry plantations for soil stabilization, ecosystem rehabilitation, etc. This is the case of Casuarina equisetifolia. In the study authored by Ren et al., more efficient and rapid regeneration systems based on stem segment explants are reported.

Another important aspect of molecular breeding is the identification and characterization of complex industrial traits. This is the case of fiber length, strength, and other fiber quality parameters in cotton. Razzaq et al. present an example of gene editing to improve fiber quality parameters appreciated by the textile industry.

Cannabis sativa produces unique phytocannabinoids and there are scarce if any reports of in vivo engineering targeting the cannabinoid biosynthesis genes. Matchett-Oates et al. report the successful modulation of cannabinoid biosynthesis genes using RNAi via agroinfiltration, enabling functional genomics of targeted cannabinoid biosynthesis genes.

Finally, another woody plant was successfully transformed with Bacillus thuringiensis toxin gene Cry10Aa to induce coffee berry borer (CBB) resistance, as reported by Valencia-Lozano et al.. Bioassays using transgenic fruits challenged with CBB larvae and adults significantly reduced seed damage to less than 9%, providing a powerful CBB control tool for coffee production.
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Pluronic F-68 (PF-68) is a non-ionic surfactant used in plant tissue culture as a growth additive. Despite its usage as a plant growth enhancer, the mechanism underlying the growth-promoting effects of PF-68 remains largely unknown. Hence, this study was undertaken to elucidate the growth-promoting mechanism of PF-68 using recalcitrant MR 219 callus as a model. Supplementation of 0.04% PF-68 (optimum concentration) was shown to enhance callus proliferation. The treated callus recorded enhanced sugar content, protein content, and glutamate synthase activity as exemplified in the comparative proteome analysis, showing protein abundance involved in carbohydrate metabolism (alpha amylase), protein biosynthesis (ribosomal proteins), and nitrogen metabolism (glutamate synthase), which are crucial to plant growth and development. Moreover, an increase in nutrients uptake was also noted with potassium topping the list, suggesting a vital role of K in governing plant growth. In contrast, 0.10% PF-68 (high concentration) induced stress response in the callus, revealing an increment in phenylalanine ammonia lyase activity, malondialdehyde content, and peroxidase activity, which were consistent with high abundance of phenylalanine ammonia lyase, peroxidase, and peroxiredoxin proteins detected and concomitant with a reduced level of esterase activity. The data highlighted that incorporation of PF-68 at optimum concentration improved callus proliferation of recalcitrant MR 219 through enhanced carbohydrate metabolism, nitrogen metabolism, and nutrient uptake. However, growth-promoting effects of PF-68 are concentration dependent.

Keywords: growth additive, growth promoting effects, mode of action, recalcitrant indica cv. MR 219, stress response


INTRODUCTION

Rice is one of the major staple foods serving more than half of the population of the world (Hadiarto and Tran, 2011). In Asian countries, rice provides nearly half of the total dietary carbohydrate and 50–80% of the daily calorie intake (Khush, 2005). Increasing rice production should be prioritized in order to sustain the ever-increasing world population (Sen et al., 2020). Through the advancement of modern biotechnology, genetic manipulation could serve as an alternative solution to meet the increasing demands of rice production (Low et al., 2018). However, genetic manipulation in indica rice cultivars remains a challenge. This is because indica rice cultivars share common recalcitrant properties toward in vitro regeneration responses. For instance, indica rice cultivars suffer from poor callus proliferation, low regeneration efficiency, a long regeneration period, and a low transformation rate (Sah et al., 2014). Therefore, in order to improve the in vitro responses of indica rice cultivar, optimization of the plant growth medium is required.

Additives are the key components in improving the in vitro responses of indica rice cultivars (Abiri et al., 2017; Kok et al., 2018). Some of the commonly used growth additives in plant tissue culture include Pluronic F-68 (PF-68), lignosulfonate, silver nitrate, silicon, coconut, and gibberellic acid (Biswas and Mandal, 2007; He et al., 2013; Yildirim and Turker, 2014; Irshad et al., 2018; Wan Abdullah et al., 2020). PF-68 is a non-ionic, copolymer surfactant that has been employed as an additive in both in vitro animal and plant cultures (Meier et al., 1999; Barbulescu et al., 2011). PF-68 has been widely utilized in animal cell suspension culture to protect and repair damaged cells from constant sparging and agitation (Meier et al., 1999). Further investigation of the application of PF-68 in yeast cells revealed that PF-68 is capable of interacting with the cell surface by increasing the permeability of the cell membrane through the formation of short-lived, transmembrane pores (King et al., 1991; Cho et al., 2007). Through enhanced membrane permeability, the nutrient uptake and cell growth were stimulated in cell culture (Shelat et al., 2013). However, the outcome of this interaction is concentration-dependent. At high concentration, PF-68 is able to disrupt the normal architecture of the lipid bilayer, resulting in a cell lysis (Cho et al., 2007).

Similar to animal cell culture, the application of PF-68 was found to enhance nutrient uptake and plant growth in plant tissue culture. In addition to that, application of PF-68 was demonstrated to enhance the release of anthraquinone into the medium in suspension cultures of Morindacitrifolia, suggesting an increase in membrane or cell wall permeability of Morindacitrifolia (Bassetti et al., 1995). A similar study was demonstrated, whereby secretion of a human granulocyte-macrophage colony-stimulating factor was stimulated when PF-68 was added into the cell suspension culture of transgenic Nicotiana tabacum (Cho et al., 2007). Besides, the application of PF-68 was reported to enhance shoot regeneration in Citrus sinensis (Curtis and Mirkov, 2012), Pyrus communis (Dashti et al., 2012), Ricinus communis (Kulathuran and Narayanasamy, 2015), and Abelmoschus esculentus (Irshad et al., 2018). Notably, PF-68 was demonstrated to improve the growth of roots, callus, and protoplast of Solanum dulcamara (Kumar et al., 1992), shoot regeneration of recalcitrant Brassica napus embryos (Barbulescu et al., 2011), and callus proliferation of recalcitrant indica rice (Kok et al., 2020). This implies that PF-68 could be a good candidate for plant cell growth and regeneration improvement of the recalcitrant cultivars.

An earlier study made by Kok et al. (2020) on PF-68 application has shown successful enhancement of a callus proliferation rate and a number of callus with root-like structure of MR 219 indica rice cultivar. Unfortunately, the underlying growth promoting mechanisms of PF-68 remains largely unknown. Hence, to close this gap and to maximize the usage of PF-68 as a growth additive, understanding its mode of action is crucial. Therefore, the present study aimed to investigate the mode of action of PF-68 in the growth enhancement of MR 219 indica rice cultivar.



MATERIALS AND METHODS


Plant Materials

MR 219 cultivar was selected as a model of recalcitrant rice cultivar in this study. The seeds of recalcitrant Malaysian cultivar MR 219 used in this study were obtained from the Malaysian Agricultural Research and Development Institute (MARDI), Seberang Prai, Penang, Malaysia.



Pluronic F-68

The analytical grade of PF-68 (10%) used in this research was purchased from Thermo Fisher Scientific, United States.



Seed Sterilization and Growth Conditions

Surface sterilization of the seeds was performed according to previously described protocol by Lim and Lai (2017) with slight modifications. Firstly, mature seeds were de-husked and surface-sterilized using 70% (v/v) ethanol for 1 min, followed by 50% (v/v) Clorox, containing 6% sodium hypochlorite for 30 min. Subsequently, the seeds were washed with distilled water to remove remaining residues and allowed to be air-dried on a sterilized filter paper. The sterilized seeds were then transferred onto previously established a callus induction medium, containing a Gamborg's B5 basal medium (Gamborg et al., 1968), supplemented with 10-g/L maltose, 0.1-g/L L-glutamine, 0.1-g/L L-asparagine, 0.1-g/L L-arginine, 10-mg/L 1-naphthaleneacetic acid, and 1-mg/L 2,4-dichlorophenoxyacetic acid, pH 5.8 for 2-week incubation in the dark at 25 ± 2°C (Low et al., 2019). Subsequently, the calluses induced from the seed were transferred onto a Murashige and Skoog (MS) medium (Murashige and Skoog, 1962), containing 30-g/L sucrose without plant growth regulators (MSO), supplemented with PF-68 (0.04 and 0.10%; w/v) for 2-week incubation in the dark at 25 ± 2°C. Callus cultured onto an MS medium without PF-68 supplementation was used as the experimental control. Morphological changes in the callus were recorded at the end of the incubation period. The fresh weight (FW) of the callus was measured, and its constant dry weight (DW) was recorded after drying at 50°C in an oven for 5 days. The measurement was performed in triplicates with three biological replicates.



Total Soluble Sugar Content

Total soluble sugar was measured using a phenol-sulfuric acid method (Terzi et al., 2014). Approximately, 0.25 g of calli were grounded into powder using liquid nitrogen. Subsequently, the powdered calli were homogenized in 3 ml of 80% (v/v) ethanol and centrifuged at 880 × g for 20 min. The pellet was discarded, and the supernatant was mixed with 1-ml 5% (v/v) phenol and 5-ml concentrated sulfuric acid per 1 ml of supernatant. The absorbance of the samples was measured at 565 nm by using a spectrophotometer (Implen GmbH, Germany). The corresponding concentration was determined, using glucose solution as a standard.



Total Protein Content

The protein content of the callus was determined using the Bradford assay (Kruger, 1994). Approximately, 0.1-g calli were grounded into powder in liquid nitrogen and mixed with 900 μl of 50 mM of ammonium bicarbonate and 100 μl of 50-mM phenylmethylsulfonyl fluoride (PMSF). Subsequently, the mixture was vortexed, sonicated, and centrifuged according to Yang et al. (2019). Acetone precipitation was carried out according to Jiang et al. (2004). The protein pellet was dissolved at a ratio of 9:1 of 50-mM ammonium bicarbonate to 50-mM PMSF. The protein content in the extract was determined at 595 nm (Kruger, 1994). The corresponding concentration was determined, using bovine serum albumin as a standard.



Glutamate Synthase Activity

Glutamate synthase (GOGAT) activity was measured, following a method described by Ertani et al. (2011). The following steps were performed at 4°C. For extraction of GOGAT activity, ~0.2 g of the samples was grounded into powder with the presence of liquid nitrogen. The powdered calli were then homogenized with 2 ml of extraction solution, containing 100-mM Hepes-NaOH at pH 7.5, 5-mM MgCl2, and 1-mM dithiothreitol. The extract was filtered through two layers of muslin cloth. After centrifugation at 20,000 × g at 4°C for 15 min, 100 μl of the supernatant was homogenized with 1 ml of mixture solution, containing 25-mM Hepes-NaOH at pH 7.5, 2-mM L-glutamine, 1-mM α-ketoglutaric acid, 0.1-mM NADH, and 1-mM Na2EDTA. The GOGAT activity was measured spectrophotometrically by monitoring NADH oxidation at 340 nm. The enzyme activity was expressed in μmol−1g−1FW, representing the amount of enzyme, catalyzing the oxidation of 1 μmol of NADH min−1.



Phenylpropanoid Ammonia Lyase Activity

Phenylpropanoid ammonia lyase (PAL) activity was measured, following a protocol as described by Wang et al. (2016) with minor modifications. Approximately, 0.2 g of the sample calli was grounded into powder form in liquid nitrogen. Then, the powdered calli were mixed with 2 ml of the extraction buffer, comprising of 50-mM Tris-HCl buffer at pH 8.5, 5-mM Na2EDTA, 15-mM ß-mercaptoethanol, 1-mM PMSF, and 0.15% (w/v) polyvinylpyrrolidine. The extract was centrifuged at 12,000 × g at 4°C for 20 min. Twenty microliters of the extract were used to measure the proteins content, using the Bradford assay while the remaining extract was used to determine the PAL activity. A total of 500 μl of the extract was mixed with 3 ml of the reaction buffer solution, consisted of 50-mM Tris-HCl buffer (pH 8.5) and 12-mM L-phenyalanine. The mixture was then incubated at 30°C for an hour. The PAL activity was measured at 290 nm. The PAL activity was calculated based on a PAL standard curve made by cinnamic acid where one unit of PAL deaminates L-phenylalanine to trans-cinnamic acid. Specific activity of PAL was calculated by PAL activity at 290 nm (U), divided by PAL protein concentration (μg) and expressed as U/μg of protein.



Malondialdehyde Content

Lipid peroxidation levels from the samples were determined through the malondialdehyde (MDA) assay. MDA is a lipid peroxidation product, which can be quantified in a reaction with thiobarbituric acid (Heath and Packer, 1968). Approximately, 0.2 g of the samples were grounded into powder, using liquid nitrogen and then homogenized with 2 ml of ice-cold phosphate buffered saline (PBS). Subsequently, the mixture was centrifuged at 12,000 × g for 15 min at 4°C. Two hundred microliters of the supernatant obtained were mixed with 800 μl PBS, 25 μl butylhydroxytoluene (8.8 mg/ml), and 500 μl of 50% (w/v) trichloroacetic acid. The mixture was left for 2 h on ice. Then, the mixtures were centrifuged at 12,000 × g for 15 min at 25°C. One milliliter of the sample was then mixed with 75 μl of 100 mM EDTA and 250 μl of 50-mM thiobarbituric acid. The mixture was boiled for 15 min and left to cool to room temperature. The MDA content in the sample was determined at 532 and 600 nm. The corresponding concentration was determined using tetramethoxypropane as a standard.



Peroxidase Activity

Peroxidase activity was determined as described by Agostini et al. (1997) with modifications. Approximately, 2 g of samples were grounded into powder form, using liquid nitrogen and then homogenized with 0.8 ml of an extraction buffer, containing a 10-mM sodium acetate/acetic acid buffer at pH 4.0 and 1-M sodium chloride. After centrifugation at 5,000 × g for 5 min at 4°C, the extract was used to measure protein content, using the Bradford assay while the remaining extract was used to determine the peroxidase activity. A total of 2 μl of the extract was mixed with 1 ml of reaction mixture, containing 630-μM o-dianisidine, 500-μM H2O2, and a 100-mM sodium acetate/acetic acid buffer at pH 5.3. The peroxidase activity was determined immediately by measuring the absorbance at 470 nm. The peroxidase activity was measured based on the amount of an enzyme, forming 1 μmol of product in a minute, produced by o-dianisidine oxidation.



Esterase Activity

Esterase activity was determined through a simple fluorometric method as described by Watanabe and Lam (2008). Fluorescein diacetate (FDA) was used as a fluorescent indicator of cell viability via endogenous esterase activity. Approximate, 0.2-g samples were grounded with liquid nitrogen. Then, the powdered calli were stained with a reaction mixture, containing 2.5 μg/ml of FDA in PBS. The mixture was left to incubate for 10 min at 25°C. Subsequently, the mixture was washed three times, using the reaction mixture, containing 2.5 μg/ml of FDA in PBS. For quantification of endogenous esterase activity, the resulting supernatants were used as samples for direct measurement of esterase activity in vitro by using a fluorescence microplate reader (TECAN infinite 200, Switzerland). The fluorescence value of the suspension was detected with an excitation wavelength at 440 nm and an emission wavelength at 550 nm.



Callus Nutrient Ions Content Analysis via Atomic Absorption Spectrometry (AAS) Analysis

In nutrient ions content study, the callus specimen was dried in an oven at 70°C for 5 days. The specimen was processed as described previously by Karpiuk et al. (2016) with slight modifications. A dried specimen was homogenized into fine powder and kept in a desiccator until subsequent analysis. A mass of 1-g powdered specimen was weighed and transferred into a silica crucible and burnt in a muffle furnace. The muffle furnace temperature was gradually increased from room temperature to 530–550°C for 5 h. The cooled residue was then dissolved in 6 ml of 6-M HCl for an hour. The resulting solutions were then filtered through Whatman filter papers into a volumetric flask. The filtered solution was then transferred to the AAS instrument (Thermo Fisher Scientific, United States) to measure the nutrients content by comparison with the standards. The operation conditions used to operate the AAS instrument were as recommended by the manufacturer.



Proteomic Analysis

In proteomic analysis, plant samples were grounded into fine powder, using liquid nitrogen and homogenized at a ratio of 9:1, consisting of 50 mM of ammonium bicarbonate to 50-mM PMSF. The mixture was then vortexed, sonicated, and centrifuged according to Yang et al. (2019), and solubilized proteins were collected. Desalting was carried out, using an acetone precipitation method (Jiang et al., 2004). The protein pellet was dissolved at a ratio of 9:1 (50-mM ammonium bicarbonate to 50-mM PMSF). The protein content in the extract was determined at 595 nm through the Bradford assay (Kruger, 1994). The protein sample was added with dithiothreitol to a final concentration of 10 mM and then incubated on an orbitor shaker at 25 ± 2°C for 30 min. Then, iodoacetamide was added into the mixture to a final concentration of 10 mM, and the mixture was further incubated in darkness at room temperature for 30 min. Trypsin was added into the protein mixture at a ratio of 1:20 for trypsin to protein (w/w) and incubated overnight at room temperature. The sample was dried in a SpeedVac vacuum concentrator (Thermo Fisher Scientific, United States). Following which, the dried sample was dissolved in 200 μl of molecular biology grade water and dried in the Speedvac. This step was repeated twice. The sample was then stored at −80°C until further analysis.

Nano liquid chromatography tandem-mass spectrometry (nano LC-MS/MS) was performed, using the Dionex 3,000 Ultimate RSLCnano (Thermo Fisher Scientific, United States). An aliquot of a 2-μl-digested-proteins sample was injected into the EASY-Spray Column Acclaim PepMapTM C18 100 (A0, 2 μm particle size, 50 μm id × 15 cm) at 35°C. The sample elution process was performed similarly as described by Yang et al. (2019). The eluent from the LC was directly introduced into the mass spectrometer (Orbitrap Fusion – Thermo Fisher Scientific, United States). The instrument was operated in the data-dependent mode. Full-scan spectra were collected Orbitrap MS (OTMS1) using parameters defined by a previous study (Yang et al., 2019). Only precursors with an assigned monoisotopic m/z and a charge state of 2 to 7 were further analyzed for MS2. All precursors were filtered using a 20-s dynamic exclusion window and an intensity threshold of 5,000. The precursors were fragmented by collision-induced dissociation (CID) and higher-energy collisional dissociation (HCD) at a normalized collision energy of 30 and 28%. The data were analyzed, using the Thermo ScientificTM Proteome DiscovererTM Software 2.1.



Real-Time PCR Analysis

Total RNA was isolated from the powdered calli, incubated in three treatments (control, 0.04%, 0.10% PF-68) using RNeasy Plant Mini Kit (Qiagen, Germany), following the protocol described in Lai and Masatsugu (2013). First-strand cDNA was synthesized from 1 μg of isolated total RNA using QuantiNova Reverse Transcription Kit (Qiagen, Germany). The primers were designed (Supplementary Table 1), using Primer-Blast from the National Center for Biotechnology Information (NCBI) and synthesized by Integrated DNA Technologies (IDT, United States). Real-time PCR was performed, using a aBio-Rad CFX96 system (Bio-Rad, United States) with QuantiNova SYBR Green PCR (Qiagen, Germany), following a protocol described in Lai et al. (2011). The PCR reaction conditions used were as follows: 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 5 s. Three biological replicates and three technical replicates were performed for each sample. The data were analyzed, using the Bio-Rad CFX Manager 3.1 software. The relative expression levels (2−ΔΔCT) were calculated according to Livak's method (Livak and Schmittgen, 2001). The reference genes used in this study were rice cyclophilin (OsCYC) and ubiquitin 5 (OsUBQ5).



Statistical Analysis

All data presented were the average ± standard error mean (SEM) of three biological replicates with three technical replicates. The data were analyzed, using one-way analysis of variance at the significant level of p < 0.05 between each treatment, using the Statistical Package for the Social Sciences version 20 (IBM Corp., Armonk, United States).




RESULTS


Growth-Promoting Response of PF-68 Without the Presence of Plant Hormone

An earlier study on PF-68 in callus proliferation revealed that optimum concentration of PF-68 (0.04%) significantly enhanced callus proliferation of MR 219 (Kok et al., 2020). Meanwhile, high concentration of PF-68 (0.10%) was demonstrated to induce stress response (Kok et al., 2020). In this study, plant hormones were removed from the callus proliferation medium in order to investigate the mechanism governing the growth-promoting response of PF-68 as a plant additive without the interference of plant hormones. Based on the results shown in Figure 1A, the application of 0.04% PF-68 significantly enhanced MR 219 callus proliferation in the MSO medium by 68.1% and 15.02% in FW and DW, respectively.
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FIGURE 1. Data obtained from calli proliferated on Murashige and Skoog (MS) medium supplemented with different PF-68 concentrations without plant hormones (MSO) for 3 weeks. (A) Mean fresh and dry weights recorded on 3 weeks old calli; (B) callus morphology on MSO (control), MSO +0.04% and MSO +0.10% PF-68; (C) control callus at week 3; (D) callus on MSO +0.04% PF-68 at week 3; (E) callus on MSO +0.10% PF-68 at week 3; (F) callus with root-like structure at week 3. Data shows the mean of three biological replicates. Asterisks (*) indicate statistical significant difference at p < 0.05 in Dunnet's test. Scale bars represent 0.5 cm. Error bars represent standard error mean.


Most of the calli (Figure 1B) cultured on both control and PF-68 were compact, dry, and yellowish-white (Figures 1C,D). As the concentration of PF-68 increased, decreasing numbers of yellowish-white calli were observed (Figure 1B). The highest number of yellowish-white calli (80%) was recorded in the MSO (control) compared with 75% with 0.04% PF-68 supplementation and 65.00% with 0.10% PF-68 supplementation (Figure 1B). Increasing numbers of brown (Figure 1E) and black (Figure 1F) calli were also noted. The highest number of brown and black calli recorded in 0.10% PF-68 was 26.67 and 8.33%, respectively (Figure 1B). Besides, the application of PF-68 enhanced the numbers of callus with root-like structure (Figure 1F). Supplementation with 0.04% PF-68 recorded the highest number at 76.67% (Figure 1B).



Biochemical Assessments of PF-68 at Optimum and High Concentrations

To further investigate the underlying growth-promoting mechanism of PF-68 in callus proliferation, biochemical assessments were performed on MSO, 0.04% PF-68 and 0.10% PF-68. A significant increment of total sugar content was found in both calli grown on 0.04% PF-68 (0.81 mg/ml) and 0.10% PF-68 (0.75 mg/ml), as compared with the control (0.67 mg/ml) (Figure 2A). Similarly, a significant increase of proteins content was recorded in calli grown on 0.04% PF-68 (0.58 mg/ml) and 0.10% PF-68 (0.49 mg/ml), compared with the control (0.45 mg/ml) (Figure 2B). The increases in proteins content were generally consistent with the increases in GOGAT activity as recorded in calli grown on 0.04% PF-68 with 0.48-μmol/g protein compared with the control 0.38-μmol/g protein (Figure 2C).
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FIGURE 2. Biochemicals analysis was performed on extracts of calli grown on Murashige and Skoog (MS) medium supplemented with different PF-68 concentrations without plant hormones (MSO). Control (MSO), optimum (MSO +0.04% PF-68), and high (MSO +0.10% PF-68). (A) Total soluble sugar; (B) total protein content; (C) glutamate synthase (GOGAT) activity. Data shows the mean of three biological replicates. Asterisks (*) indicate values were significantly different from those of the control callus at p < 0.05. Error bars represent SD of three biological replicates.


Besides, stress-related biochemical assessments performed in order to investigate the underlying mechanism induced by PF-68 at high concentration have demonstrated that the highest PAL activity was detected in calli grown on 0.10% PF-68 (0.28-U/μg protein) (Figure 3A), which corroborated with its highest MDA content of 0.024-U/μg protein (Figure 3B) and highest peroxidase activity of 0.15-U/μg protein (Figure 3C). In determination of esterase activity, calli grown on 0.10% PF-68 were recorded to have the lowest esterase activity (34,204.50-nmol/ng protein), as compared with 0.04% PF-68 (35,091.67-nmol/ng protein) and control (37,620.17-nmol/ng protein) (Figure 3D).
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FIGURE 3. Biochemical analysis performed on extracts of calli grown on Murashige and Skoog (MS) medium supplemented with different PF-68 concentrations without plant hormones (MSO). Control (MSO), optimum (MSO +0.04% PF-68), and high (MSO +0.10% PF-68). (A) Phenylalanine lyase (PAL) activity; (B) malondialdehyde (MDA) content; (C) peroxidase activity; (D) esterase activity. Data shows the mean of three biological replicates. Asterisks (*) indicate values were significantly different from those of the control callus at p < 0.05. Error bars represent SD of three biological replicates.




Nutrient Ions Content Analysis on MR 219 Callus Treated With PF-68

Nutrients availability is crucial to plant growth and development. In order to evaluate the effects of PF-68 on nutrients uptake in MR 219 callus, nutrient ion analysis via atomic absorption spectrometry was performed. Table 1 reveals that calli grown on 0.04% PF-68 contained higher amounts of macronutrients (K, Mg, and Ca) and micronutrients (Fe, Zn, Cu, and Mn), except for Na, which had the same amount as compared with the control. However, calli grown on 0.10% PF-68 contained higher amounts of Ca, Fe, Zn, Cu, and Mn compared with the control. Among these macro- and micronutrients tested, K had the highest increment detected in 0.04% PF-68 (42,600 ppm) when compared with the control (40,600 ppm).


Table 1. The concentration of nutrient ions content in control callus, and calli supplemented with 0.04% PF-68 and 0.10% PF-68 after 4 weeks of incubation.
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Comparative Proteomic Analysis on MR 219 Callus Treated With PF-68

Comparative proteomic analysis was carried out between the control, optimum (0.04%), and high concentrations (0.10%) of PF-68 in order to shed light on possible roles of PF-68 in callus growth. Differentially expressed proteins were identified in three different comparing groups; namely, between control and optimum concentration, control and high concentration, and optimum and high concentration. Pearson correlation values in these three groups were of high confidence, indicating the samples used between the different treatment groups were linearly related (Supplementary Figure 1). In addition, principal component analysis revealed good separation between the treatment groups, indicating significant changes in the proteomic abundance between each group (Supplementary Figure 1).

A total of 337 proteins from the control, 353 proteins from the optimum concentration, and 288 proteins from high concentration were successfully identified (Figure 4A). A total of 251 similar proteins were shared between the three treatment groups. In comparison between the control and optimum concentrations, a total of 380 proteins were identified in these two treatments. A total of 315 proteins were identified in both control and high concentrations. When compared between optimum and high concentrations, a total of 320 proteins were identified in both treatments. Based on the analysis, 49 proteins were upregulated, and 62 proteins were downregulated in optimum concentration as compared with the control (Figure 4B; Supplementary Figure 1 and Supplementary Table 2). In comparison between the control and high concentrations, 13 proteins were found to be upregulated, while 19 proteins were downregulated (Figure 4B; Supplementary Figure 1 and Supplementary Table 3). A total of 36 proteins were upregulated, and 48 proteins were downregulated in optimum as compared with a high concentration of PF-68 (Figure 4B; Supplementary Figure 1 and Supplementary Table 4). In addition, 37 proteins were exclusive to the optimum concentration, and 43 proteins were exclusive to the control when compared between the control and optimum concentrations. A total of 18 proteins were exclusive to the high concentration, and 48 proteins were exclusive to the control when compared between the control and high concentrations. When compared between the optimum and high concentrations, 59 proteins were exclusive to the optimum concentration, and 23 proteins were exclusive to the high concentration (Figure 4B). The differentially expressed proteins identified were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, which revealed that PF-68 supplementation affected proteins that are involved in carbohydrate metabolism, amino acid biosynthesis, protein biosynthesis, and secondary metabolites biosynthesis (Figure 4C). Besides, gene expression of selected proteins was observed to be in a similar trend with the proteome profile (Supplementary Figure 2).
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FIGURE 4. Comparative proteomic analysis of extracts from calli exposed to different PF-68 concentrations. Control (0% PF-68), optimum (0.04% PF-68), and high (0.10% PF-68). (A) Venn diagram of the total proteins obtained from the comparison between three treatments. (B) Total differentially expressed proteins identified in three treatment groups. (C) KEGG-pathway analysis of differentially expressed proteins identified in three treatment groups.





DISCUSSION

The recalcitrant property of indica rice cultivars has been one of the major obstacles in in vitro regeneration of MR 219, particularly poor callus induction and proliferation. Various attempts were made in order to improve in vitro regeneration of MR 219, such as the application of plant additives into the culture medium (Low et al., 2019). A recent study on the application of PF-68 has successfully improved a callus proliferation rate in MR 219 in the presence of plant hormones (Kok et al., 2020). Hence, the present study was undertaken in order to further elucidate the mechanisms governing the growth-promoting response of PF-68 during callus proliferation.

Application of optimum PF-68 concentration alone, without the supplementation of plant hormone, improved callus proliferation of MR 219 rice (Figure 1). These observations were consistent with the previous study made on the application of PF-68 with the presence of plant hormones (Kok et al., 2020). This suggests that PF-68 can act as a growth additive independent of plant growth hormones.

Application of PF-68 was found to be adsorbed onto the cell surfaces, providing protection against physical and chemical stresses in animal cell culture. The interaction between PF-68 and membrane permeability has been studied in yeast, animal cell culture, and plant cell culture (King et al., 1991; Meier et al., 1999; Cho et al., 2007). The incorporation of PF-68 at low concentration has been demonstrated to influence membrane permeability (King et al., 1991). Through enhanced membrane permeability, it was suggested that PF-68 was able to promote nutrient uptake and cell growth in animal cell culture (Shelat et al., 2013).

Soluble sugar molecules such as sucrose, glucose, and fructose play an important role in sugar sensing and plant development. High-sugar content can promote cell growth and carbohydrate storage by producing carbon and energy required for plant growth and development (Eveland and Jackson, 2012). Starch, a branched glucose polymer, also functions as a reserve carbohydrate in plants (Tetlow and Emes, 2014). In the present study, accumulation of soluble sugar was observed in callus treated with optimum PF-68 concentration (Figure 2A). Similar findings were reported in the application of PF-68 during callus growth of S. dulcamarain (Kumar et al., 1992). In response to PF-68, the enhanced accumulation of soluble sugar was reflected with the increases in tissue weights of S. dulcamarain (Kumar et al., 1992). Besides, comparative proteomic analysis revealed that cytosolic invertase 1 protein was found to be exclusive in callus treated with optimum PF-68 (Supplementary Tables 2, 4). In plants, invertase plays a vital role in hydrolyzing sucrose into glucose and fructose, and providing carbon nutrient supply required for cellular biosynthesis and sugar signal transduction (Ruan et al., 2010). For instance, point mutation on cytosolic invertase 1 gene in Arabidopsis was shown to cause sucrose accumulation and reduced plant growth (Qi et al., 2007). Another study reported that mutated cytosolic invertase 1 gene exhibited delayed flowering and partial sterility in rice (Jia et al., 2008). Detection of invertase protein exclusively found in callus treated with optimum PF-68 concentration suggested that production of glucose and fructose from sucrose was enhanced.

Besides, an increase in abundance of alpha-amylase isozyme 3A was detected in callus treated with optimum PF-68 concentration (Table 2). During carbohydrate metabolism, alpha-amylase is produced in abundance, and it is an essential enzyme in plants for catalyzing the hydrolysis of alpha-1,4-glucosidic bonds in starch (Zeeman et al., 2010). In plants, starch degradation is often dependent on carbon availability. For instance, starch degradation was halted when carbon availability was high, while starch degradation was stimulated when low carbon availability was detected in plants (Weise et al., 2006). Supporting this, a 1,4-alpha-glucan-branching enzyme was found to be in low abundance in the callus treated with optimum PF-68 concentration (Supplementary Tables 2, 4). Starch branching enzyme (SBE) like 1,4-alpha-glucan-branching enzyme is one of the major enzymes involved in starch biosynthesis in plants. This SBE can influence the structure of starch in terms of frequency and branch chain length (Tetlow and Emes, 2014). Therefore, the decrease in SBE abundance, as recorded in callus treated with optimum PF68 concentration, suggests that the production of starch has greatly reduced. This further supports that the carbohydrate metabolism was enhanced in order to provide a steady supply of energy and carbon for plant growth and development (Zeeman et al., 2010).


Table 2. Top 20 proteins showing significant abundance difference (together with their accession numbers) between control and optimum PF-68 concentrations.
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Aside from soluble sugar accumulation, total protein accumulation plays an important role during plant growth and development as well. Proteins accumulation in plant is often dependent on the availability of nitrogen supply. Nitrogen is one of the essential building blocks of amino acids. In many natural environments, nitrogen is often one of the limiting nutrients, and the decrease in nitrogen availability is often the reason for reduced plant growth. In the present study, enhanced GOGAT activity and increased in abundance of NADH-GOGAT protein were detected in callus treated with optimum PF-68 concentration (Figure 2C and Supplementary Table 2). In plants, GOGAT is one of the key proteins involved in amino acid biosynthesis, specifically nitrogen metabolism. GOGAT isoenzymes catalyze the transfer of the amido nitrogen of glutamine to 2-oxoglutarate, using either pyridine nucleotides (NADH dependent) or ferredoxin (ferredoxin dependent) as a reductant (Konishi et al., 2014). Besides, Chichkova et al. (2001) previously reported that overexpression of the NADH-GOGAT gene in the transgenic tobacco plant was shown to enhance dry weight and total carbon and nitrogen contents. Enhanced GOGAT activity and increased in abundance of NADH-GOGAT protein were observed to be coherent accumulation of total proteins in the callus treated with optimum PF-68 concentration (Figure 2). This indicates that the application of 0.04% PF-68 may play an active role in nitrogen assimilation in callus. The increased nitrogen content will then be used as a source of building blocks for amino acids and subsequently enhances the biosynthesis of proteins, which are crucial to plant growth (Rafiq et al., 2010).

Further comparative proteome analysis revealed an increase in abundance of ribosomal proteins (60S ribosomal protein L10a and 40S ribosomal protein S21) found in callus treated with optimum PF-68 concentration when compared with both control and high PF-68 concentration (Table 3). Ribosomal proteins are well-known for their roles in mediating protein synthesis and maintaining the stability of the ribosomal complex. The ribosome complex, as a whole, ensures the process of initiation of protein synthesis, amino acid assembly, and termination to occur appropriately in the cells (Moin et al., 2016). Regulation of ribosomal proteins is developmental dependent. For instance, high levels of ribosomal proteins were found in plant tissues with active division activities (Ferreyra et al., 2010). Ito et al. (2000) reported that disruption of ribosomal proteins resulted in developmental defects in Arabidopsis, such as an aberrant leaf, retarded root growth, and late flowering. Hence, the increase in the abundance of ribosomal proteins detected in the callus treated with optimum PF-68 concentration may play an important role during cell growth and development. Besides, similar findings were reported on the application of PF-68 on S. dulcamarain, whereby enhanced protein accumulation was observed during callus growth (Kumar et al., 1992).


Table 3. Top 20 proteins showing significant abundance difference (together with their accession numbers) when compared between control and high PF-68 concentrations.
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Essential nutrients in plant can be classified into macro- or micronutrients. Results obtained in this study revealed that a callus treated with optimum PF-68 concentration had higher amounts of macronutrients (K, Mg, and Ca) and micronutrients (Fe, Zn, Cu, and Mn) compared with the control (Table 1). The increase in nutrient uptake observed may be due to enhanced membrane permeability in response to PF-68. Among these plant nutrients tested, K is an essential nutrient and plays a vital role in plant growth and development, which is supported by the highest amount of K uptake in optimum PF-68 concentration. It is involved in biochemical processes, including protein synthesis and carbohydrate metabolism (Wang et al., 2013). Faust and Schubert (2016) previously reported that protein and sugar contents were significantly reduced in sugar beet due to K deficiency. In addition, accumulation of protein precursors, such as amino acids and amides, was also observed, suggesting that K deficiency can inhibit protein synthesis. Zelelew et al. (2016) also reported that increasing the K level had significant effects on plants, whereby plant height, aerial stem number, and number of leaves per plant were increased in a potato variety they studied. Thus, maintaining a balance of the K level in plants is crucial in plant growth and development. Stunted growth, poor root system, lodging, yield reduction, and yellowing of leaf were also common phenomena that occurred when plants had K deficiency (Wang et al., 2013). Furthermore, K deficiency increased plant susceptibility to various diseases and pest infestation, rendering plants to be more susceptible to damage under various stress conditions (Hasanuzzaman et al., 2018). Based on the results obtained in Table 1, the enhanced nutrients uptake, particularly K, could be one of the effects of PF-68, which contributed to enhanced the callus proliferation rate of MR 219.

Secondary plant metabolites are numerous chemical compounds produced by the plant cells through metabolic pathways derived from the primary metabolic pathways. Phenolic and flavonoid compounds are the largest groups of secondary metabolites in plants, and they play important roles in mediating plant response to biotic and abiotic stresses (Park et al., 2018). In this study, an increase in the abundance of PAL proteins (Table 3 and Supplementary Table 4) and high PAL activity (Figure 3A) were recorded in a callus treated with high PF-68 concentration. PAL catalyzes the first reaction in the biosynthesis of ammonia and trans-cinnamate from phenylalanine. The product is then further transformed into a wide variety of phenylpropanoid natural products, including phenolic, flavonoid, lignin, and phytoalexins (Jun et al., 2018). PAL is crucial in plant growth and development as it is responsible for producing secondary metabolites in response to environmental cues, including UV irradiation, exposure to heavy metals, infection, wounding, low temperatures, and low levels of nitrogen, phosphate, or ions (Zhang and Liu, 2015). In the present study, the increase in PAL activity implied that secondary metabolite biosynthesis was enhanced in a callus treated with a high PF-68 concentration. Notably, the increasing appearance of brown calli observed at a high concentration of PF-68 could be associated with the accumulation of secondary metabolites biosynthesis as well (Figure 1B).

Lignin is a phenolic complex polymer involved in plant growth and development as one of the major components of a secondary wall. It also provides mechanical strength to the cell wall and plays an important role in a defense mechanism against biotic and abiotic stresses (Vanholme et al., 2010). Enhanced cell wall lignification has been widely reported in plants when exposed to environmental stresses. For example, plant adaptation toward salt stress resulted in a significant increase in lignin content in the vascular tissues and thickened cell wall (Chun et al., 2019). In this study, cinnamyl alcohol dehydrogenase (CAD) protein was found to be exclusive in a callus treated with high PF-68 concentration as compared with optimum PF-68 concentration (Supplementary Table 4). This CAD has been widely characterized, and it is known to play a role in lignin biosynthesis via the conversion of phenylpropenyl aldehydes to alcohols (Ma et al., 2018). Suppression of CAD was demonstrated to reduce the lignin content and alter the lignin composition in switchgrass (Fu et al., 2011). Based on these results, the presence of CAD protein exclusive to a callus treated with high PF-68 concentration suggested that lignin biosynthesis was enhanced in response to increasing stress induced by high PF-68 concentration.

Reactive oxygen species (ROS) is one of the by-products of aerobic metabolism. Peroxidation of lipid membrane is one of the damaging effects of ROS. During the membrane lipid peroxidation process, ROS removes electrons from the lipids in the cell membrane, disrupting cell membrane system of the plant. Enhancement in membrane lipid peroxidation caused an increase in membrane permeability of the plant, which eventually caused electrolytes leakage in a plant cell (Campo et al., 2014). The results obtained in this study showed that enhanced MDA content was recorded in 0.10% PF-68 (Figure 3B). MDA is a major product of lipid peroxidation, and it reflects the degree of lipid peroxidation in plant cells in response to stress (Song et al., 2016). Similar significant levels of lipid peroxidation were detected in forest trees (Zhou et al., 2014) and rapeseed (Jin et al., 2010) in response to abiotic stresses. A significant increase in MDA levels indicates severe oxidative damage occurring in the plant cell membrane. However, studies have found that lipid peroxidation is a common phenomenon that occurred in plant cells when subjected to stress. MDA was often used as a marker to determine the physiological status of the plant during plant growth (Talbi et al., 2015; Kong et al., 2016). In this study, a high level of MDA was detected at a high concentration of PF-68, which signified oxidative damage in the cell membrane. This observation is able to prove the previous hypothesis made on high PF-68 concentration, whereby high PF-68 concentration induced detrimental and irreversible changes in the plasma membrane in plant cells (Curtis and Mirkov, 2012; Irshad et al., 2018).

In line with the raised MDA content, an increase in protein abundance involved in the antioxidant defense system, such as peroxidase protein and peroxiredoxin proteins, was also detected in a callus treated with high PF-68 concentration (Table 4 and Supplementary Table 4). Consistently, the biochemical assessment revealed similar high peroxidase activity in a callus treated with high PF-68 concentration (Figure 3C). Low levels of ROS detected are common in plants as ROS is a by-product of plant aerobic metabolism. Moreover, ROS serves as an important signaling molecule to regulate physiological processes (Wang et al., 2016). However, the accumulation of ROS may cause excessive damage toward macromolecules and plant cells, which eventually triggers a hypersensitive response and programmed cell death (PCD) in plant cells (Konieczny et al., 2014). The excessive production of ROS is often facilitated by increasing stress response (Konieczny et al., 2014). In order to regulate ROS intracellular levels in plants, ROS scavenging enzymes, such as catalase, peroxiredoxin, and peroxidase are required (Chou et al., 2012). The increased synthesis of peroxidase and peroxiredoxin proteins detected in the callus treated with high PF-68 concentration showed that the regulation of ROS was enhanced in response to increasing oxidative stress, induced by high PF-68 concentration.


Table 4. Top 20 proteins showing significant abundance difference (together with their accession numbers) when compared between optimum and high PF-68 concentrations.
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Aside from protein abundance in plants, esterase could be used to determine cell viability. Several studies have utilized the changes in esterase activity as a marker to study the growth characteristics and cell viability in plants (Amano et al., 2003; Tamás et al., 2005; Víteček et al., 2007). In a way, a decrease in esterase activity in plants corresponds with the decrease in cell viability in plants. Besides, esterase activity can also act as an excellent bioindicator toward environmental stresses (Radić and Pevalek-Kozlina, 2010). In the present study, the decrease in esterase activity in a high concentration of PF-68 could be associated with the decrease in the calli cells viability. This association was supported by the increasing number of black calli recorded at a high concentration of PF-68 (Figure 1B). The decrease in cell viability was most probably due to the accumulation of ROS (Figure 2C) and the incapability of the ROS scavenging system to cope with the increasing stress induced by high concentration of PF-68, which eventually triggered PCD in the callus cells (Figure 3D).



CONCLUSIONS

Despite the growth-promoting effects of PF-68 were known, the mechanism governing the growth-promoting effects remains largely fragmented. The present study demonstrates that the growth-promoting effects of PF-68 are independent of a plant hormone. The comparative proteome analysis revealed that optimum PF-68 concentration enhanced callus proliferation of MR 219 cultivar via enhanced sugar accumulation and protein biosynthesis. This was evidenced by the increase in the abundance of carbohydrate metabolism-related proteins, ribosomal proteins, and nitrogen metabolism-related proteins (Figure 5). Moreover, optimum PF-68 concentration enhanced nutrients uptake in the callus, particularly K, suggesting a vital role of K in plant growth and development. However, a callus treated with high PF-68 concentration revealed increasing levels of stress response, such that high levels of PAL activity, MDA content, and peroxidase activity were detected (Figure 5). Consistently, an increased abundance of PAL protein and proteins involved in the antioxidant defense system was detected in a callus treated with high PF-68 concentration as well. In addition, the reduced level of esterase activity detected at a callus treated with high PF-68 concentration suggests that increasing stress response eventually triggered PCD. Taken together, the growth-promoting mechanism of PF-68 is concentration-dependent, and incorporation of PF-68 at different concentrations may either promote plant growth or induce stress.


[image: Figure 5]
FIGURE 5. Mechanism proposed on the roles of PF-68 in callus proliferation. CAD, cinnamyl alcohol dehydrogenase; GOGAT, glutamate synthase; MDA, malondialdehyde; NADH-GOGAT, NADH-dependent glutamate synthase; PAL, phenylalanine ammonia lyase; ROS, reactive oxygen species; SBE, starch branching enzyme; ↑, increased; ↓, decreased.
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Over the past decades, advances in plant biotechnology have allowed the development of genetically modified maize varieties that have significantly impacted agricultural management and improved the grain yield worldwide. To date, genetically modified varieties represent 30% of the world’s maize cultivated area and incorporate traits such as herbicide, insect and disease resistance, abiotic stress tolerance, high yield, and improved nutritional quality. Maize transformation, which is a prerequisite for genetically modified maize development, is no longer a major bottleneck. Protocols using morphogenic regulators have evolved significantly towards increasing transformation frequency and genotype independence. Emerging technologies using either stable or transient expression and tissue culture-independent methods, such as direct genome editing using RNA-guided endonuclease system as an in vivo desired-target mutator, simultaneous double haploid production and editing/haploid-inducer-mediated genome editing, and pollen transformation, are expected to lead significant progress in maize biotechnology. This review summarises the significant advances in maize transformation protocols, technologies, and applications and discusses the current status, including a pipeline for trait development and regulatory issues related to current and future genetically modified and genetically edited maize varieties.
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INTRODUCTION

As an important global crop and a model plant for genetics and biotechnology studies, maize is one of the most researched plant species. Because of its richness in genetic and genomic resources, maize has been used for biological investigations into plant domestication and evolution, epigenetics, heterosis, disease, insect resistance inheritance, doubled haploids, genome editing, and breeding tools (Strable and Scanlon, 2009; Andorf et al., 2019). However, the development of genetically modified maize varieties has faced enormous difficulties due to genotype-associated recalcitrance to transformation. The first protocols for stable maize transformation, which were published in the late 1980s, used particle bombardment, but the transformation frequency obtained with the method was very low (Gordon-Kamm et al., 1990; Frame et al., 1994). Nevertheless, agricultural biotechnology companies were able to launch commercial transgenic varieties using this protocol (ISAAA database, 2021). A few years later, the overwhelming success of herbicide- and insect-resistant transgenic maize varieties modified the global seed industry from a pulverized market with several local and small seed companies into a consolidated market with a few transnational companies able to invest in research and bear the expensive regulatory costs to commercialize genetically modified varieties (Bijman, 2001; Howard, 2009). In 2019, genetically modified maize varieties accounted for over 30% of the world’s maize cultivated area (ISAAA database, 2021). The list of the so-called biotech traits currently available is no longer restricted to herbicide and insect resistance; abiotic stress tolerance, high yield, and improved nutritional quality are traits expected to be introduced into the market soon (Wu et al., 2019; Simmons et al., 2020; ISAAA database, 2021).

The progress in maize transformation protocols over the years aimed to overcome genotype recalcitrance and produce less complex and unfragmented transgene insertions in the plant genome, which is a major drawback associated with the regulatory aspects of transgenics (Kausch et al., 2021a). As a result, Agrobacterium-mediated transformation has become the most suitable protocol for selecting single and unfragmented insertion events. Increasing the transformation frequency and expanding the number of genotypes suitable for Agrobacterium infection and plant regeneration of transgenic events were the focus of research groups in both the industrial and academic sectors (Frame et al., 2002, 2006; Ishida et al., 2003, 2007; Huang and Wei, 2005; Lowe et al., 2018). In parallel to improvements in protocols for Agrobacterium infection and transformation, advances have also been achieved in plasmid design, suitable promoters, and selectable marker genes (Kausch et al., 2021b; Simmons et al., 2021). One of the most significant advances that resulted in improvements in maize transformation was the design of constructs expressing morphogenetic regulators (MRs) that allow direct embryogenesis from immature zygotic embryos (IZEs) and thereby bypass the callus induction stage (Lowe et al., 2016, 2018; Svitashev et al., 2016; Mookkan et al., 2017; Barone et al., 2020). For example, vector constructs expressing the MRs BABY BOOM and WUSCHEL allowed the transformation of elite maize inbred lines at frequencies of up to 50%, and this process bypasses the laborious and time-consuming backcross programmes for introgression of the transgene into commercial hybrids (Lowe et al., 2016).

The costs associated with the deregulation of genetically modified commercial maize plants are prohibitive for most public research institutions. Only the largest agricultural biotechnology companies are financially prepared to pay these costs, and therefore, the world has seen an increasing concentration of maize seed providers (Deconinck, 2019). This scenario may be overcome by gene-editing technologies that simplify gene structure/expression manipulation (Jorasch, 2020). Provided that regulatory agencies worldwide become aware of the potential of extensively using this technology, gene editing will soon become more accessible to the public interested in contributing to agricultural sustainability, which will allow the worldwide development of biotechnology varieties that incorporate desirable traits (Schiemann et al., 2019). Gene-editing technologies will also benefit from the progress being made in DNA and protein delivery mechanisms and tissue culture-free methods for maize modification (Li et al., 2017; Vejlupkova et al., 2020). For example, double haploid induction associated with gene editing methods [simultaneous double haploid production and editing (Hi-Edit) and haploid-inducer mediated genome editing (IMGE)] opens new opportunities to speed up precision breeding (Kelliher et al., 2019; Wang et al., 2019). The possibility of obtaining genetically modified plants without integrating foreign DNA also opens a new path for the deregulation of biotech traits. In several countries, including Argentina, Brazil, and the USA, genome-edited varieties that do not incorporate foreign DNA have already been deregulated as conventional improved varieties with no additional restrictions (Hull et al., 2021). The potential lack of a need for approval by regulatory agencies would significantly reduce the time and costs to introducing the new edited varieties to the market compared with those needed for regulated transgenic varieties (Lassoued et al., 2019).

Recent advances in the transformation and regulatory aspects of genetically modified/edited maize plants have encouraged academic and private facilities to provide transformation services, which has allowed small research groups and companies to test their genes and alleles. In addition, the genome sequences of several maize lines and hybrids are already available (Hufford et al., 2021), which allows the design of strategies for genetic modification/edition using improved transformation protocols. These improvements will allow the evaluation of an increasing number of genes and alleles associated with desirable agronomic traits (Portwood et al., 2019).

As a critical technology, maize transformation has been the central theme of several reviews covering different aspects ranging from historical and current advances in transformation protocols, methods, and applications (Wang et al., 2009; Que et al., 2014; Yadava et al., 2017; Ishida et al., 2020; Kausch et al., 2021a, 2021b). Here, we present the latest advances in the protocols and technologies for maize transformation and expand the topic to the development of new genetically engineered maize varieties, regulatory issues, and the importance of delivering new commercial biotech maize varieties to the market.



CURRENT STATUS OF MAIZE TRANSFORMATION


Plant Genotype

One of the bottlenecks associated with Agrobacterium-mediated transformation is the recalcitrance of maize to bacterial infection and the regeneration of transformed plants. Almost all published protocols have yielded the successful transformation of a few genotypes that usually exhibit satisfactory Agrobacterium infection, callus formation, and plant regeneration (Ishida et al., 1996, 2003; Frame et al., 2006; Coussens et al., 2012). The most commonly used maize genotype in academic laboratories is the single hybrid Hi-II (Armstrong et al., 1991) and their inbred parents (Frame et al., 2006; Ishida et al., 2007). However, although these genotypes show high-frequency Agrobacterium infection of IZEs, embryogenic callus formation, good performance in selective medium, and recovery of transformed plants, they lack the minimal agronomic performance needed for phenotyping characterization (Frame et al., 2006; Wang et al., 2009; Kausch et al., 2021a). In addition, events generated from individual embryos produced by self-pollinated Hi-II hybrid plants have different genetic backgrounds. These constraints require time-consuming backcross programmes for the introgression of transgenic events into elite inbred lines for phenotypic evaluation. More recently, the B104 maize inbred line has been used for maize transformation. Although this genotype presents a slightly lower transformation frequency, the plants have better agronomic performance, which allows phenotyping of the transformed plants at the T1 generation. In general, the transformed B104 plants are vigorous and produce a high number of kernels in the T1 generation, which allows the selection of homozygous transformed alleles when self-pollinated (Frame et al., 2006; Coussens et al., 2012; Raji et al., 2018). The B104 maize inbred line, when crossed with elite lines, gives rise to single hybrids that show suitable yield performance in field trials (Feys et al., 2018). Companies usually utilize their proprietary elite genotypes, such as NP2222 (Zhong et al., 2018), PHR03, PH184C, and PH1V69 (Simmons et al., 2021). Tropical maize genotypes have also been transformed (Yadava et al., 2017). In general, the transformation efficiency was lower than that of the temperate genotypes with the exception of that reported for the Sudanese inbred line IL3, which reached 3.78% compared with 0.98% of the A188 inbred line (Omer et al., 2013).



Explant Material

Genetic transformation requires the efficient introduction of a DNA construct harbouring target and marker genes into the plant cell, which is an effective tissue culture and plant regeneration protocol that allows selection of the transformed cell/tissue, and the further development of fertile plants. The first maize transformation protocols used cell suspensions and calli as explants, and the DNA construct was delivered by particle bombardment (Gordon-Kamm et al., 1990). A few years later, successful maize transformation was achieved using Agrobacterium tumefaciens carrying a modified bacteria Ti plasmid harbouring a gene conferring antibiotic resistance (Ishida et al., 1996). Nevertheless, the transformation frequency achieved with either particle bombardment or Agrobacterium was very low. In the following years, the construct design was improved to incorporate high-expression promoters to drive selectable marker and target gene expression, which, along with improvements in the culture media and infection treatments, increased the proportion of single-copy insertion events and made Agrobacterium the best choice for maize transformation (Frame et al., 2002; Kausch et al., 2021b). In general, the improved protocols made use of the highly efficient Agrobacterium strains EHA101 (Hood et al., 1986), EHA105 (Du et al., 2019), and LBA4404 (Ishida et al., 1996, 2007; Zhong et al., 2018). Although attempts have been made to use different explants (Mu et al., 2012), almost all current protocols use IZEs for Agrobacterium-mediated transformation due to the well-established callus induction and somatic embryogenesis obtained with this explant (Wang et al., 2009; Yadava et al., 2017; Kausch et al., 2021b). IZEs give rise to type II callus-induced somatic embryos that, upon efficient selection, produce regenerated transformed events (Kausch et al., 2021a).

Although IZEs are the best explant choice for maize transformation, care should be taken regarding aspects that affect transformation frequency. First, maize plants must be grown in a greenhouse with environmental control to ensure the homogeneous growth of healthy and vigorous plants, particularly for routine transformation throughout the year (Ishida et al., 2020). Detailed protocols for growing maize in greenhouses are available in the literature (Eddy and Hahn, 2012), but adjustments to the temperature, light quality/intensity, optimized nutritional conditions, and disease controls are often needed to ensure the quality of IZE production. Second, for classical Agrobacterium-mediated transformation, fresh embryos varying in size between 1.2mm and 2mm should be used (Raji et al., 2018). It is important to note that the embryo size usually varies within a single ear, and very small or larger embryos thus need to be discarded.



Culture Media

In general, maize transformation protocols use culture media prepared with N6 or MS salts (Frame et al., 2006). The protocols can be optimized by altering the combinations of sugars, salts, vitamins, amino acids, antioxidants, antibiotics, and growth regulators (Ishida et al., 2003; Frame et al., 2006; Yadava et al., 2017). Supplementation with silver nitrate has resulted in increased embryogenic callus induction and the recovery of regenerated plants (Ishida et al., 2003; Wang et al., 2009). The combination of copper sulfate (CuSO4) with 6-benzyl amino purine (BAP) has been shown to increase embryogenic callus induction and plant regeneration (Cho et al., 2014), whereas the combination of BAP with cysteine and dithiothreitol increases the infection rate (Du et al., 2010). Factors influencing Agrobacterium-mediated transformation include the concentration of the virulence inducer acetosyringone, the cocultivation time, and preinoculum bacterial growth (Du et al., 2019).

The effective concentrations of selective agents (antibiotics, herbicides, and sugars) should be optimized to inhibit the growth of nontransformed cell clusters (Wang et al., 2009; Que et al., 2014; Dong et al., 2021). In addition, nontransformed callus sectors that commonly grow around the transformed cell clusters should be removed to increase the recovery of transformed, regenerated plants (Raji et al., 2018). The selectable marker genes used in the constructs designed for maize transformation include antibiotic-resistant neomycin phosphotransferase II (nptII; Breyer et al., 2014; Barone et al., 2020; Hoerster et al., 2020), hypoxanthine phosphoribosyl transferase (hpt; Ishida et al., 2007) and the herbicide resistance genes phosphinothricin N-acetyltransferase (pat/bar; Frame et al., 2002; Ishida et al., 2003) and acetolactate synthase (Hra/als; Zhang et al., 2005; Hoerster et al., 2020). Selectable herbicide markers commonly confer a trait that is highly desired in agronomic performance (Que et al., 2014). The use of bar/pat genes as a selective marker allows the selection of transformed calli with phosphinothricin (PPT) or its derivatives and has been shown to be very effective for the selection of transformed maize plants (Wang et al., 2009; Que et al., 2014; Yadava et al., 2017). Other selection systems based on the metabolism of sugars (mannose) and amino acids (D-serine and D-alanine) have emerged (Que et al., 2014; Yadava et al., 2017).



Improvement of Agrobacterium Strains


Agrobacterium strains have been improved to achieve increased plant transformation frequency through the development of binary vectors (Zambryski et al., 1982; Hoekema et al., 1983; Bevan, 1984; Komari et al., 2006), the development of ternary helper plasmids and superbinary vectors (Ishida et al., 1996; Anand et al., 2018; Zhang et al., 2019), the upregulation of virulence (vir) gene expression (Ishida et al., 1996; Van Der Fits et al., 2000; Ye et al., 2011; Vaghchhipawala et al., 2018), and the removal of negative factors of T-DNA transfer (Nonaka et al., 2019). Genome editing has also helped improve Agrobacterium strains themselves. For example, clustered regularly interspaced short palindromic repeats (CRISPR)-mediated loss-of-function mutations in recA have generated an EHA105 strain with improved performance for maize transformation (Rodrigues et al., 2021). RecA-deficient strains are typically used to avoid the recombination of additional virulence genes from ternary helper plasmids with homologous sequences from the Ti plasmid (Mookkan et al., 2017; Anand et al., 2018; Sardesai et al., 2018), which allows their concomitant use with ternary vectors harbouring additional virulence genes and morphogenic regulators to increase plant regeneration.

Other features may also be manipulated to improve Agrobacterium-mediated transformation and the fate of transformed events. For example, the subversion of host plant factors (Pitzschke, 2013; Sardesai et al., 2013; Hwang et al., 2015), the reduction of vector backbone and transposon integration (Ülker et al., 2008; Kim and An, 2012; Jupe et al., 2019), the increase of T-DNA transfer capacity (Nonaka et al., 2019), the environmental containment of Agrobacterium when used for field applications (Torti et al., 2021), the increase on transient transformation frequency (Wang et al., 2018) and the use of effective tools for non-invasive monitoring of gene expression and plant transformation (He et al., 2020; Xu et al., 2021).

Another promising perspective is the use of autonomously replicating virus-based vectors (Zaidi and Mansoor, 2017) for overexpression, gene silencing, or gene editing in maize via Agrobacterium (Ding et al., 2006; Wang et al., 2016; Jarugula et al., 2018; Gao et al., 2019; Hu et al., 2019; Mei et al., 2019; Xie et al., 2021). These technologies have allowed transient expression at an industrial scale by spraying Agrobacterium carrying the viral vector (Torti et al., 2021). Bypassing difficulties, such as low transient gene transfer rates, regeneration difficulties, and host cell integrity issues (Zaidi and Mansoor, 2017; Nonaka et al., 2019), the virus-based vectors could be optimized to allow the development of transient expression strategies for CRISPR-Cas gene editing without the stable integration of foreign DNA.



Standard Protocol for Maize Transformation

A basic protocol based on published data (Ishida et al., 1996; Frame et al., 2002; Zhao et al., 2002; Huang and Wei, 2005; Frame et al., 2006; Ishida et al., 2007; Vega et al., 2008; Lee and Zhang, 2016) is currently being used for routine maize transformation using IZEs as explant in many laboratories worldwide. The main steps of this routine maize transformation (Figure 1) involve plant growth under controlled conditions (Figure 1A), harvesting ears at 10–16days post-pollination, selecting 1.2–2-mm IZEs (Figures 1B–C), infecting with Agrobacterium harbouring the desired construct (Figure 1D), monitoring the infection rate using GUS-harbouring vectors (Figure 1E), incubating the infected embryos in the dark at 21°C for resting (Figure 1F), transferring the infected embryos to the first-round selective medium in the dark at 25°C (Figure 1G), transferring the infected embryos to the second-round selective medium in the dark at 25°C (Figure 1H), transferring the resistant embryogenic calli to the first-round regeneration medium in the dark at 25°C (Figure 1I), transferring the regenerating plants to second-round regeneration medium to rooting in penumbra light (16hs) at 25°C (Figures 1J–K), transferring the regenerated plants to the acclimation room at 26°C/22°C day/night, 16h light (Figure 1L) and finally transferring the acclimated plants to the greenhouse for plant growth and T1 seed production (Figures 1M–O).
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FIGURE 1. Standard protocol for B104 maize transformation. (A) Growth of donor plants for immature embryo production under greenhouse-controlled conditions. (B) Ears are harvested 10–16 d after pollination. (C) The immature zygotic embryo reaches the ideal size of 1.2–2mm. (D) Isolated immature embryos in co-cultivation. (E) Immature embryo transiently expressing the gus reporter gene. (F) Embryos in resting media seven days after Agrobacterium infection. (G) Calli induction on selection I medium. (H) Compact type I callus in selection II medium. (I,J) Regeneration of transformed plants. (K) Transformed plantlets with roots and shoots are grown in the penumbra room. (L) T0 transgenic individuals rooted in the soil in an acclimation room. (M) T0 plants grown at the greenhouse. (N) Flowering and pollination of T0 plants at the greenhouse. (O) Harvesting of T1 seeds. The complete process, from infection to T1 seed production, takes approximately 6–8months. The images are not to scale.


When growing plants for IZE harvesting, environmental factors should be taken into account. For the B104 genotype, the recommended greenhouse temperature varies between 20°C and 28°C (night/day), and light intensity varies between 600 and 1,000μmol.m−2.s−1. Fine-tuning the temperature and light are essential to the production of high-quality embryos for successful transformation. For routine transformation throughout the year, the plants are pollinated weekly, and the IZEs reach their ideal size 10–16days after pollination. The harvested ears can be stored at 4°C for a couple of days prior to use. The Agrobacterium strains EHA101, EHA105 and LBA4404 are commonly used for the transformation of IZEs. After infection in N6 liquid medium (Figure 1D), the IZEs are laid down on cocultivation medium for 3days in the dark at 21°C (Figure 1F). The cocultivation medium is similar to the infection medium with the exception that the N6 salts are substituted by MS salts (Frame et al., 2006). The infection occurs mainly in the scutellum cells facing upward (Figure 1E). After 3days in the cocultivation medium, the IZEs are transferred to a resting medium containing the same composition of cocultivation medium with the appropriate antibiotics for bacterial counterselection for 7days at 21°C in the dark (Figure 1F). The IZEs are then transferred to a selective medium containing a low concentration of the PPT selective agent for 14days (Figure 1G) and then to a selective medium containing an increased concentration of the selective agent for 28days (Figure 1H). The selective agent depends on the construct selectable marker being the most popular bar gene that confers bialaphos/phosphinothricin (PPT) resistance (Gordon-Kamm et al., 1990; Frame et al., 2002). In this case, PPT is first used at 1,5mg/l for 14days, followed by 28days at 5mg/l. Other selectable marker genes widely used include nptII, which confers kanamycin resistance (Breyer et al., 2014; Barone et al., 2020; Hoerster et al., 2020), and hra, which confers imazapyr resistance (Hoerster et al., 2020) and pmi for resistance to mannose (Dong et al., 2021). In general, embryogenic callus induction is completed after 2weeks on low-concentration selective medium (Figure 1G). Maize genotypes able to produce type II calli exhibit early embryogenesis with the rapid proliferation of somatic embryos, whereas genotypes that produce type I callus genotypes exhibit late embryogenesis with organogenic and meristematic domes showing more compact tissues (Kausch et al., 2021b). After the selection phase, the selected calli are fragmented and transferred to regeneration medium without hormones containing the maximum concentration of selective agent (6mg/l of PPT, Figure 1I) and without hormones for 3weeks and then to regeneration medium without hormones and selective agents at low light intensity for 2–4weeks (Figures 1J–K). Regenerated plantlets with roots and shoots are finally transferred to soil and acclimated until the plants are in appropriate condition to be transferred to the greenhouse (Figures 1L–M). The transformation time, from Agrobacterium infection to T1 seeds takes approximately 6–8months (Figure 1O).



Maize Transformation Service Providers

Despite recent advances in maize transformation, only a few academic groups worldwide have the necessary infrastructure to effectively implement maize transformation. Although improved protocols are available, the steps from immature embryos to T1 seeds require well-equipped laboratory and greenhouse facilities for the Agrobacterium-mediated transformation (Wang et al., 2009; Altpeter et al., 2016). In addition to a high-quality infrastructure, the availability of skilled personnel is another factor determining the success of maize transformation. Due to these constraints, several specialized public and private facilities currently offer maize transformation services (Table 1). B104 and Hi-II are the most used genotypes by maize transformation service providers. Public and private maize transformation providers are available in the USA, Brazil, India, and Europe (Table 1).



TABLE 1. Academic laboratories and facilities providing maize transformation services.
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EMERGING TECHNOLOGIES FOR MAIZE TRANSFORMATION


Overcoming Genotype Recalcitrance: Morphogenic Regulator-Mediated Transformation

Although routinely performed, maize transformation faces the constraints of a few genotypes amenable to Agrobacterium-mediated transformation. The maize inbred line B73, for instance, is an important genetic and genomic resource but is strongly recalcitrant to transformation. The same is true for most of the commercial elite maize inbred lines. In addition, even the most improved transformation protocol currently available requires a callus culture step, which is laborious, time-consuming and constitutes a constraint for efficient large-scale transformation pipelines (Lowe et al., 2016). New methods relying on morphogenic regulators (MRs) expression at the early steps of maize transformation have been developed to overcome these obstacles. MRs, such as BABY BOOM (BBM), OVULE DEVELOPMENT PROTEIN 2 (ODP2), and WUSCHEL 2 (WUS2), are transcription factors capable of inducing somatic embryogenesis in different plant tissues. Transformation vectors harbouring combinations of WUS2 with either BBM (Lowe et al., 2016, 2018; Mookkan et al., 2017; Barone et al., 2020) or ODP2 (Svitashev et al., 2016) along with selectable markers and target genes have demonstrated high transformation frequency. In general, these Morphogenic Regulator-Mediated Transformation (MRMT) vectors can be introduced in the current Agrobacterium strains and used for immature embryo transformation. The MR methods exhibit two significant benefits: (1) increased plant regeneration rates and the recovery of transformed plants from recalcitrant genotypes and (2) a shortening in the overall time needed for transformation by bypassing the callus culture step (Figure 2A).

[image: Figure 2]

FIGURE 2. Schematic representation of the morphogenic regulator-mediated maize transformation (MRMT). (A) Comparison between standard transformation (top) and MRMT (bottom) protocols. Tissue culture phases are indicated by different colours. By skipping the callus culture step, MRMT shortens the time needed for in vitro tissue culture. Note that although not specified, a selective agent is used in the MRMT culture media to allow regeneration of transformed embryos only. (B) Schematic representation of generic T-DNA present in MRMT-based vectors. In addition to the genetic payload of interest, T-DNA harbours morphogenic regulators (MRs) and a recombinase (CRE). Upon a given stimulus, CRE excises the MRs from the construct. The time period and culture media are based in Coussens et al. (2012) and Raji et al. (2018) for the standard protocol and in Masters et al. (2020) for the MRMT protocol.


The first published MRMT method demonstrated that the use of vectors harbouring BBM and WUS2 for either Agrobacterium- or particle bombardment -mediated transformation increased the transgenic events recovery from recalcitrant genotypes by 25 to 52% (Lowe et al., 2016). Soon after, a transformation frequency of 15% was obtained for the recalcitrant B73 inbred line (Mookkan et al., 2017). Despite this transformation success, the continuous expression of MRs can lead to various developmental defects. Thus, the expression of MRs needs to be restricted to the embryogenesis induction step. Two approaches have been developed to overcome these detrimental effects: (1) excision of the MR expression cassette by a recombination system and (2) driving the expression of MRs using specific promoters. To date, CREATES RECOMBINATION (CRE) flanked by loxP sites has been the recombination system of choice for the excision of MR genes from expression cassettes (Lowe et al., 2016; Mookkan et al., 2017; Zhang et al., 2019; Hoerster et al., 2020; Masters et al., 2020). The transformation vectors include a region containing both the MRs and CRE/loxP, whose expression is driven by inducible promoters that can be triggered after the first steps of somatic embryogenesis induction to excise the MR cassette (Figure 2B). Examples of inducible promoters are those driving the drought-responsive Rab17 gene (Lowe et al., 2016; Mookkan et al., 2017; Zhang et al., 2019) or the heat-inducible Hsp17.7 gene (Masters et al., 2020). The selection of successful excision events may be facilitated by a fluorescent protein, which is only expressed after full excision of the CRE/loxP cassette.

A potential downside factor is that the quality of events may be affected because recombination is hardly 100% efficient and may leave part of the MR cassettes in the genome of the transformed events. Nevertheless, the frequency of complete recombination in transformed events ranges from 61 to 83% (Zhang et al., 2019). Another method avoids such drawbacks using specific promoters to drive MR expression. The rationale of this method is to maintain the expression of MRs in calli, embryos, and young leaves while avoiding its expression in meristems, roots, and reproductive organs. The use of a maize phospholipid transferase protein promoter (ZmPLTP) and an auxin-inducible promoter (ZmAXIG1) to drive BBM and WUS2 expression, respectively, allows the recovery of healthy transformed plants without excision of the MRs (Lowe et al., 2018). The MR induction of somatic embryos seems to be genotype independent, as observed with more than 22 inbred lines from DuPont Pioneer (Lowe et al., 2018). Moreover, MR methods also have the advantage of inducing somatic embryogenesis directly from the scutellum epidermis, which skips the initial stage of callus formation and thus halves the time needed for in vitro culture prior to transferring the plants to a greenhouse (Figure 2A; Lowe et al., 2018).

Recently, an alternative method was proposed to avoid the integration of MRs in the genome of transformed events by infecting immature embryos with two Agrobacterium strains: one harbouring a construct with the selectable marker and target genes, and the other harbouring the MR construct (Hoerster et al., 2020). Upon infection, transient expression from the MR cassette induces somatic embryogenesis, whereas only embryos containing the selectable marker and target gene constructs integrated into the plant genome are recovered. The expression of WUS2 is driven by the PLTP promoter incorporating viral enhancers that increase the induction of somatic embryogenesis and counterselect embryos in which the MR construct is eventually integrated because the high expression of WUS2 inhibits regeneration (Hoerster et al., 2020). In addition to WUS2 and BBM/ODP2, other MRs, such as GROWTH-REGULATING FACTOR 5 (GRF5) and chimeric GRF-INTERACTING FACTOR 1 (GRF4-GIF1), have been shown to increase the recovery of transgenic events (Debernardi et al., 2020; Kong et al., 2020).

MRs have been helpful for CRISPR/Cas9 genome editing, which usually demands the screening of many edited events (Zhang et al., 2019; Barone et al., 2020). In addition, genome editing based on less efficient systems, such as homologous recombination (HR), can benefit even further from a higher embryo recovery rate (Barone et al., 2020). MR transformation has also been efficient for CRISPR/Cas9 ribonucleoprotein (RNP) gene editing. In this case, IZE is co-bombarded with the RNPs of interest together with DNA constructs containing the MRs (Svitashev et al., 2016). This approach allows the recovery of foreign DNA- and marker-free GE plants. MR-based ternary vectors built by combining different backbones, helper plasmids, and recombination systems have been shown to be effective for maize CRISPR/Cas9 genome editing (Zhang et al., 2019). The commercially available “ready-to-use” vector is compatible with Golden Gate cloning for assembling the sgRNA expression cassette (Zhang et al., 2019).



Haploid-Inducer Mediated Genome Editing System

CRISPR-Cas genome editing (CGE) in plants has evolved enormously in the past few years. The first efficient CGE process in plants was demonstrated in 2013 by three independent groups, which edited genes in rice, wheat, Nicotiana benthamiana, and Arabidopsis thaliana (Li et al., 2013; Nekrasov et al., 2013; Shan et al., 2013). As a result, CGE has become the most accessible, efficient, and versatile genome-editing tool for plants (Chen et al., 2019). In general, CGE uses a Cas9 endonuclease and a chimeric single guide RNA (sgRNA) that drives Cas9 to a target DNA sequence in the genome (Charpentier and Doudna, 2013). A range of CRISPR-Cas toolkits have been made available for major crops (Chen et al., 2019), to be used for various aims, including the simultaneous editing of multiple traits and precise allelic replacements (Svitashev et al., 2015; Shi et al., 2017; Chen et al., 2019; Kelliher et al., 2019; Wang et al., 2019; Ahmar et al., 2020; Liu et al., 2020; Van Tassel et al., 2020; Zhang et al., 2020a; Gao et al., 2020b). However, a frequent bottleneck of the technique is the delivery of CRISPR-Cas by standard Agrobacterium or biolistic methods because most crop varieties are recalcitrant to transformation.

Effective methods to deliver the CRISPR-Cas machinery in germplasm recalcitrant to gene editing by crossing have been proposed (Li et al., 2017; Kelliher et al., 2019; Wang et al., 2019). Direct genome-editing technologies, including desired-target mutator (DTM; Li et al., 2017; Qi et al., 2020) and HI-Edit (Kelliher et al., 2019), which is also known as IMGE (Wang et al., 2019), are based on the pollination of elite recipient inbred lines using the pollen of a stably transformed line harbouring a CRISPR-Cas construct (Figures 3–4). In DTM, the target gene is directly edited in a desirable allele via trans-acting CRISPR-Cas (Figures 3A–C). The trans editing can occur by (1) the delivery of Cas RNPs, which are expressed by the sperm cell, directly into the egg cell of the elite line (gametophytic expression) and (2) the expression of Cas and sgRNA in the zygote after gamete fusion (zygotic expression; Figure 3D). Both CRISPR-Cas systems depend on the promoter used to drive cassette expression (e.g.: pollen-specific promoter versus constitutive promoter, Jacquier et al., 2020). Thus, after subsequent crossing, CRISPR-Cas-free plants with the original receptor genetic background that are homozygous for the desired edited gene can be obtained (Figures 3C,E). Although backcrossings are needed to recover the original genotype, this method dramatically reduces the workload of introgression breeding programs that usually need marker-assisted backcrossing and more generations to minimize the linkage drag effect (Peng et al., 2014; Li et al., 2017).
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FIGURE 3. Schematic representation of the desired-target mutator (DTM) maize transformation. (A) The CRISPR-Cas cassette can be transformed into a nonrecalcitrant inbred line for trans editing in an elite recalcitrant inbred line. (B) Pollen carrying a CRISPR-Cas cassette designed to target gene(s) of interest was used to pollinate the elite maize line. (C) The target gene is directly edited via trans-acting CRISPR-Cas. (D) The delivery of RNP, which is expressed by the sperm cell, directly into the egg cell of the elite line (gametophytic expression) or expression of RNP in the zygote after gamete fusion (zygotic expression) generates a hybrid edited embryo. (E) After trans editing, subsequent crossings are needed to obtain CRISPR-Cas-free plants with the original receptor genetic background and homozygous to the desired mutation. The schematic illustration view in (D) was adapted from Jacquier et al. (2020).


[image: Figure 4]

FIGURE 4. Haploid-inducer-mediated genome editing (IMGE) or simultaneous double haploid production and editing (HI-Edit) in maize. (A) The haploid inducer line harbouring a CRISPR-Cas cassette is used to pollinate the maternal elite line of any genotype. (B) The haploid progeny, which are typically sterile, were screened for CRISPR-Cas-induced mutations (~3%) and subsequently treated with a doubling agent to produce fertile doubled haploids. (C) Edited doubled haploid lines with improved agronomic traits are obtained after self-pollination. The zoomed view of trans genome editing and the maternal haploid formation processes occurring in B are shown in D-E. (D) After trans-acting CRISPR-Cas, and fertilization, the unstable paternal chromosome from haploid-inducer pollen is lost. (E) The formed embryo is nontransgenic (Cas-free) and has a doubled chromosome to recover the homozygous edited diploid elite plant.


In the HI-Edit/IMGE method, the paternal genome is a haploid inducer line harbouring a CRISPR-Cas cassette used to pollinate the maternal elite line (Figure 4A). In this case, the maternal genome is edited in trans, whereas the male genome is eliminated at the zygote phase. The haploid progeny, which is typically sterile, are then screened for CRISPR–Cas-induced mutations (Figure 4B) and subsequently treated with a colchicine mitotic inhibitor (Prasanna et al., 2012; Melchinger et al., 2016; Chaikam et al., 2019) or another less toxic doubling agent (Geiger and Gordillo, 2009; Häntzschel and Weber, 2010) to produce fertile doubled haploid and gene-edited nontransgenic plants (Kelliher et al., 2019; Wang et al., 2019; Figures 4C–E). However, improvements are needed to overcome the inherent problems related to haploid induction per se (Trentin et al., 2020; Jacquier et al., 2021). For example, CRISPR-Cas can be used before or in parallel to HI-Edit to: (1) increase the haploid induction rates by targeting genes related to high haploid induction (Kelliher et al., 2017; Zhong et al., 2019) or genes related to the inducer exclusion (Kelliher et al., 2019); (2) accelerate and accurately sort kernels/seedlings with haploid embryos from normal embryos by modifying visual traits such as anthocyanin (Chaikam et al., 2019) or by integrating visible transgenic markers into the inducers (Yu and Birchler, 2016; Xu et al., 2021; Yan et al., 2021) or even targeting genes involved in the oil content of seeds (Melchinger et al., 2013) and fixing recessive alleles of morphological traits in donors (Trentin et al., 2020). Care should be taken with desirable/undesirable agronomic traits during induction of haploid plants that would compromise the breeding programmes (Trentin et al., 2020). Desirable agronomic traits could be further targeted by gene editing, to take full advantage of HI-Edit/IMGE technology.

Overall, DTM and HI-Edit/IMGE technologies can help stack favourable genes in the genomes of elite lines. Precise genome modification overcomes the difficulties of traditional random uncontrolled mutagenesis and unpredictable insertions into the plant genome and thus has potential positive impacts on plant breeding (Schiemann et al., 2019). As a potential drawback, the CRISPR-Cas technology can generate undesirable off-targets but, although frequently predicted in silico, has been shown to occur rarely in plants (Young et al., 2019; Graham et al., 2020; Herbert et al., 2020; Gao et al., 2020a).



Nanoparticle-Mediated Transformation

As discussed in previous sections, new technologies have pushed maize transformation (especially that aiming at genome editing) closer to a genotype-independent status in the past few years. These tools have enabled achieving levels of efficiency and scale that are practicable at academic and industrial settings.

Another promising technology employs nanoparticle-mediated (NP) delivery of macromolecules in a tissue culture-independent manner. The major advantages of NPs reside in their small sizes, diverse geometries, and versatile surface activation and binding capabilities (Cunningham et al., 2018). Although the exclusion limit of cell membranes is approximately 500nm, that of plant cell walls ranges from approximately 5 to 20nm (Cunningham et al., 2018) and is thus the major size-limiting barrier for introducing materials intracellularly. Carbon nanotubes (CNTs), a type of NP with a size of at most ~20nm in one dimension, can avoid the requirements for harsh entry methods that frequently result in cell damage. Indeed, the passive delivery of biomolecules into leaf cells of intact plants and the protection of polynucleotides from nuclease degradation have been observed with ≤12-nm single-walled carbon nanotubes (SWCNTs; Demirer et al., 2019). Furthermore, NPs can adsorb and carry a variety of cargo chemistries into cells, including DNA, RNA, proteins, RNPs, and small molecules (Cunningham et al., 2018), which makes NPs suitable for various approaches, which not only include genetic modification but also gene expression and pharmacological perturbations.



Pollen Transformation

Tissue culture-independent methods for plant transformation in plants have been limited to a few species-tissue/cell type systems (for recent reviews, see Kausch et al., 2021a, 2021b and Anjanappa and Gruissem, 2021). One of these methods relies on delivering DNA constructs into mature pollen that is then used for direct pollination (Eapen, 2011). However, the methods remain controversial due to their low frequency or lack of reproducibility. In the case of maize, the aeration of pollen grains at 4°C in sucrose before sonication results in improved transformation (Yang et al., 2017). However, no successful transformation using this method has been published thus far.

Methods that exploit both the pollen biology and NP features are anticipated to result in significant improvements towards the realization of tissue culture-independent transformation of maize, particularly with respect to genome editing (Demirer et al., 2021), for which transgene integration is often unnecessary. In particular, subsequent advances are expected to take advantage of (1) the rapid and vigorous growth of maize pollen tubes both on stigma and in vitro (2) mounting knowledge of pollen and pollen tube gene expression and cell wall biochemistry (Zhou et al., 2017), which can inform further perturbation of their permeability, and (3) the versatile and customizable physicochemical properties and sizes of NPs, which would allow diverse cargo and passive cell entry.




DEVELOPMENT OF GENETICALLY MODIFIED AND EDITED VARIETIES


Biotechnology Pipeline for Trait Development

Over the last three decades, genetically modified (GM) maize varieties have successfully reached the market, which has brought traits such as herbicide resistance and insect resistance to farms. The first generation of varieties incorporated a single gene with only one mode of action against one insect order for insect resistance. The following generations were obtained by crossing herbicide and insect resistant events and different insect resistance events to achieve multiple modes of action against different insect orders. These so-called stacking varieties have reached impressive success with farmers, as demonstrated by a clear and complete phenotypic outcome (ISAAA database, 2021). The development of these first-generation traits is somewhat obvious because the science behind this development was described very early in the literature. However, the related process for quantitative traits such as abiotic stress tolerance, nutrient use efficiency, and yield is substantially more complex because these traits involve multiple genes that are subjected to strong environmental influence. To explore the impact of single genes on complex traits, companies have developed programmes ranging from gene to field biotechnology pipelines to evaluate gene effects at a large scale (Simmons et al., 2021).

A typical biotechnology pipeline (Mumm, 2013; Prado et al., 2014; Simmons et al., 2021) involves the following phases: discovery, proof of concept, early development, advanced development, prelaunch, and launch of commercial varieties (Figure 5). Some phases have activities that overlap temporarily, particularly when a positive early discovery lead is found, and the optimization activities begin before the end of the validation. The gene discovery phase is challenging, costly, and uncertain, particularly for traits such as drought and yield, which require well-defined phenotypic responses to drive the search for candidate genes (Nuccio et al., 2018; Simmons et al., 2021). High-throughput phenotypic screening of model plants, usually A. thaliana and O. sativa, is used to test hundreds of candidate genes. The proof-of-concept phase is characterized by the generation of events for each candidate gene and the initial phenotypic testing in both controlled environments and small-scale field trials (Simmons et al., 2021). At the end of this phase, maize events showing good agronomic performance, stable trait expression, and inheritance are elected as leads. In the early development phase, lead optimizations to improve the stability and enhance protein expression are usually required, and the leads are molecularly characterized and tested in large-scale field trials on multiple target locations and years (Simmons et al., 2021). The advanced development phase is characterized by the introgression of validated leads on commercial lines, and this process often involves the use of molecular markers to accelerate the breeding process and ensure trait conversion (Mumm, 2013). Regulatory data on gene product toxicity, allergenicity, compositional analysis, and environmental and human safety are also generated. In the prelaunch phase, the number of seeds from the new GM variety are increased to reach the market, quality control is implemented to secure trait identity and purity, a regulatory report is submitted, and the new GM trait hybrid is prepared for commercial launch. Depending on the trait and the resources available, completion of the pipeline takes, on average, 11–13years (Mcdougall, 2011; Mumm, 2013; Nuccio et al., 2018).
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FIGURE 5. Agricultural biotechnology pipeline for trait development in maize. General overview of main activities and estimates of maximum (light colours) and minimum (dark colours) costs and development time of each pipeline phase: discovery, proof-of-concept, early development, advanced development and prelaunch. Estimates are based on Mcdougall (2011) and Mumm (2013).


The average cost to develop a commercial maize GM trait is estimated at $50–136 million (Figure 5; Mcdougall, 2011; Mumm, 2013). Excluding the discovery phase, which can vary depending on the target trait, the advanced development and prelaunch phases are costly and time-consuming (Figure 5) because multiple field trials and regulatory studies are needed to ensure the safety and quality of the developed GM variety. However, genome editing that is free from transgene DNA sequences and is already regulated as non-GM in several countries would significantly contribute to decreasing the cost of regulatory studies and the overall costs of launching commercial varieties (Figure 5; Lowe et al., 2016; Lassoued et al., 2019).



Regulatory Issues Associated With Maize GM Traits

Since the release of the first commercial insect-resistant GM maize 25years ago (Tabashnik and Carrière, 2017; Pellegrino et al., 2018), 148 GM maize events have been approved for commercial use worldwide (ISAAA database, 2021). The global area cultivated with GM maize occupied 61 million hectares in 2019, and this area included 33 million hectares in the USA, 15 million hectares in Brazil, 6 million hectares in Argentina, and 2 million hectares in South Africa (ISAAA Brief, 2019). However, although GM crops pose no additional risks to humans and the environment compared with conventional crops (National Academies of Sciences, Engineering, and Medicine, 2016), the public constraints of the technology, particularly in the European Union, remain high (Woźniak et al., 2021). The development of new plant breeding technologies (NPBTs), such as cisgenesis, intragenesis, and genome editing, can contribute to modifying public perception, particularly if they are properly communicated to society (Cardi, 2016; Harfouche et al., 2021).

The availability of plant genomes for major crops and their wild relatives will allow the identification of genes underlying the traits of interest and their precise modification or transfer into targeted varieties (Michael and VanBuren, 2015; Cardi, 2016). In this regard, cisgenic and intragenic mutations that are based on genetic alteration within a crop genome or the transfer of genes from sexually compatible species may illuminate an amenable regulatory path (Holme et al., 2013; Schaart et al., 2016). Although the current regulatory path regarding the biosafety of cisgenes/intragenes remains complex, some of the end products are indistinguishable from conventional plant breeding products. In Australia, Canada, India, and the USA, these products are reviewed on a case-by-case basis, whereas in the European Union, cisgenic and intragenic plants are regulated as regular GM organisms (Hull et al., 2021). Although no commercial cisgenic or intragenic maize has been launched to date, studies based on the genome-wide association and genome sequencing of maize lines will certainly lead to the identification of genes with the potential to improve cultivated genotypes using a cisgene/intragene approach (Hufford et al., 2021).

Genome editing by site-directed nuclease (SDN) technologies has the potential to be widely accessible to the scientific community for the generation of biotechnology crops (van de Wiel et al., 2017). SDN applications can be divided into SDN-1, SDN-2, and SDN-3 (Grohmann et al., 2019). SDN-1 and SDN-2 generate small-sized random (SDN-1) or template-directed (SDN-2) mutations at predefined genomic loci and have thus been considered mimics of those resulting from natural DNA variation (Eckerstorfer et al., 2021). Thus, a handful of countries consider crops modified by SDN-1 and SDN-2 as conventional plants (Anders et al., 2021). Argentina, Chile, the USA, Canada, Brazil, Colombia, and Paraguay have already approved normative resolutions on genome editing (Eckerstorfer et al., 2019), whereas the European Union relies on the legislation of GM organisms to restrict the cultivation of genome-edited crops (Turnbull et al., 2021).



Currently Approved Commercial Maize Events and Future Expectations

The adoption of GM traits is considered the fastest innovation embraced by farmers around the world. From 1996 to 2018, the global economic gains from GM crop varieties reached US$ 225 billion, and 52% of these gains were in developing countries (Brookes and Barfoot, 2020). In 2019, transgenic plants were cultivated on 190.4 million hectares in 29 countries for consumption as food and feed, and this amount represents a 112-fold increase from 1.7 million hectares in 1996. Among the most adopted crops, soybean stands out, followed by maize, cotton, and canola. Of the 193.4 million global maize cultivation areas in 2019, 31% (60.9 million hectares) in 14 countries cultivated GM maize varieties (ISAAA Brief, 2019). Currently, maize is the crop with the most approved GM events, and 148 (36.2%) events in 35 countries mostly combine insect resistance and herbicide tolerance traits (ISAAA Brief, 2019). Other GM traits already commercially approved for maize are the restoration of fertility, male sterility, increased drought tolerance, production of phytase, modified amino acids and alpha amylase, enhanced photosynthesis, and increased ear biomass. These approved traits represent 39 single genes (Supplementary Table S1), and the majority of these genes are related to insect (18) and herbicide tolerance (11). The next generation of GM maize varieties potentially coming to the market comprises events with new insecticidal proteins such as Vpb4Da2, DvSnf7 RNA, and IPDO72Aa to control the population of insects already resistant to Bt (Schellenberger et al., 2016; Moar et al., 2017; Yin et al., 2020), varieties that exhibit improve grain yield by overexpressing the zmm28 and ZM-BG1H1 genes (Wu et al., 2019; Simmons et al., 2020) and varieties that exhibit tolerance to drought stress by overexpressing ARGOS8 (Shi et al., 2015).

The first and only commercial genome-edited maize variety was developed by Corteva to produce a high content of amylopectin (Gao et al., 2020a). Drought stress-tolerant genome-edited maize has been developed by precise modification of the promoter region to increase the expression of the ARGOS8 gene (Shi et al., 2017). Other genome-edited maize varieties currently being developed include varieties with the traits of male sterility to facilitate hybrid development (Wan et al., 2019), tolerance to multiple stresses (Zhou et al., 2016), and dwarfism (Zhang et al., 2020b). From 2018 to 2020, several companies invested in genome editing in maize for achieving drought tolerance, resistance, and increased yield and stability, in addition to several traits investigated by government or academic institutions (USDA-APHIS, 2021).




CONCLUDING REMARKS

In this review, we discuss the recent advances in genetic transformation and its application to introducing genetically modified and edited maize events to the market. Suitable maize transformation protocols using particle bombardment and A. tumefaciens are available and extensively applied for maize transformation. B104 is the most a suitable genotype, particularly due to its good agronomic performance, which directly allows the production of hybrids for field trial evaluation. However, transformation and plant regeneration remain limiting factors to the generation of elite commercial maize lines. This barrier should be transposed soon through the use of genotype-independent MRMT, which bypasses the callus phase and allows the rapid induction of somatic embryos from transformed scutellar cells. The advances in maize transformation technologies have also allowed the devising of strategies such as Hi-EDIT/IMGE to accelerate the genome editing-driven breeding of elite maize germplasms. Thus, platforms for advanced maize biotechnology and breeding by combining genomics and genome editing and the discovery of genes and alleles for complex traits will certainly allow the development of varieties that are better adapted to the biotic and abiotic stresses imposed by global climate changes.

The adoption of genetically modified maize varieties is already consolidated and has been shown to increase crop yields, reduce pesticide and insecticide use, and decrease the cost of crop production. However, even though GM crops are the fastest technology adopted by farmers, their acceptance by consumers remains low. The emergence of new plant breeding technologies, at least those that do not incorporate foreign DNA into the host cell, can change consumer perception and increase food security strategies. It is hoped that the new technologies discussed in this review will enable the release of more significant numbers of maize lines carrying desired traits to meet today’s agriculture challenges.
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Coffea spp. are tropical plants used for brewing beverages from roasted and grounded seeds, the favorite drink in the world. It is the most important commercial crop plant and the second most valuable international commodity after oil. Global coffee trade relies on two Coffea species: C. arabica L. (arabica coffee) comprising 60% and C. canephora (robusta) comprising the remaining 40%. Arabica coffee has lower productivity and better market price than robusta. Arabica coffee is threatened by disease (i.e., coffee leaf rust), pests [i.e., Hypothenemus hampei or coffee berry borer (CBB) and nematodes], and susceptibility to climate change (i.e., drought and aluminum toxicity). Plant biotechnology by means of tissue culture inducing somatic embryogenesis (SE) process, genetic transformation, and genome editing are tools that can help to solve, at least partially, these problems. This work is the continuation of a protocol developed for stable genetic transformation and successful plant regeneration of arabica coffee trees expressing the Bacillus thuringiensis (Bt) toxin Cry10Aa to induce CBB resistance. A highly SE line with a high rate of cell division and conversion to plants with 8-month plant regeneration period was produced. To validate this capability, gene expression analysis of master regulators of SE, such as BABY BOOM (BBM), FUS3, and LEC1, embryo development, such as EMB2757, and cell cycle progression, such as ETG1 and MCM4, were analyzed during induction and propagation of non-competent and highly competent embryogenic lines. The particle bombardment technique was used to generate stable transgenic lines after 3 months under selection using hygromycin as selectable marker, and 1 month in plant regeneration. Transgenic trees developed fruits after 2 years and demonstrated expression of the Bt toxin ranging from 3.25 to 13.88 μg/g fresh tissue. Bioassays with transgenic fruits on CBB first instar larvae and adults induced mortalities between 85 and 100% after 10 days. In addition, transgenic fruits showed a seed damage lower than 9% compared to 100% of control fruits and adult mortality. This is the first report on stable transformation and expression of the Cry10Aa protein in coffee plants with the potential to control CBB.

Keywords: Cry10Aa, Bacillus thuringiensis, coffee transformation, coffee berry borer, somatic embryogenesis


INTRODUCTION

Coffee (Coffea arabica L. and C. canephora Pierre ex A. Froehner) is the most valuable tropical export crop in the world, with an annual global coffee production of around 7.7 million tons of golden coffee, in an area of 10.5 million hectares in more than 50 countries (International Coffee Organization, 2019).

This production has been registered in spite of the susceptibility of C. arabica to diseases and insect pests, being the coffee berry borer (CBB), Hypothenemus hampei (Ferrari) (Coleoptera: Curculionidae: Scolytinae), one of the main pests in the world. CBB larvae in coffee seeds cause yield losses up to 80%, equivalent to US$500 million annually and affecting more than 25 million rural households involved in coffee production worldwide, due to reduction in grain weight, lower product quality (Moore and Prior, 1988; Vega et al., 2003), premature fruit fall due to early infestations (Schmitz and Crisinel, 1957; Kraker, 1988; Mairena-Ortíz et al., 1991), and physical damage to the fruit, which allows infestation and attacks by other pests (Leefmans, 1923; Penados and Ochoa, 1979).

Coffee berry borer control depends on the use of chemicals (i.e., endosulfan) and some biological agents, such as bethylid parasitoids (Cephalonomia stephanoderis and Prorops nasuta) and entomopathogenic fungi (Beauveria bassiana and Metarhizium anisopliae). These agents show their greater efficiency on the surface of the berry, having an effect mainly on adults (Gingerich et al., 1996; Bustillo et al., 1998).

Bacillus thuringiensis (Bt) has contributed globally to insect pest control since the 1960s (Heimpel and Angus, 1960). Currently, more than 800 Cry protein sequences have been recorded, grouped into 78 different classes, and are specifically active mainly against insects and nematodes (Crickmore et al., 1998). The optimized nucleotide sequences, which code for the active fragment of the Cry proteins of Bt in plants, have been successfully cloned, integrated, and expressed through the use of genetic engineering in different crops.

The Bt-protected crops, such as corn, cotton, soybeans, and potatoes, have shown significant benefits since their introduction in 1996. These materials provide a level of protection against insects that is generally higher as compared to conventional chemical pesticides. As a result, Bt crops require fewer synthetic pesticide applications (if any), which avoid exposure to toxic compounds; in addition, they help to preserve the population of beneficial insects, such as parasitoids and predators (Klotz-Ingram et al., 1999; Betz et al., 2000).

Transgenic coffee plants expressing Cry proteins were first developed by Leroy et al. (2000) and evaluated under field conditions by Perthuis et al. (2015). These plants express the Cry1Ac protein that confers resistance to the coffee leaf miner, Leucoptera coffeella (Lepidoptera: Lyonetiidae), with successful damage inhibition. Most of the characterized Cry toxins are active against Lepidoptera, and to a lower extent, to coleopteran species (De Maagd et al., 2001; James et al., 2009; Shah et al., 2016). Méndez-López et al. (2003) demonstrated that B. thuringiensis serovar israelensis (Bti), which contains the Cry10Aa protein at very low expression levels, exhibits high toxic levels against CBB. Subsequently, the specific and efficient activity of Cry10Aa was demonstrated in vitro toward the cotton boll weevil, Anthonomus grandis Boheman (Coleoptera: Curculionidae) (de Souza-Aguiar et al., 2012) and in transgenic cotton plants under greenhouse conditions, showing high levels of toxicity against Anthonomus grandis (Ribeiro et al., 2017).

Most genetic transformation protocols are based on the integration of the genes of interest into the plant genome in undifferentiated plant tissues, such as somatic embryos (SEMs). However, arabica coffee varieties have been demonstrated to be more difficult to transform than robusta coffee.

Long-term and fast-growing SE with a high rate of plant conversion is a very important requirement to obtain stable transgenic trees and seed development. The induction and maturation of C. arabica var. Typica SEMs were generated under osmotic stress conditions (Valencia-Lozano et al., 2019, 2021). Highly competent (HC) embryogenic lines were generated and used for genetic transformation with Bt cry10A toxin coding gene.

To understand basic molecular mechanisms affecting SE in C. arabica and genetic transformation competence, genes involved in SE, such as BABY BOOM (BBM), FUS3, and LEC1; embryo development, such as EMB2757; and cell cycle progression, such as ETG1 and MCM4, were analyzed during induction and propagation of non-competent (NC) and HC embryogenic lines.

In this study, we followed an efficient and reliable protocol for genetic transformation of C. arabica var. Typica. Fruits from transgenic trees showed expression of the Bt toxin. Bioassays with transgenic fruits induced high CBB mortality and very low seed damage. Stable transformation and expression of the Cry10Aa protein in coffee plants show potential to control the CBB.



MATERIALS AND METHODS


SE Induction of C. arabica Var. Typica

Plant material was obtained from the protocol developed by Valencia-Lozano et al. (2019). SE of C. arabica var. Typica was induced from leaf explants collected from 8-month-old trees in Tapachula, Chiapas, Mexico. Explants were superficially disinfected according to Cabrera-Ponce et al. (2015), and the protocol for induction and propagation of SEMs was adapted from traditional medium by Van Boxtel and Berthouly (1996) and modified CP2 medium by Valencia-Lozano et al. (2019). The SE lines derived from C. arabica var. Typica after 2 months of subculture in globular stage on traditional and modified CP2 media, 24-h mannitol 0.15-M–Sorbitol 0.15-M treatment before and after bombardment, were used.



Gene Expression Analysis of SEMs Used for Genetic Transformation

To select genes involved in the SE development process, a gene network with a high confidence (0.700) was performed with the software STRING v11.0 (http://string-db.org; Szklarczyk et al., 2019) based on C. arabica homologous genes present in the Arabidopsis thaliana genome.

The selected genes were those involved as gene master regulators of SE (BBM, FUS3, and LEC1), embryo development (EMB2757), and cell cycle (ETG1 and MCM4). These genes were analyzed during the induction and propagation process.

Gene identifier was made according to UniProt (http://www.uniprot.org), NCBI (http://www.ncbi.nlm.nih.gov), and Phytozome database (Goodstein et al., 2012). Sequences of all genes were analyzed from A. thaliana using blastN and blastP in the coffee genome homologous sequences.

Homologous sequences in C. arabica genome >40% in protein sequence with A. thaliana were considered. Proteins of C. arabica homologous with A. thaliana aligned by blastP were identified as: XP_027062561 (BBM), XP_027089900.1 (EMB2757), XP_027110645.1 (ETG1), XP_027102113.1 (FUS3), XP_027085797 (LEC1), and XP_027112176.1 (MCM4) (Table 1). Oligonucleotides were designed (Table 1) to use them in qPCR (2−ΔΔCT) analysis.


Table 1. Primers designed to be used in qPCR analysis of selected genes.
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RNA Isolation and qPCR Analysis

Total RNA from SEMs cultured in traditional medium (NC) and modified (CP2) medium (HC) was isolated using TRIzol (Invitrogen, Carlsbad, CA, USA) (UniProt Consortium, 2014). RNA concentration was measured by its absorbance at 260 nm (ratio 260 nm/280 nm was assessed), and its integrity confirmed by electrophoresis in agarose 2% (w/v) gels.

The cDNA samples were amplified by PCR using the SYBR Green qPCR System (Bio-Rad, Hercules, CA, USA) in Real-Time PCR Systems (CFX96 Bio-Rad). The reference genes in this work were ACT, 24S, and RPL39, according to Freitas et al. (2017) applied for the qPCR analysis of coffee SEMs.

Retfinder, NormFinder, Bestkeeper, and Delta-Ct were used in this analysis by triplicate. Relative expression was calculated, and weighted ct, and next, a delta ct in each gene was analyzed and relative amount of target gene expression using the 2−ΔΔCT method (Livak et al., 2013). The qPCR analysis was based on at least three biological replicates for each sample with three technical replicates and control treatment.



Greenhouse Establishment of Transgenic Tress and Fruit Development

The SEMs maturation and plant regeneration of transgenic and wild-type SEMs were made according to Valencia-Lozano et al. (2021). Three transgenic events and wild-type plants were successfully acclimatized for 8 months in growth chambers. Transgenic and wild-type plants were transferred to experimental greenhouses at the IMBIOTECA (Xalapa, Veracruz, Mexico) and developed under controlled agroclimatic conditions (relative humidity >75% and temperature between 22 ± 2°C).

Flowering occurred after 12 months, and fruits were evaluated 125 days after anthesis until they showed 20% dry matter. These are the optimal conditions for the CBB infestation, required to check for the efficiency in the control of H. hampei in the transformed plants.

Transgenic fruits showed similar dimensions, within the range of commercial arabic varieties (e.g., Var. Typica and Var. Colombia) and comparable with the non-transformed wild type.



Southern Blot Hybridization Analysis

Total genomic DNA was isolated from fruits of three transgenic tree lines established under greenhouse conditions and including wild-type plants, as described by Valencia-Lozano et al. (2019). Aliquots of 20 μg of genomic DNA were digested with EcoRI and HindIII (10 U/μg each), which fragmented the cry10Aa sequence into three bands (963, 598, and 410 bp). Products were then electrophoresed in a 1.0% agarose gel and transferred to positively charged nylon membranes (Hybond-N+, Amersham, Little Chalfont, UK) using 2× SC, as described earlier (Sambrook et al., 1989). Membranes were prehybridized for 24 h at 60°C in 2 × SCP, 0.5% BSA, and hybridized overnight at 60°C (Sambrook et al., 1989). The hybridized biotin-labeled probes were detected with streptavidin antibody conjugated with alkaline phosphatase (AP) and revealed using an AP Conjugate Substrate Kit (Thermo Fisher, Vilnius, Lithuania).



Insect Rearing

To demonstrate the insecticidal efficiency of the cry10Aa gene in transgenic coffee plants, a laboratory colony of H. hampei was established from individuals collected in coffee fields (Xalapa, Veracruz, Mexico), and females were recovered (flying and walking) from each fruit (Figure 1A). As known, sibling male and female mate within the berry; males die, and the fertilized females leave the berry to find a new berry in which to deposit their eggs (Baker et al., 1992).
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FIGURE 1. Bioassay using first instar larvae of Hypothenemus hampei. (A) Females (1.6–1.9 mm long) recovered from a laboratory colony. (B) Individualization of H. hampei females in 24-well titration dishes. (C) Close-up of coffee berry borer (CBB) drills in green coffee seed pieces (0.7 mm). (D) First instar larvae (0.019 mm) and egg (0.001 mm) after 20 days of infestation. (E) First instar larvae fed with 1 μl of transgenic plant extracts. (F) First instar larvae fed with 1 μl of control plant extract. Bars: 0.5 mm.


Females were isolated in humid chambers, disinfected with 1.2 g/L of Benomyl (Bustillo Pardey, 2006), and incubated at >75% RH, 8/16 h photoperiod, and temperature of 22 ± 3°C until complete the cycle (30 days) to have a homogeneous population. F1 females obtained under laboratory conditions were transferred to 24- and 96-well titration plates on green coffee seed pieces. Eggs were selected for the bioassay after 15 ± 5 days (Figures 1B–D).



Bioassays With Protein Extracts From SEMs and Leaves

Proteins extracted as described earlier (Valencia-Lozano et al., 2019) from three SEMs and three-leaf samples of transgenic lines, showing differential expression of the Cry10Aa among them, were quantified by ELISA. The six concentrations obtained were reported by Valencia-Lozano et al. (2019) corresponding to events 1, 2, and 3 (Table 2).


Table 2. Cry 10Aa concentrations found in SEMs and leaves from three transformation events of coffee.
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Each first instar larva (2 days after hatching) was fed individually with 1 μl of total protein extract (200 mg/ml) dissolved in water with 20 μl of food dye to observe the intake of the toxin (Figure 1E). Negative control was fed with water and food dye (Figure 1F). All food dyes (red, blue, green, and yellow) were previously tested negative for any toxic effect. After 2 h, larvae were washed with distilled water to remove surface dye residues and transferred to 24-well plates, with green coffee seed pieces, under dark conditions at 25°C and 70% RH. Each experiment was performed in triplicate for a total of 60 individuals per dose. The toxic activity was evaluated daily for 10 days.

The Cry10Aa concentrations found in each transformation event were used as a dose to carry out a preliminary Probit analysis for the estimation of an LC50 (concentration that generates 50% mortality in test insects), as a statistical parameter that reflects the level of toxicity (Ibarra and Federici, 1987). A regression line was established between the Cry10Aa concentrations and the mortality percentages, both transformed to logarithms and Probit units, respectively. The main estimated parameters were: the slope, the chi-square value, and LC50.



Bioassay With Transgenic Coffee C. arabica Fruits

Fruits harvested 125 days after flowering from three transgenic events of coffee were inoculated with CBB-fertilized females. The bioassay was made in closed plastic containers, where each fruit was infested with a female and incubated in a growth chamber at 25°C and RH 70%.

Female penetration to fruits, mortality, and emergence of new adults were evaluated daily. When the emergence of the first adults in control fruits was observed, a cross-section was made in all tested fruits and percent damage, development of CBB larvae, and resistance to fruits by H. hampei infestation was quantified.




RESULTS


Gene Expression Analysis of SEMs Used for Genetic Transformation

Understanding the basic molecular mechanisms affecting SE in C. arabica is keys to establish genetic transformation protocols, based on the integration of the genes of interest into the plant genome in undifferentiated plant tissues, such as SEMs. A line with high SE capabilities and high cell division rate, followed by the conversion into plants in 8-month, was generated under osmotic stress conditions. This HC embryogenic lines were generated and used for genetic transformation with the cry10A gene, which showed efficient expression of the Bt toxin.

To understand the molecular mechanisms involved in SEMs development and to validate this capability, a STRING-based bioinformatic analysis with high confidence (0.700) based on C. arabica homologous sequences in the A. thaliana genome was performed. As expected, upregulation during induction and propagation of embryogenic lines, cultured in traditional medium (NC) and modified (CP2) medium (HC), was found in genes involved in SE: BABY-BOOM (XP_027062561), FUS3 (XP_027102113.1), and LEC1(XP_027085797), embryo development EMB2757 (XP_027089900.1), and cell cycle progression ETG1 (XP_02711061.1) and MCM4 (XP_027112176.1) (Figure 2).
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FIGURE 2. Gene expression analysis by qPCR during SE induction in highly competent embryogenic line (HC-SE) and non-competent line (NC-SE). Relative expression levels were plotted based on Log2 values, normalized with RPL39 (ribosomal protein L39), ACT (β-actin), and 24S (Ribosomal protein 24S).


As expected, the expression level of LEC1, a nuclear transcription factor Y subunit B-9, was upregulated 3.17 times in the HC-SE line as compared to the regulated expression in the control of 1.65 times in NC-SE line. BBM, an AP2-like ethylene-responsive transcription factor, was upregulated 3.19 times in HC-SE line as compared with the control of 0.9 times in NC-SE. FUS3, a regulator of gene expression during late embryogenesis, was upregulated 3.84 times in HC-SE line, as compared to the control of 2.74 in NC-SE line. EMB2757/TAIMEN, which encodes a WD repeat protein with seven WD repeat motifs, was upregulated 3.39 times in HC-SE line, as compared to the control of 1.83 in NC-SE line. ETG1, an associated component of the mini-chromosome maintenance complex-binding protein that acts as a regulator of DNA replication, was also upregulated 3.57 times in HC-SE line, as compared to the control of 0.68 in NC-SE line. MCM4 acts as component of the MCM2-7 complex (MCM complex), which is the putative replicative helicase essential for DNA replication initiation and elongation, and was upregulated 3.48 times in HC-SE line, as compared in the control of 0.85 times in NC-SE line (Figure 2).



Greenhouse Establishment of Transgenic Tress and Fruit Development

Transgenic and wild-type plants regenerated according to Valencia-Lozano et al. (2021) developed robust plants with a prominent root and leaf area (Figure 3A), and the length of the internodes. Flowering and seed and fruit production occurred after 12 months (Figure 3B). Fruits were evaluated until day 125 after anthesis (Figures 3C,D), when they showed 20% dry matter. These are the optimal conditions for CBB infestation, and therefore the optimal time to perform the final check of the efficiency in the control of H. hampei in the transformed plants. Fruits were selected from three different clones corresponding to three independent transformation events with similar dimensions within the range of commercial arabic varieties and comparable with the non-transformed wild type.


[image: Figure 3]
FIGURE 3. (A) Transgenic Coffea arabica plants grown under greenhouse conditions after 24 months. (B) Flowering of transgenic coffee trees after 18 months under greenhouse conditions. (C,D) Fruit development from transgenic coffee plants after 22 months under greenhouse conditions.




Southern Blot and Hybridization Analysis

Fruits from three different transgenic events grown under greenhouse conditions were analyzed by Southern blot hybridization analysis to confirm the sexual segregation of cry10Aa gene in C. arabica var. Typica.

Expected hybridization signals of 963, 598, and 410 bp, according to the cry10Aa gene sequence digested EcoRI/HindIII, were observed in all transgenic events. The presence of positive hybridization signals of the predicted size showed that gene integration and sexual segregation of at least one foreign gene copy (cry10Aa) occurred in coffee plants derived from our highly competent SE line. No signal was detected in wild-type plants (Figure 4).


[image: Figure 4]
FIGURE 4. Southern blot and hybridization analysis of transgenic coffee fruits. (A) Electrophoresis of DNA digest of transgenic fruits and SEM of Coffea arabica digested with EcoR1/HindIII. (B) Southern blot analysis hybridized with cry10Aa-biotin of 1,993 bp probes. Lane 1, DNA from wild-type fruits; lane 2, wild-type SEMs; lane 3, transgenic fruits, event E1; lane 4, transgenic SEM event E1; lane 5, transgenic fruits, event E2; lane 6, partially digested transgenic SEM, event E2; lane 7, transgenic fruits, event E3; lane 8, partially digested transgenic SEM, event E3.


Tested transgenic clones displayed unique hybridization patterns, indicating that these transgenic plants were derived from independent transformation events. In all transgenic lines, bands with molecular weights different from expected were found. This indicates either that multiple independent insertions occurred, or that the integrated fragments are long tandem repeats resulting from re-arrangements.



Toxicity and Mortality of CBB H. hampei With Extracts From Transgenic SEMs and Leaves

The CBB bioassays were evaluated with six different concentrations of the toxin Cry10Aa quantified by ELISA from extracts (total protein) from leaves of transformed plants and embryogenic lines, using first instar larvae of H. hampei. Toxic activity of Cry10Aa against larvae of H. hampei began with mobility loss and turgor change and ended up showing body darkening after 2–5 days due to the onset of septicemia (Figure 5A).


[image: Figure 5]
FIGURE 5. Mortality of coffee berry borer (CBB) first instar larvae. (A) Average morphology of first instar larvae in 24-well titration plates at 10 days. R1, R2, R3, and R4: Replicates of bioassays with larvae fed with Cry10Aa extract. Vertical gray line, water-fed larvae. Bar: 1 mm. (B) Mortality curve for Cry 10Aa concentrations found in SEMs and leaves from three transformation events of coffee (μg/g fresh weight).


Mortality of CBB was observed after 24 h in the higher concentrations (25%), reaching 96% at day 7. After 10 days, mortality raised to 87% with a Cry10Aa concentration of 3.25 μg/g fresh weight, 92% with 4.6 μg/g, 95% with 7.8 μg/g, 97% with 8.67 μg/g, and 100% with 12.7 and 13.88 μg/g (Figure 5B).

It should be noticed that CBB larvae normally show a living range of 20–26 days; however, and in the bioassays, we observed mortalities of 100% in the middle of that period. In addition, the amount of expressed Cry10Aa guarantees a 25% immediate control (24 h), and in a period of 10 days, total control is achieved inside the fruit in transformed coffee plants (Figure 5).



Probit Analysis

As the quantification of expressed Cry10Aa varied from 3.25 to 13.88 μg/g fresh weight among the different transformation events, a relationship dose/mortality was analyzed by Probit analysis to estimate a preliminary LC50 for transgenically expressed Cry10Aa. The chi-square value was estimated at 2.34 (lower than the number of doses tested), the slope was 2.39 (it should be between 1.5 and 6), the LC50 was 1.202 (0.56 ± 2.56) μg/g, and the LC95 was 5.82 (4.55 ± 7.44) μg/fresh weight. The natural mortality in the negative control was 1.6%, which is within the recommended limits.



Bioassays Against Adults Using Transgenic Fruits

The lethal effect of the transgenically expressed Cry10Aa protein on H. hampei was evaluated, starting with the infestation of transgenic fruits with CBB adults, during a period of 30 days, a period in which the emergence of the first adults of the next generation was observed in control fruits.

We quantified four steps of colonization levels by the female within the berry: (1) the female initiated the penetration of the exocarp before dying; (2) the female penetrated the endocarp, and only part of the abdomen is visible before dying; (3) the female is no longer visible and has bored into the endosperm where it died; and (4) the female constructed galleries and oviposited within the seed, where emerging larvae eventually died.

Each fruit was individualized in a container with a fertilized (flying) female. In the first 24 h, 100% of control fruits were perforated, and 67% of clone 8 (Event 2) (Figure 6). About 67% of fruits of clone 9 (Event 3) were perforated 48 h later, and fruits from clone 6 (Event 1), only 33% were partially perforated until after 20 days.


[image: Figure 6]
FIGURE 6. Fruits 125 days after anthesis from Cry10Aa transgenic plants infested with coffee berry borer (CBB) adults. Three transformation events. Events 1, 2, and 3 and a wild-type plant (A–D) were selected for the performance of bioassays. At the right-hand side, the evaluation of damage by cross section of fruits of F1 in the three events and the wild-type fruits after 30 days.


Scrapings on the exocarp near the micropyle and excrement were observed on the fruit, and on dead females, which indicates that the insect fed on the fruit, but was unsuccessful to penetrate. In 67% of fruits of this clone, the average female survival was 5 days, but after day 20 the rest of the females were able to drill the fruit but unable to penetrate it.

Fruits from clone 8 (Event 2) showed perforations in the peduncle and in the micropyle; however, 50% of females were dead on day 10. These qualitative evaluations indicated the activity of adults within the fruit from day 1 to day 10, shown by the presence of excrement outside the micropyle. This was more evident in the wild-type fruits, whereas some other events showed fewer excrement such as in clone 9 (Event 3) and clone 8 (Event 2), but a complete absence was detected in fruits from clone 6 (Event 1). Surveillance kept going until day 30, when the emergence of the first adults was observed in the control fruits. No adults emerged from any of the transgenic fruits. At this point, fruits were cross-sectioned to evaluate larval survival and levels of infestations (Figure 6).

About clone 6, female penetration in the transformed fruits was <12%. Some adults were able to drill to the interior of the fruit, causing no damage. In no case, larvae were found in transgenic fruits. In 33% of fruits (Figure 6), the presence of an egg was observed for a period of 10 days, but most females died, and no damage was detected on the seed. This clone showed the highest expression level of the Cry10Aa toxin.

Conversely, 70% of clone 8 fruits showed boring of multiple entrances and exits of females, with an average of only three adults, and two pupae, within a period of 30 days. Seed damage was much lower than that shown by the control fruits (Figure 6D).

About 30% of seeds showed saprophytic damage due to the penetration of bacteria into the galleries, but the presence of progeny development stages was not observed, and the female was dead (Figure 6B1)

Clone 9 presented contamination by fungus. Although the CBB could survive under these conditions, no progeny development was observed, nor was the fruit damage through galleries (Figure 6C1).

The results mentioned above demonstrate the toxic activity of the Cry10Aa protein on the adults and first instar larvae. Given the damage observed in the fruits of clone 8 and the absence of larvae, it could be attributed to a toxic activity directly to the infesting adults or to first instar larvae in the first days of the evaluation.




DISCUSSION


Gene Expression Analysis of C. arabica Var. Typica Lines Used in Genetic Transformation

SEMs in plants can be the result of a natural (Garcês et al., 2007) or an artificial process (plant tissue culture medium), and it occurs when a somatic cell becomes into a totipotent embryonic stem cell to differentiate in an embryo with the potential to become a new plant. SEMs lack the development of an embryo sac, endosperm, and seed coat. SEMs play a critical role in clonal propagation, synthetic seed production, cryopreservation, genetic transformation, and genome editing.

In coffee, SEMs induced from leaf explants have been the most widely used target tissue in genetic transformation (Cortleven et al., 2019). SE induction and proliferation in coffee is time-consuming, ranging from 9 to 15 months until they can be used for stable genetic transformation (Barry-Etienne et al., 2002; Campos et al., 2017). In this work, we have induced a long-term induction and plant regeneration of SE lines of C. arabica var. Typica, previously used for stable transformation of coffee with a Bt toxin (Valencia-Lozano et al., 2019).

To understand the basic molecular mechanisms of SE induction in our embryogenic line, a set of genes derived from a network with a high confidence (0.700) performed in STRING (v11.0, http://string-db.org), based on C. arabica homologous genes present in A. thaliana genome, were evaluated.

The master regulators of SE, BBM, LEC1, and FUS3 were upregulated in our competent SE line (HC-SE) (5.0-, 5.9-, and 7.3-fold change, respectively) over the NC-SE line. Repression of complete SE competence was observed in double (lec1 lec2, lec1 fus3, and lec2 fus3) and triple (fus3 lec1 lec2) mutants in Arabidopsis. These mutants were able to regenerate plants via organogenesis derived from roots (Gaj et al., 2005). In cassava, MeLEC1 and MeLEC2 were highly upregulated in SEM cells in contrast with mature tissues. Increased levels were at early SE induction in the transition from somatic to embryogenic state (Brand et al., 2019). BBM promotes cell proliferation, differentiation, and morphogenesis, specifically during embryogenesis. BBM-induced embryogenesis relies on transcriptional activation of LEC1 and LEC2. LEC1 is a transcriptional activator required for both embryo maturation and cellular differentiation and FUS3, a regulator of gene expression during late embryogenesis (Horstman et al., 2017).

On the other hand, TANMEI/EMB2757 was 7-fold upregulated in our HC-SE line over the NC-SE line. It encodes a regulatory WD repeat protein required for both early and late phases of zygotic embryo development (Yamagishi et al., 2005) and SEM (Baster et al., 2009). In Arabidopsis, tanmei/emb2757 (tan) mutation resulted in a total loss of embryogenic and organogenic capacity of cultured tissues, suggesting the involvement of TAN gene in basic cellular processes related to cell growth and differentiation. TANMEI/EMB2757 is a cell cycle checkpoint regulator, as it triggers the halt of cell cycle progression in the presence of DNA cross-linking agents.

Additionally, ETG1 and MCM4 genes were upregulated (9.3- and 10.3-fold) in the HC-SE line over the NC-SE one. They are involved in the cell cycle and maintenance of the genome. ETG1 binds to the MCM complex during late S phase and acts by promoting the disassembly of the MCM complex from chromatin. MCM4 double mutation in Arabidopsis impairs pollen development and is essential for embryo development (Long et al., 2019). MCM4 has a role in the mitotic cycle, consequently in cell proliferation, which is key for plant growth. Mutations induce different degrees of reduction in rosette size (González et al., 2020). ETG1 mutants are macroscopically normal, but an increase in cell size and endoreduplication occurs. Analysis of etg1, tert, and mid mutants was involved in DNA stress checkpoint activation indispensable for correct morphogenesis and survival (Cools and De Veylder, 2009).

Genetic transformation of plants can stall at several key points, including the acquisition of a stem cell-like state in cells as they re-enter the cell cycle, progression between the G1 and S phases of the cycle, and the differentiation of the transformed cell into a new embryo (Arias et al., 2006). Plant tissue culture medium (chemical formulation, plant growth regulators, and different stressing factors) and environmental signals (light and temperature) are essential for correct activation of the cell cycle during in vitro culture of plants. It will also depend on personal perception about plant growth regulators as the most important activators of differentiation of SEMs under in vitro conditions.

The upregulation of LEC1, FUS3, BBM, TANMEI/EMB2757, ETG1, and MCM4 in our HC-SE line reveals that the molecular mechanism for SE induction, maturation, and plant regeneration is partially due to the expression of these genes. Further experiments of transcriptomic and proteomic are required to elucidate these molecular mechanisms.



Transgenic Coffee Fruits Resistant to CBB

Worldwide, H. hampei is the most damaging insect pest of coffee, causing an annual loss of around US$500 million. Global warming is driving CBB invasion and spread worldwide to warmer producer areas. CBB is the only insect pest of coffee that feeds and completes its life cycle in the coffee seeds (Johnson et al., 2020).

The major components of CBB integrated pest management (IPM) strategies used in most coffee-growing regions around the world include: monitoring of populations (traps and tree sampling), cultural control (preharvest and post-harvest sanitation), biological control (use of natural enemies), chemical control (use of insecticides and repellents), and physical control (exclusion netting and border crops) (Cabrera-Ponce et al., 2019).

Transgenic plants with insect resistance traits (IRTs) have contributed significantly to the agricultural industry on a commercial basis. The development of plants that undermine insect attack has been achieved by the expression of genes that encode toxins normally produced as Cry proteins in the soil bacterium Bt.

Genes for different Bt endotoxins are derived from assorted strains of the bacterium, and each insecticidal protein has different activity spectrum for various insect pests within the orders Lepidoptera and Coleoptera. As a toxic mechanism, Cry proteins bind to specific receptors on the membranes of mid-gut epithelial cells, resulting in the rupture of those cells. Any organism that lacks the appropriate gut receptors cannot be affected by the Cry proteins expressed in plants (Dorsch et al., 2002).

The toxic activity of Cry10Aa protein against coleopterans, such as CBB, when they tested individually all the Bti crystal components, except the Cry10A, and no toxicity was detected. The mortality of 52% was obtained using spore–crystal complex and 63% pure crystal with an estimated LC50 for the CBB of 219.5 ng/cm2 of diet.

This estimated LC50 is within the range reported for Anthonomus grandis, when using the same toxin transgenically expressed in cotton (Ribeiro et al., 2017). The importance of this work lies in the fact that it is the first time that the action of a coffee plant, transformed with the cry10Aa gene, shows efficient control of first instar larvae of CBB. Moreover, the 100% mortality shown by the two highest expression levels among the transformed events showed the great potential of these approaches to efficiently control this pernicious pest.

A successful protocol of genetic transformation of C. arabica var. Typica to integrate cry10Aa gene of Bt and be expressed was developed by Valencia-Lozano et al. (2019). These plants were grown in a greenhouse until fruit and seed sets were achieved. Different protein concentration was found in each transgenic line analyzed, ranged from 3.25 to 13.88 μg/g fresh weight. In cotton transgenic plants expressing Cry10Aa protein, a concentration of 6.35 μg/ml was found to be efficient to control Anthonomus grandis (Ribeiro et al., 2017).

As expected, variation of Cry10Aa expression was found in fruits of the T1 generation derived from three different events of transformation. Bioassays with first instar larvae and adults found that 75% of seeds was able to control CBB, yielding a 3:1 ratio, as a mendelian inheritance. This ratio was obtained on the T1 generation. Once homozygous lines are obtained, we expect a 90% efficiency or higher.

Evaluations made on fruits of transgenic plants revealed a direct effect on the infestation capacity of CBB, showing for the first time, the toxic effect of a Bt toxin on adults and larvae of an insect species, and an efficient control of H. hampei.

Physical damage shown by transgenic fruits varied from absolutely no damage to small holes in coffee seeds. Wild-type fruits showed that when challenged with one female CBB, they not only penetrated but they also built galleries for oviposition, reproduction, and larval feeding on the endosperm.

These results showed that the expression of the Cry10Aa protein in C. arabica plants is an efficient alternative to control CBB. It is important to notice that recombinant Cry10Aa protein has no apparent toxic effect in mice derived from genotoxic and hepatotoxic assays, highlighting its biosafety potential for use in transgenic crops (de Souza-Freire et al., 2014).

Transgenic plants evaluated in this work represent IRTs that potentially could have an impact on the environment by avoiding massive insecticide use and saving in carbon dioxide emissions (Brookes and Barfoot, 2016, 2017). In addition, these plants also have several agronomic traits that potentially can be used to resolve several problems in coffee farming (Valencia-Lozano et al., 2021).




CONCLUSIONS

We demonstrated that the expression of Cry10Aa in elite embryogenic line allowed the transformed coffee plants to be toxic toward adults and larvae of H. hampei. This is the first report of coffee plants resistant to CBB.

Fruits of genetically transformed plants showed inhibition on the development and infestation capacity of H. hampei females, showing a successful and applicable control of this pest of global economic importance in C. arabica.

A significant improvement of SE resulted in solving important problems such as germination, time, and efficiency of genetic transformation.
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Successful Agrobacterium-mediated transformations of Chinese cabbage have been limited owing to the plant’s recalcitrant nature, genomic background and explant necrosis upon infection, which hinders the transfer of T-DNA region into the Chinese cabbage. Consequently, in the current experiment, a stable Agrobacterium tumefaciens-mediated transformation method for Chinese cabbage cv. Kenshin established by employing important anti-oxidants in the co-cultivation and subsequent regeneration media. Four-day-old in vitro derived cotyledon explants were infected with A. tumefaciens strain GV3101 harboring the vector pCAMIBA1303. Cotyledon explants exposed to an Agrobacterium suspension (OD600 of approximately 0.6) for 10 min and then incubated for 3 days co-cultivation in Murashige and Skoog medium containing an L-cysteine + AgNO3 combination exhibited the highest β-glucuronidase (GUS) expression (94%) and explant regeneration efficiency (76%). After 3 days, the cotyledon explants were subjected to three selection cycles with gradually increasing hygromycin B concentrations (10 to 12 mg/L). The incorporation and expression of hptII in T0 transformed plants were verified by polymerase chain reaction and Southern blot analyses. These transgenic plants (T0) were fertile and morphologically normal. Using the present protocol, a successful transformation efficiency of 14% was achieved, and this protocol can be applied for genome editing and functional studies to improve Chinese cabbage traits.

Keywords: Agrobacterium, ascorbic acid, Chinese cabbage, Brassica rapa, L-Cysteine, silver nitrate, transgenic regeneration, optimization of factors


INTRODUCTION

Chinese cabbage (Brassica rapa ssp. pekinensis; Brassicaceae) is an important leafy vegetable crop that is cultivated worldwide. It has abundant healthful properties and is rich in phytochemicals, such as phenolics, carotenoids, flavonoids, glucosinolates, and anthocyanins. It reduces the effects of some diseases, such as cancer, heart diseases, diabetes, osteoporosis and high blood pressure.1 China, India and Russia are the chief producers of Chinese cabbage. The production of cabbage and other Brassicas in South Korea during 2018--2019 was 2.57 million tons, making South Korea the fifth largest producer in the world.2 During 2016–2017, South Korea imported 13.7 thousand tons of cabbage and related vegetables, having a US $5.2 million import value (see text footnote 2). Thus, the demand for Chinese cabbage is increasing annually, but the present annual production does not meet the demand (see text footnote 2). Consequently, increasing the production of this crop is essential. Increasing the cultivation land for Chinese cabbage is one solution, but it does not increase the production rate. Thus, determining the best alternative solution to increased land usage is a potentially important strategy. The major constraints on Chinese cabbage production include several biotic and abiotic factor-related issues, such as bacterial soft rot disease caused by Pectobacterium carotovorum, which results in significant losses in crop productivity and quality (Kim et al., 2014). Although, conventional plant breeding methods have significantly improved Chinese cabbage, certain limitations, such as a complex genome, susceptibility to different stresses and long selection regimes, have limited its development (Velasco et al., 2017).

Under these circumstances, plant tissue culturing and transformation are vital for the development of elite Chinese cabbage plants. Agrobacterium-mediated genetic transformation is an important method that has been used to develop several transgenic plants in short time spans. However, the in vitro regeneration and transformation of B. rapa are difficult owing to the plant’s recalcitrant nature (Burnett et al., 1994). Despite this recalcitrance, genetic development through Agrobacterium-mediated transformation is a powerful way to improve B. rapa traits. There are limited available reports on the Agrobacterium-mediated transformation of Chinese cabbage (Jun et al., 1995; Zhang et al., 2000; Lee et al., 2004; Ku et al., 2006; Min et al., 2007; Konagaya et al., 2013; Baskar et al., 2016; Liu et al., 2018; Li et al., 2021). Jun et al. (1995) reported 3% of transformation efficiency from cotyledon explants of Chinese cabbage (B. campestris L. ssp. pekinensis). Zhang et al. (2000) obtained transformation frequencies in ranges of 1.6–2.7% in three cultivars of cotyledon explants of Chinese cabbage (B. campestris L. ssp. pekinensis). Lee et al. (2004) generated transgenic Chinese cabbage (B. rapa L. ssp. pekinensis) from hypocotyl explants with transformation efficiencies ranging from 2.89 to 5%. Ku et al. (2006) reported 83.3% of transformation efficiency in B. rapa based on Polymerase chain reaction (PCR) confirmation. Transformation efficiencies were 1.4 to 3% in hypocotyl explants of Chinese cabbage (B. rapa) using mannose as a selection agent (Min et al., 2007). Transformation efficiency was 1.2% in hypocotyl explants of Chinese cabbage (B. rapa L. ssp. pekinensis) when bispyribac sodium used as a selection agent (Konagaya et al., 2013). Baskar et al. (2016) obtained 15% efficiency of transformation using hypocotyl explants of Chinese cabbage (B. rapa L. ssp. pekinensis) based on PCR confirmation and used hygromycin as a selection agent. Liu et al. (2018) achieved 0.6 to 1.2% of transformation efficiency using heading leaves of Chinese cabbage (B. rapa L. ssp. pekinensis) and used kanamycin as a selection agent. Li et al. (2021) attained 10.83% of transformation efficiency in cotyledon explants of Chinese cabbage (B. rapa L. ssp. pekinensis) using hygromycin as a selection agent.

Although earlier reports showed successful Agrobacterium-mediated transformations of Chinese cabbage, several limitations, such as low transformation efficiencies, limited shoot regeneration, unstable integration, enzymatic browning, wound-induced phenolic compound secretion, insufficient scorable gene analyses and lack of repeatability, have hindered the development of Chinese cabbage harboring favorable traits (Li et al., 2018). Because of unstable genetic transformation, many beneficial traits (for instance increased yield and drought resistant traits) that have been enhanced in Arabidopsis, rice and wheat have not been improved in Chinese cabbage.

Tissue browning and necrosis are common problems in Agrobacterium-mediated transformation in plants (Dan, 2008). The explants when infected with Agrobacterium have attained defense responses followed by formation of the protective coating around the wound. As a result, tissue necrosis and browning would result. Recently, antioxidants like L-cysteine, ascorbic acid have used in growing media in order to control the browning issues upon Agrobacterium infection (Dan, 2008). When the antioxidants were used in the growing media, the tissue necrosis and browning can significantly reduce phenolic exudation in infected explants, and thereby increase the regeneration efficiency followed by improving the transformation efficiency. The addition of L-cysteine, ascorbic acid and silver nitrate in co-cultivation medium has also been revealed to considerably recover transformation efficiency in rice (Enríquez-Obregón et al., 1999) and Kodo millet (Bhatt et al., 2021). It has also been confirmed that L-cysteine improves the Agrobacterium-mediated transformation in soybean by reducing oxidative stress (Olhoft et al., 2001). The viability of explants followed by recovery of transgenic plants were improved when L-cysteine added in the co-cultivation and selection media in finger millet transformation (Antony Ceasar and Ignacimuthu, 2011). Application of the media that containing L-cysteine, dithiothreitol and sodium thiosulphate showed higher transformation efficiency in Withania somnifera transformation (Sivanandhan et al., 2015). Liu et al. (2017) reported that cysteine has significantly improved the transformation efficiency in maize and confirmed oxidative reduction related genes were upregulated in cysteine treated plant cells.

In Chinese cabbage transformations, enzymatic browning and tissue necrosis are major issues that lead to low levels of T-DNA delivery and competent cell regeneration from explants (Li et al., 2018). Thus, we have attempted to enhance the transformation efficiency of Chinese cabbage for the first time through the mitigation of tissue browning by adding L-cysteine and ascorbic acid; thereby triggering T-DNA delivery into cotyledon explants.



MATERIALS AND METHODS


Plant Material and Regeneration

Four-day-old cotyledon explants of B. rapa cv. Kenshin were used for the transformation study. Seed germination and regeneration protocols were published previously (Sivanandhan et al., 2019).



Sensitivity of Cotyledon Explants to Hygromycin B

The vector used in the present study harbored hygromycin phosphotransferase (hptII) as a plant selection marker. The best hygromycin B concentration was determined for the selection of transgenic shoots by in vitro culturing cotyledon explants on shoot-induction medium supplemented with several hygromycin B concentrations (0, 2, 4, 6, 8, 10 mg/L) along with optimum concentrations of benzyl adenine (BA) at 5 mg/L, 1-naphthaleneacetic acid (NAA) at 0.5 mg/L and silver nitrate (AgNO3) at 4 mg/L. Plant tissue necrosis was recorded after 12 weeks of shoot production. An appropriate control without hygromycin B addition was maintained for explants. The cultures were passed to the similar medium containing same levels of antibiotics every 2 weeks for 12 weeks, and then, responses of shoot regeneration were determined. The cultures were maintained at 25 ± 2°C under a 16-h photoperiod (50 μmol m–2 s–l).



Agrobacterium tumefaciens Strain and Preparation for Infection

In our transformation study, A. tumefaciens strain GV3101, harboring the binary vector pCAMBIA1303, which carries hygromycin phosphotransferase (hptII) as a selection marker and β-glucuronidase A:green fluorescent protein 5 (gusA-mgfp5) as a fusion gene scorable marker, was used. These genes were under the control of the CaMV35S promoter. The neomycin phosphotransferase (npt II) gene (kanamycin resistant) was in the vector backbone and allows bacterial selection. The preparation and maintenance of the A. tumefaciens culture were achieved as defined earlier (Sivanandhan et al., 2016).



Chinese Cabbage Transformation

The petiole regions of the cotyledon explants were wounded softly by pricking 2–3 times with a sterile needle, and the wounded explants were moved to Petri plates comprising 30 ml of Agrobacterium culture with 5 mg/L acetosyringone at an OD600 of approximately 0.6–0.7, with the explants immersed in the Agrobacterium suspension culture. The Petri plates comprising the explants were rotated at 30 rpm for 10 min in a bacterial suspension to promote an efficient infection rate. The Agrobacterium culture-treated explants were blotted dry on filter paper and then transferred to co-cultivation medium containing optimum concentrations of BA (5 mg/L), and NAA (0.5 mg/L) [control] for a 3-day incubation in darkness. In a separate experiment, the infected cotyledons were cultured on co-cultivation medium augmented with various concentrations of L-cysteine (0, 200, 400, 600, 800, 1000 mg/L), ascorbic acid (0, 10, 20, 30, 40, 50 mg/L) and AgNO3 (0, 1, 2, 3, 4, 5 mg/L) in Murashige and Skoog (MS; Murashige and Skoog, 1962) medium that contained BA (5 mg/L) and NAA (0.5 mg/L) to increase the transformation efficiency of Chinese cabbage. After optimizing these components, the components at their ideal concentrations were combined to increase the shoot regeneration rate from infected explants. After treatment, the explants were rinsed with sterile distilled water (approximately three times) and then in hormonal MS liquid medium (shoot-induction medium) containing the optimal concentration of L-cysteine, ascorbic acid or AgNO3 and 500 mg/L timentin, or in each component’s optimal concentration combined with timentin. For the control culture, the Agrobacterium washes were performed using hormonal MS liquid medium with timentin alone. The cotyledon explants were desiccated and subjected to three selection cycles to improve stable transgenic shoots. The first cycle was undertaken on MS shoot-selection medium supplemented with optimal concentrations of BA (5 mg/L), NAA (0.5 mg/L), L-cysteine + AgNO3 (800 mg/L + 4 mg/L), timentin (500 mg/L) and hygromycin B (10 mg/L) for 4 weeks with subculturing at weekly intervals. The green shoots regenerated from cotyledons after the first selection cycle were again subjected to a second selection cycle on MS shoot-selection medium containing BA, NAA, L-cysteine + AgNO3, timentin and 11 mg/L hygromycin B for 4 weeks with subculturing at weekly intervals. Likewise, a third cycle was undertaken on MS shoot-selection medium supplemented with BA, NAA, L-cysteine + AgNO3, timentin and 12 mg/L hygromycin B for 4 weeks with subculturing at weekly intervals. After 12 weeks of selection cycles having gradually increasing hygromycin B concentrations, the shoots that reached 4–5 cm heights and survived on shoot-selection medium were removed from the shoot pad and transferred to half-strength MS medium supplemented with timentin (500 mg/L) and 12 mg/L hygromycin B to undergo root induction for 4 weeks.



Establishment of Transgenic Plants

Hardening was performed as per our previously published method (Sivanandhan et al., 2019). After 7 weeks in a controlled growth room, all the plants (T0) were moved to large pots containing autoclaved perlite and transplanted in a glasshouse.



GUS Expression

The β-glucuronidase (GUS) test was achieved to confirm the presence of the gusA gene in the transgenic tissues (Jefferson et al., 1987). After infection with Agrobacterium, explants were co-cultivated on selection medium for 10 days. Then, the explants were washed several times with MS medium supplemented with 500 mg/L timentin, followed by sterile distilled water and 100% methanol washes. The control and transgenic plants and their parts were incubated overnight at 37°C. The pigments were separated from the explants using 100% (v/v) methanol overnight.



PCR Confirmation and Copy Number Estimation by Southern Blot Analysis

DNA was isolated from four randomly selected hygromycin B-resistant plants, as well as from control plants, using a DNA isolation kit (Sigma-Aldrich, United States) to confirm the existence of the hptII gene in the transgenic plants using a hptII primer pair and a PCR analysis (C1000TM Thermal Cycler, Bio-Rad Laboratories, United States). The hptII gene fragment (407 bp) was amplified using the FP 5′-GATGTTGGCGACCTCGTATT-3′ and RP 5′-GTGTCACGTTGCAAGACCTG-3′ primer pair. Polymerase chain reaction (PCR) amplifications were performed with an initial DNA denaturation at 94°C for 4 min, followed by 30 cycles of 94°C for 1 min, 58°C for 1 min and 72°C for 1 min, and then a final extension at 72°C for 7 min. Non-transformed plants and plasmid DNA from pCAMBIA1303 genomic DNA were used as negative and positive controls, respectively. The PCR products were examined in 1% (w/v) agarose gels.

The total isolated genomic DNA (15 μg) samples from transgenic plants and non-transformed control plants were digested for 8 h using EcoRI (Thermo Scientific, Pittsburgh, PA, United States) and separated using 1% (w/v) agarose gel electrophoresis. Capillary transfer was then performed to nylon membranes (Hybond N+, Amersham Biosciences, England) as per the method of Sambrook and Russell (2001). The amplified hptII PCR product was purified and labeled with a DIG High Prime probe for synthesis (Roche, United States). Remaining steps, such as pre-hybridization, post-hybridization, detection, washing and exposure, were in accordance with the DIG High Prime DNA Labeling and Detection Starter Kit II manual.



Statistical Analysis

A completely randomized design was used for the present study. The tests were repeated three times with three replicates. Data are presented as means. The mean separations were performed using Duncan’s multiple range test, and significance was determined at the 5% level (SPSS 17.5; IBM, Armonk, New York, United States).




RESULTS


Sensitivity of Cotyledon Explants to Hygromycin B

The cotyledon explants were extremely susceptible to different hygromycin B concentrations, and the shoot induction capacity dramatically decreased in cotyledon explants as the hygromycin B concentration increased (Figure 1A). A slight reduction in the concentration resulted in a weak toxicity to the growing explants, whereas higher hygromycin B concentrations resulted in decreases in explant growth and development (Figure 1A). Single shoot/explant in 2 and 4 mg/L hygromycin B concentrations showed 63% and 47% shoot-induction responses, respectively. However, the cotyledons were pale green (26%) in 6 mg/L hygromycin B and no regeneration occurred. All the explants died in 8 and 10 mg/L hygromycin B concentrations. On the basis of this study, 10 mg/L hygromycin B was selected as an ideal concentration for the selection of transgenic shoots.


[image: image]

FIGURE 1. Agrobacterium-mediated transformation in Chinese cabbage. (A) Sensitivity of cotyledon explants to hygromycin B. Effect of different antioxidants such as L-cysteine (B), ascorbic acid (C), silver nitrate (D), combined effects of best concentrations of L-cysteine + ascorbic acid, and L-cysteine + silver nitrate on GUS expression, and explant’s regeneration efficiencies (E). (F) Necrosis of petiole region of explants after Agrobacterium infection. Values represent the mean ± standard error of three replicates. One hundred twenty-eight cotyledon explants were infected for each treatment and the experiments were repeated three times. Means with the same letter above bars are not significantly different at 5% level according to Duncan’s multiple range test.




L-Cysteine’s Effects on GUS Expression and Regeneration Efficiency

Supplementation with L-cysteine significantly elevated the number of GUS positive responses, as well as the percentage of explant regeneration, in Chinese cabbage compared with the control (Figure 1B). All the tested L-cysteine concentrations had positive effects on GUS expression compared with the control. L-Cysteine at 800 mg/L in co-the cultivation medium resulted in an 86% GUS expression and 69.57% shoot regeneration response from cotyledon explants (Figure 1B). The percentages of GUS expression and explant regeneration were significantly increased, each being threefold higher than in the control cultures. The addition of L-cysteine did not affect meristematic cell formation or the following dedifferentiation even when supplemented at 800 mg/L in the selection medium, whereas at higher concentrations, explant growth deteriorated and they died (data not shown).



Ascorbic Acid’s Effects on GUS Expression and Regeneration Efficiency

Among them, 40 mg/L in the co-cultivation medium exhibited maximum GUS expression (64%) and percentage of explant regeneration (51.77%) levels (Figure 1C). The results obtained at 40 mg/L were 2.28- and 2.28-fold greater than the control for GUS expression and percentage of explant regeneration, respectively. Low concentrations (10–30 mg/L) or a high concentration (50 mg/L) of ascorbic acid did not produce significant results, but they were greater than those of the control cultures. The high concentration led to suppressed explant growth.



AgNO3’s Effects on GUS Expression and Regeneration Efficiency

Among the various tested AgNO3 concentrations, 4 mg/L in the co-cultivation medium produced a 54% GUS expression and 43.68% explant regeneration rate from cotyledon explants (Figure 1D). Higher or lower concentrations of AgNO3 did not show significant results when compared with the 4 mg/L concentration, but they produced greater results than the control obtained in L-cysteine or ascorbic acid. There were 1.9-fold improvements in GUS expression and explant regeneration efficiencies.



The Effects of L-Cysteine + Ascorbic Acid and L-Cysteine + AgNO3 on GUS Expression and Regeneration Efficiency

The combination of L-cysteine (800 mg/L) + ascorbic acid (40 mg/L) produced an 88% GUS expression and a 71.19% explant regeneration efficiency. Both factors were 3.1-fold greater than the control. For L-cysteine + AgNO3, the maximum GUS expression at 94% and explant regeneration efficiency at 76.66% were recorded, each being 3.3-fold greater than the control (Figure 1E).



Regeneration of Transformed Chinese Cabbage Plants

The infected transformed cotyledon explants exhibited the ability to regenerate further into shoots, whereas the control or non-transformed explants never showed any regenerative responses and finally died upon selection (Figure 2). The escaped shoots were removed by three selection cycles, and the shoots were sub-cultured onto the new selection medium at 7-day intervals. The shoots were then proliferated and elongated (4–5 cm) in the same medium. Two shoots/explants were achieved in the same medium after 12 weeks of culturing (Table 1). The elongated shoots were then transferred to half-strength rooting medium containing 10 mg/L hygromycin B and 500 mg/L timentin for 5 weeks.
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FIGURE 2. Regeneration of plants from GV3101 + pCAMBIA1303 infected cotyledon explants of Chinese cabbage. (A) Co-cultivated explants after a week. (B) Bulging of petiole region of the explants after 2 weeks (C) Initiation of small shoots from petiole region of the explants after 4 weeks. (D) Proliferation of shoots from cotyledon explants after 8 weeks. (E,F) Production of well-grown shoots from cotyledon explants after 11 weeks. (G) A rooted plant. (H) A hardened plant. All the cultures showed in (A–F) were grown in MS hormonal medium containing 800 mg/L L-cysteine, 4 mg/L AgNO3, 500 mg/L timentin, 12 mg/L hygromycin. Scale bar represents 1 cm.



TABLE 1. Stable transformation efficiency of transgenic plants from cotyledon explants of B. rapa.

[image: Table 1]


GUS Expression Analysis

The proximal end of the cotyledon explants stained blue owing to gusA gene expression. Agrobacterium infections might effectively have occurred at the proximal ends where the meristematic cells were actively involved in the differentiation followed by shoot bud formation. The GUS expression experiment revealed blue color formation in emerging shoots on explants, shoots and whole plants (Figure 3), whereas the non-transformed respective parts and plant (Figure 3) did not show blue color formation upon X-Gluc staining.
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FIGURE 3. Stable expression of gusA gene in Chinese cabbage. (A) Control cotyledon explants with initiation of shoots from petiole region. (B–E) GUS expression in adaxial and abaxial sides of cotyledon explants with initiation of shoots. (F) GUS expression in fully grown shoots. (G) Control rooted plantlet. (H) GUS expression in rooted plantlet. Scale bar represents (A–E) 20 mm, (F–H) 1 cm.




PCR Confirmation and Copy Number Estimation by Southern Blotting

Amplified DNAs from transgenic plants exhibited bands near the expected 407 bp (Figure 4). This confirmed the presence of the transferred gene in the plant genome. The control did not show any amplification in the PCR analysis (Figure 4). To verify the number of copies and integration of hptII in the transgenic plants, Southern blotting was performed on control and transgenic plants (Supplementary Figure 1). DNA digestion of both control and transgenic plant samples was performed using EcoRI. The positions and numbers of bands for hptII appeared in different positions and represented different total copies in the transgenic plants (Supplementary Figure 1). The bands differed in individual transgenic plants, which necessitated autonomous random integration.
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FIGURE 4. PCR confirmation in T0 transgenic Chinese cabbage plants. PCR amplification of 407-bp fragment of the hptII gene. Lane M 100-bp marker, lanes 1–18 DNA from transformed plants, lane P plasmid DNA (pCAMBIA1303; positive control), Lane C non-transformed plant DNA (negative control).





DISCUSSION

Setting up a high effective transformation is essential for the study of gene function and establishment of commercial transgenic lines in Chinese cabbage. Effective plant transformation systems involve the growth of transgenic shoots after infection with Agrobacterium. In the present study, we have tested different concentrations of hygromycin B to screen which concentration is lethal to Chinese cabbage shoot regeneration from cotyledon explants. Sivanandhan et al. (2016) reported that the selection agents in the medium play vital role in the development of transformed cells/shoots/roots after the explants were co-cultivated with Agrobacterium. Commonly, hygromycin B has been employed as an antibiotic in plant transformation systems. Most of the Agrobacterium-mediated transformation studies in Chinese cabbage reported either hygromycin or kanamycin as selection agents and very rarely mannose or bispyribac sodium (Ku et al., 2006; Min et al., 2007; Konagaya et al., 2013) to recover transgenic shoots. When different concentrations of hygromycin B were examined, 10 mg/L was selected as lethal concentration for the selection of transgenic shoots of Chinese cabbage. Most of the cotyledon explants was died when increasing the concentration of hygromycin B after 8 mg/L followed by 10 mg/L in selection medium. Jun et al. (1995) observed that regeneration ability of cotyledon explants was significantly decreased on kanamycin selection medium and the explants turned white within 7 days of culture in selection medium in B. campestris L. ssp. pekinensis. It has been reported that 25 mg/L kanamycin in the selection medium produced transgenic shoots of B. campestris L. ssp. pekinensis from cotyledon explants (Zhang et al., 2000). Cho et al. (2001) used 10 mg/L hygromycin B in B. rapa transformations. Lee et al. (2004) and Baskar et al. (2016) reported 10 mg/L hygromycin helped to screen the transgenic shoots from hypocotyl explants of Chinese cabbage (B. rapa L. ssp. pekinensis). However, Ku et al. (2006) and Min et al. (2007) reported 5 g/L and 7g/L mannose in the selection medium were suitable for Chinese cabbage (B. rapa L. ssp. pekinensis) and (B. campestris L. ssp. pekinensis) transformation using hypocotyl and cotyledon explants, respectively. Vanjildorj et al. (2009) reported that 10 mg/L hygromycin B was included in the medium used to select transgenic B. rapa plants. Konagaya et al. (2013) reported low escapes rate when 0.25 mg/L bispyribac sodium was added in the selection medium to select transformed shoots of (B. rapa L. ssp. pekinensis) using hypocotyl explants. Kanamycin at 17.17 μM in selection medium showed good recovery of transgenic shoots from leaf explants of Chinese cabbage (B. rapa L. ssp. pekinensis) (Liu et al., 2018). Li et al. (2021) used 25 mg/L hygromycin B to select transgenic plants from cotyledon explants of B. rapa.

Slightly increasing the concentration of selection agents from the minimum inhibitory concentration by passing one more cycle with a week interval has greatly contributed in recovery of true-to-type of transgenic plants (Sivanandhan et al., 2015). Hence, in order to increase recovery rate and minimize the escapes of transgenics, we applied three selection cycles with gradual increase (10, 11 and 12 mg/L) of hygromycin B concentrations to promote the selection of transgenic B. rapa explants. Jun et al. (1995) reported removal of kanamycin during subculture of transformed shoots after 4–5 weeks in B. campestris L. ssp. pekinensis transformation. Zhang et al. (2000) and Baskar et al. (2016) reported immediate transfer of co-cultivated explants to selection medium and constantly maintained 25 mg/L kanamycin and 10 mg/L hygromycin up to complete regeneration of transgenic plants in B. campestris L. ssp. pekinensis and B. rapa L. ssp. pekinensis, respectively. Similarly, Ku et al. (2006) and Min et al. (2007) reported direct transfer of co-cultivated explants to selection medium and constantly maintained 5 g/L and 7 g/L mannose up to complete regeneration of transgenic plants of Chinese cabbage (B. rapa L. ssp. pekinensis) and (B. campestris L. ssp. pekinensis), respectively. Lee et al. (2004) grew transgenic shoots of Chinese cabbage (B. rapa L. ssp. pekinensis) after direct transfer of explants to selection medium that contained 10 mg/L hygromycin. Konagaya et al. (2013) excluded selection agent, bispyribac sodium for a week after co-cultivation and after elimination of Agrobacterium growth, the infected explants were transferred to selection medium and continuously maintained up to complete regeneration of transgenic shoots in B. rapa L. ssp. pekinensis. It has been reported that immediate transfer of co-cultivated explants into kanamycin and hygromycin B media without delay showed increasing recovery rate of transgenic plants in Chinese cabbage (B. rapa L. ssp. pekinensis) (Liu et al., 2018; Li et al., 2021). No other earlier studies involving three selection cycles with slight high concentration (steady increase of 1 mg/L) have reported in Chinese cabbage. To our knowledge, this is the first study that carried out with three selection cycles along with gradual increase of selection agent in the medium up to complete shoot regeneration in Chinese cabbage. The selection cycle strategy might be helped to recovery a good numbers of true-type transgenic plants as reported by Sivanandhan et al. (2015) in W. somnifera.

In Agrobacterium-mediated transformation, tissue browning and necrosis are common troubles in plants (Dan, 2008). In Chinese cabbage transformations, these are also main issues that lead to low levels of T-DNA delivery and competent cell regeneration from explants (Li et al., 2018). In the present study, tissue browning followed by tissue necrosis has been found in petiole region of cotyledon explants after three-day co-cultivation (Figure 1F), and further processing led to poor or no shoot regeneration. Different L-cysteine concentrations (0, 200, 400, 600, 800, 1000 mg/L) were added to the co-cultivation medium, and subsequently in the selection medium to prevent explant damage after infection with Agrobacterium for good regeneration of shoots. L-Cysteine at 800 mg/L in co-the cultivation medium resulted in higher GUS expression and shoot regeneration response from cotyledon explants. Earlier studies reported positive role of L-cysteine in Agrobacterium-mediated transformation in plants. For instance, addition of 400 mg/L L-cysteine resulted a high transformation efficiency in maize embryo (Frame et al., 2002). Olhoft et al. (2001) observed improvement of transformation efficiency in soybean when the cotyledon explant grew on 400 mg/L or 1000 mg/L L-cysteine medium. Sivanandhan et al. (2015) noted less browning of explants followed by increased rate of transformation efficiency in W. somnifera when the explants co-cultivated on 100 mg/L L-cysteine. Wound- and pathogen-defense related pathways are on in plant cells when the explants experience Agrobacterium or pathogen infection, wounding and environmental stresses. As a result of defense mechanism, secondary metabolites and phytoalexin work as a fungicidal or bactericidal or repellants to construct dead cell barrier from the existing adjacent plant cells in order to avoid the intrusion of foreign bodies into the plant cells (Heath, 2000). In this condition, L-cysteine acts as an antioxidant through the thiol group by inhibiting injury or pathogen-related protective reactions, and thereby restricts tissue necrosis and tissue browning owing to enzymatic reactions during Agrobacterium-mediated plant transformation when added to the co-cultivation medium (Olhoft et al., 2001). Liu et al. (2017) reported that transcriptomic data revealed oxidation reduction related genes, which were upregulated higher in the cysteine treated cultures in maize transformation. Many genes majorly related with oxidation reduction process or oxidoreductase activity process and metabolic process were identified in cysteine treated culture of maize in Agrobacterium-mediated transformation. The authors concluded in their study that cysteine may involve in relax the cell wall by changing cell wall and membrane metabolism when Agrobacterium infection occurs. It led to encourage the infection of Agrobacterium.

The abilities of various ascorbic acid concentrations to prevent damage to explants after infection with Agrobacterium were analyzed. The co-cultivation medium containing 40 mg/L ascorbic acid exhibited maximum GUS expression and percentage of explant regeneration levels. Agrobacterium infections induce reactive oxygen species (ROS) accumulation because of oxidative burst responses, and this process leads to plant cell death owing to necrosis (Bakshi et al., 2011). Over accumulations of ROS in the plant cells decrease the capability of Agrobacterium to infect plant cells and transfer T-DNAs (Dan, 2008). As a result, ascorbic acid, as a scavenging chemical, significantly enhanced GUS expression in, and shoot regeneration from, infected Chinese cabbage explants. Similarly, Bhatt et al. (2021) reported maximum transformation efficiency was recorded in the presence of 2.5 mg/L ascorbic acid along with L-cysteine and silver nitrate in the pretreatment solution of Kodo millet callus.

Silver nitrate as an inhibitor of ethylene played an important role in stimulating regeneration and morphogenesis of plants including Chinese cabbage (B. rapa L. ssp. pekinensis) (Sivanandhan et al., 2019). The present study confirmed that the inclusion of AgNO3 in the co-cultivation medium and subsequent selection medium slightly improved the survival capability levels of explants infected with Agrobacterium. The co-cultivation medium containing 4 mg/L AgNO3 exhibited higher GUS expression and percentage of explant regeneration levels under particular culture conditions. The ethylene rate was increased under stress condition, such as Agrobacterium infection with explants. This could lead to lethal effect in regenerating shoots. Silver nitrate in co-cultivation and selection medium significantly inhibited the ethylene production during regeneration of shoots after Agrobacterium infection (Mukhopadhyay et al., 1992). A higher transformation efficiency was obtained by adding AgNO3 to the co-cultivation and selection medium of Brassica campestris (Mukhopadhyay et al., 1992) and Prunus avium (Sgamma et al., 2015).

The optimum concentrations of L-cysteine + ascorbic acid and L-cysteine + AgNO3 were combined in the present study to try to achieve still greater GUS expression and percentage of explant regeneration levels. The combination of L-cysteine (800 mg/L) + AgNO3 (4 mg/L) produced maximum GUS expression and explant regeneration efficiencies, followed by L-cysteine + ascorbic acid. These results were greater than those recorded after using the optimum concentration of each compound independently. Generally, some physiological phenomena, like oxidative bursts with ROS formation, phenolization and successive cell death, occur during Agrobacterium infection/interaction with plants cells (Dan, 2008). The enzymatic browning and necrosis of explants during Agrobacterium transformation involves three action modes: (1). The phenomena occurred from within the infected explants; (2). Necrotic explants produced some antibacterial substances; and (3). The formations of some chemical signals for Agrobacterium induction dramatically block T-DNA transfer into the infected explants (Kuta and Tripathi, 2005; Dan, 2008). However, the enzymatic browning and necrosis may be overcome by adding antioxidative compounds to the media. Dan (2008) reviewed ascorbic acid and L-cysteine’s use as antioxidants to prevent enzymatic browning and necrosis which occur during Agrobacterium infection of explants. Thus, in the present study, we tested their effects, along with those of AgNO3, alone or in combinations on Chinese cabbage transformation. The combined effects of these compounds significantly increased the GUS expression level and the explant regeneration efficiency in Chinese cabbage. Enríquez-Obregón et al. (1999) found reductions in necrosis and hypersensitivity cell death rates (80%) of explants in rice transformants are cultured on L-cysteine + ascorbic acid + AgNO3 supplemented medium. The combination of these three compounds have a synergistic effect on the inhibition of hypersensitivity responses in the meristematic tissues of rice explants during transformation (Enríquez-Obregón et al., 1999).

The regeneration of transformed shoots from infected cotyledon explants was performed using optimized parameters (involving 800 mg/L L-cysteine, 4 mg/L AgNO3, 500 mg/L timentin and 12 mg/L hygromycin B in the media, a 10-min infection time, 3 days of co-cultivation, Agrobacterium of OD600 = 0.6 and 5 mg/L acetosyringone). The numbers of roots were less than those achieved in using the standard plant-tissue culture method (Sivanandhan et al., 2019) during the same culture period. During the entire process, the cotyledon explants passed through several stages, which hinder their Agrobacterium-mediated regeneration ability as observed by Karthikeyan et al. (2011) in rice transformations. The transformed regenerated plantlets were shifted to subsequent hardening, and a transformation efficiency of 14% was achieved (Table 1), which is significantly higher than earlier reports (Jun et al., 1995; Zhang et al., 2000; Lee et al., 2004; Ku et al., 2006; Min et al., 2007; Konagaya et al., 2013; Baskar et al., 2016; Liu et al., 2018; Li et al., 2021). Various transformation efficiencies (0.6-10.38%) in B. rapa L. ssp. pekinensis and B. campestris L. ssp. pekinensis were elaborated above based on Southern blot confirmation. However, Ku et al. (2006) and Baskar et al. (2016) reported transformation efficiencies of 83.3% and 15%, respectively, in B. rapa L. ssp. pekinensis by PCR confirmation. Hygromycin B-resistant and GUS-expressing plants, along with non-transformed plants, were selected randomly and subjected to a PCR analysis with hptII primers. PCR analysis confirmed the presence of hptII gene in the transgenic plants. In Southern blotting analysis, the transgenic Chinese cabbage plants exhibited the clear integration of the hptII gene in either single or multiple copies in their genomes (Supplementary Figure 1).



CONCLUSION

A simple and reproducible Agrobacterium-mediated transformation method was developed to improve transformation efficiency for recalcitrant Chinese cabbage (B. rapa ssp. pekinensis) by adding antioxidants along with silver nitrate to the transformation media. A transformation efficiency of 14% was obtained in the present optimized protocol, which consisted 800 mg/L L-cysteine, 4 mg/L AgNO3, 500 mg/L timentin and 12 mg/L hygromycin B with three selection cycles in the media, 10 min infection time, 3 days co-cultivation, Agrobacterium growth to OD600 = 0.6 and 5 mg/L acetosyringone. This is the first report of optimizing components for Chinese cabbage Agrobacterium-mediated transformation, and this protocol may be useful in the significant improvement of Chinese cabbage traits through genome-editing tools, functional genomics, metabolic engineering and RNA interference studies.
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Molecular interventions have helped to explore the genes involved in fiber length, fiber strength, and other quality parameters with improved characteristics, particularly in cotton. The current study is an extension and functional validation of previous findings that Gh_A07G1537 influences fiber length in cotton using a chromosomal segment substitution line MBI7747 through RNA-seq data. The recombinant Gh_A07G1537 derived from the MBI7747 line was over-expressed in CCRI24, a genotype with a low profile of fiber quality parameters. Putative transformants were selected on MS medium containing hygromycin (25mg/ml), acclimatized, and shifted to a greenhouse for further growth and proliferation. Transgene integration was validated through PCR and Southern Blot analysis. Stable integration of the transgene (ΔGh_A07G1537) was validated by tracking its expression in different generations (T0, T1, and T2) of transformed cotton plants. It was found to be 2.97-, 2.86-, and 2.92-folds higher expression in T0, T1, and T2 plants, respectively, of transgenic compared with non-transgenic cotton plants. Fiber quality parameters were also observed to be improved in the engineered cotton line. Genetic modifications of Gh_A07G1537 support the improvement in fiber quality parameters and should be appreciated for the textile industry.

Keywords: CSSLs, fiber length, zinc finger, genetic transformation, cotton biology


INTRODUCTION

Cotton is one of the most important sources of natural cellulose in the world. The cotton boll protects seeds and delicate fibers (Von Mark and Dierig, 2014). This crop provides an excellent system for studying polyploidization and cell elongation (Wang et al., 2019) with more than 50 species which are further divided into eight diploid genomic groups (A–G, and K) and one tetraploid genomic group (AD; Wu et al., 2018). The growth of the textile industry is solely dependent on cotton crop production in more than 55 countries all over the globe (Kanat et al., 2018).

Zinc finger protein (ZFP) is one of the most significant and large families in plants which is characterized by the zinc finger motifs (Znf). The ZFPs are classified into 14 gene families, among which RING finger, LIM, DOF, AP2/EREBP, and WRKY have been reported to play a vital role in plant growth and development (Liu and Zhang, 2017). The ZFPs are categorized into 10 groups (C2H2, C2HC, C2HC5, C2C2, C3H, C3HC4, C4, C4HC3, C6, and C8) based on the number of cysteine and histidine residues and amino acids (Moore and Ullman, 2003). The cysteines and/or histidines coordinate with zinc ions to form a peptide structure (Hall, 2005). They have been involved in core biological processes like morphogenesis, signal transduction, development, and survival under environmental stresses (Stege et al., 2002). Among ZFPs, Cysteine3 Histidine (C3H) consists of three cysteines and one histidine coordinated by a zinc cation, which is reported as DNA/RNA binding proteins (Wang et al., 2008). Furthermore, CCCH genes play a vital role in hormone-regulated stress responses and cell fate determination. The Znf-CCCH has been reported to be involved in various developmental processes and adaptation under stress conditions. For example, AtPEI1 of the CCCH gene in Arabidopsis is essential for heart-stage embryo formation (Li and Thomas, 1998). Overexpression of the CCCH gene, OsDOS, caused a delay in leaf senescence in rice by affecting the jasmonic acid pathway (Kong et al., 2006). Similarly, overexpression of the CCCH gene (GhZFP1) in cotton resulted in enhanced salt tolerance and disease resistance (Guo et al., 2009). Hence, numerous studies confirm the involvement of ZFPs in the fiber quality of cotton.

Many factors influence the cotton fiber quality (Xiao et al., 2019) and several efforts have been made to improve its quality and yield (Ahmed et al., 2018a). The cotton fiber is an epidermal single-cell extension, which consists of four overlapping and sequential stages of differentiation: initiation, elongation, secondary wall synthesis, and maturation (Ahmed et al., 2018a). Its development is controlled by numerous genes, transcription factors, and phytohormones (Xiao et al., 2019). The qualitative and quantitative traits of the cotton fiber are significantly regulated by the genes involved in cell wall synthesis and extension (Guo et al., 2016). Several genes and transcription factors for expansin (Bajwa et al., 2015), cellulose synthase (Arioli et al., 1998), sucrose synthase (Ahmed et al., 2020), and actin have been transformed successfully into cotton for the improvement of fiber quality and yield (Ahmed et al., 2018a).

The molecular mechanisms involved in ovule epidermal cell development may help to explore cotton fiber quality parameters (Pu et al., 2008) which can potentially have an impact on fiber length, fiber strength, micronaire value, and maturity (Seagull et al., 2000). The molecular genetics of the genes and their isoforms provide a better understanding of their function at specific fiber developmental stages (Manik et al., 2009). Several differentially expressed genes are required at different fiber development stages (Yang et al., 2009). However, fewer of the genes regulate the biosynthesis of fiber-specific structural proteins, enzymes, waxes, and polysaccharides (Li et al., 2002) to improve the cotton fiber quality (Rapp et al., 2010).

Chromosome segment substitution lines (CSSLs) are permanent populations possessing the same genetic background as a recurrent parent with a difference of one or few introgressed chromosomal segments. It effectively eliminates the interference of the genetic background, of which permanent populations are also used to determine the QTLs with minor effects. Therefore, CSSLs are considered to be the ideal material for QTL fine mapping, investigation of QTL interaction, and gene cloning. Since the construction of CSSLs by Eshed and Zamir (1994), these have successfully been applied in rice, corn, and other plants (Liu et al., 2015). However, there was a low frequency of the CSSLs conducted in cotton for QTL studies. It has been reported that 17 CSSLs of Sea iceland cotton (Gossypium barbadense) in TM-1 background of Gossypium hirsutum were constructed (Stelly et al., 2005). Furthermore, it was reported by the same research group that sea island cotton has a significant contribution to fiber quality traits influenced by multiple genes (Zhang et al., 2014).

At our ICR-CAAS, three CSSLs (MBI7561, MBI7285, and MBI7747) were developed from CCRI45 (G. hirsutum) and Hai1 (G. barbadense) using the conventional breeding methods and modern molecular marker techniques (Shi et al., 2015), which subsequently were subjected to transcriptome sequencing together with their parents. Several differentially expressed genes (DEGs) responsible for fiber length were identified and suggested for further functional studies in Arabidopsis and subsequently in cotton (Li et al., 2021). The current study is a continuation of the aforementioned hypothesis, suggesting that the differentially expressed gene (Gh_A07G1537) is located on chromosome 7 and it belongs to the CCC-H zinc finger gene superfamily which regulates the primary cell wall synthesis. Hence, overexpression of the afore-mentioned gene has a great potential to improve fiber length in cotton.



MATERIALS AND METHODS


Collection of Material

The cotton bolls of CCRI45, Hai1, and MBI7747 at 20 DPA were collected from the field of ICR-CAAS and brought to the laboratory in liquid nitrogen. The fiber was extracted from the collected cotton bolls and stored at −80°C.



Isolation of RNA and cDNA Synthesis

The total RNAs of all three materials (CCRI45, Hai1, and MBI7747) were extracted from the cotton fiber of 20 DPA using the RNAprep pure plant kit (Tiangen, Beijing, China) method. The genomic DNA contaminations were removed by DNase1. The quantity and integrity of isolated RNA were measured by Nano-Drop 2000 spectrophotometer (Thermo-Scientific, United States) and visualized on a 1% agarose gel electrophoresis. The quantified RNA of the materials was subjected to prepare cDNA transcript in a reaction volume of 20μl and final dilution was prepared in 100μl using PrimeScript® RT Reagent Kit (Perfect Real Time, Takara Biotechnology Co., Ltd., Dalian, China).



Detection of Gh_A07G1537 Gene in CCRI45, Hai1, and MBI7747

A gene was amplified from the cDNA template with optimal PCR conditions; initial denaturation temperature was 95°C for 3min, denaturation 95°C for 45s, annealing at 65.4°C for 45s, extension 72°C for 2min and final extension was 72°C for 10min. The total reaction volume was prepared in 25μl; cDNA template 1μl, F-primers 1μl, R-reverse primer 1μl, master mix Hi-Fi 12.5μl and water 9.5μl. An agarose gel of 1% was used in a freshly prepared 1X TAE buffer to visualize the bands of PCR products (see Figure 1). The gene-specific primer sequences; Forward primer sequence: 5'CCATGGATGCCTGATAATCGGCAAGTTCAGAAC3' and Reverse primer sequence: 5'AGATCTTCAATCATCATGTGAGGTTTTCGAAGAACCC 3' were used for PCR detection.

[image: Figure 1]

FIGURE 1. Identification and isolation of Gh_A07G1537 gene from CCRI45, Hai1 and MBI7747; Lane M: 1kb DNA ladder; Lane 1: amplification from cDNA of CCRI45; Lane 2: amplification from Hai1; Lanes 3 and 4: amplification from the cDNA of genotype MBI7747.




Cloning and Sequencing of the Positive Clones

A 4μl PCR purified product and 1μl blunt zero cloning vector (TOPO TA cloning, cat#45-0641, Invitrogen) were taken and incubated at 27°C for 10min using a thermal cycler. A reaction volume of 5μl was transferred into a 1.5ml Eppendorf tube containing 50μl competent cells. The Eppendorf tube was then incubated in ice for 30min. The tube was taken out and exposed to heat shock for 1min at 42°C using a water bath. Then the tube was immediately removed and put back into the ice for a quick chill for 2–3min. An aliquot (450μl) of LB (tryptone 10g/L, yeast 5g/L, NaCl 5g/L) was added to the tube and incubated on a shaker at 37°C for 55min with 200rpm. Then a 25–100μl of the cells in LB were spread over the Kanamycin (50mg/L) plates and incubated at 37°C for at least 12h or overnight. After overnight incubation, discrete colonies of each material (CCRI45, Hai1, MBI7747) were picked up into 5ml of the LB medium containing Kanamycin (50mg/L) and incubated at 37°C for overnight for PCR amplification. The plasmids of positive clones were isolated using a plasmid isolation kit (Thermo-Scientific, Cat#K0503). The positives plasmids were sequenced (Sangon biotech Shanghai, China) and analyzed using the DNAMAN software version 9 (see Figure 2).
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FIGURE 2. Analysis of sequencing results showing different SNPs and Indel in MBI7747 (Gh_A07G1537) as compared with its parents of CCRI45 and Hai1; (A) detection of Indel of 55bp and (B) detection of SNPs.




Ligation and Transformation of the Gene Into Agrobacterium tumefaciens

The plasmid of the positive clone and plant expression vector PCAMBIA2300 were digested with the restriction enzymes BglII and NcoI and incubated at 37°C for 2h. The purified products were then ligated using a fast ligation kit (Thermo-Scientific, K1423.) at 22°C for 15min. The ligated products were then run on the 1% agarose gel electrophoresis (see Figure 3). An aliquot of 5μl of the purified product was transferred into 50μl competent cells of Agrobacterium tumefaciens LBA4404 through the liquid nitrogen method. A volume of 450μl of YEP (peptone 10g/L, yeast extract 10g/L, NaCl 5g/L) was added to each tube and incubated on a shaker at 28°C for 48h at 200rpm. A 25–100μl of the cells in YEP were spread over the plates containing Kanamycin (50mg/L) and rifampicin (50mg/L) and incubated at 28°C for 48h.

[image: Figure 3]

FIGURE 3. Ligation of ΔGh_A07G1537 gene into PCAMBIA2300; Lane M: 1kb molecular weight marker; Lane 1: Gh_A07G1537; Lane 2: PCAMBIA2300; Lane 3: non-ligated mixture without ligase; Lanes 4–6: ligation of MBI7747 (Gh_A07G1537).




Confirmation of Gene Constructs in A. tumefaciens Through PCR

The discrete and isolated colonies of A. tumefaciens that appeared on the YEP plates were picked and cultured in 5ml of the YEP medium and incubated at 28°C for 48h. A volume of 100μl of the culture was centrifuged at 14,000rpm for 10min. The supernatant was discarded and resuspended in the pellet in 50μl of 1X TE buffer. The suspension was shifted to PCR tubes and incubated at 98°C for 12min. The tubes were slightly spun and a volume of 5μl of the clear supernatant was taken as a PCR template. The gene in A. tumefaciens was detected with full-length primers using PCR conditions; initial denaturation temperature was 95°C for 3min, denaturation 95°C for 45s, annealing 65.4°C for 45s, extension 72°C for 2min and final extension at 72°C for 10min, whereas detection through short length primers using PCR conditions was done at the following conditions; initial denaturation temperature was 95°C for 3min, denaturation 95°C for 45s, annealing 60°C for 45s, extension at 72°C for 2min and final extension at 72°C for 10min. The total reaction volume was prepared in 25μl; cDNA template 1μl, F-primers 1μl, R-reverse primer 1μl, master mix Hi-Fi 12.5μl and water 9.5μl (see Figures 4, 5).
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FIGURE 4. Confirmation of recombinant Agrobacterium tumefaciens through PCR (Full length primers); Lane M: 1kb molecular weight marker; Lanes 1–9: MBI7747 (Gh_A07G1537).


[image: Figure 5]

FIGURE 5. Confirmation of the recombinant A. tumefaciens through PCR (Short length primers); Lane M: 1kb molecular weight marker; Lanes 1–9: MBI7747 (Gh_A07G1537).




Transformation of the Gene Into Cotton

The seeds of CCRI24 were delinted, surface-sterilized, and soaked at 30°C for 48h. The germinated seedlings were used for transformation using the shoot apex cut method (Ulian et al., 1988). The embryos, after injury, were inoculated with the selected transformant A. tumefaciens strains harboring the gene construct in the MS medium (4.4g/L, sucrose 30g/L, phytagel 2.4g/L) cultured for 1h at 28°C. The embryos were allowed to grow on the MS medium plates supplemented with cefotaxime (100mg/L) followed by screening in MS tubes supplemented with hygromycin (25mg/ml) for 6weeks. After screening, the cotton plants from the tubes were transplanted into pots containing an equal proportion of clay, peat moss, and sand (1:1:1). Subsequently, the putative transgenic cotton plants were transplanted in the greenhouse of Four Brothers Genetics Inc. for acclimatization and hardening followed by molecular analysis (see Tables 1–3 and Figure 6).



TABLE 1. Numerical data for transformation experiments.
[image: Table1]



TABLE 2. Germination index.
[image: Table2]



TABLE 3. Transformation efficiency.
[image: Table3]

[image: Figure 6]

FIGURE 6. A schematic procedure of Gh_A07G1537 gene transformation in cotton; (A,B) soaking of seeds, (C) shifting of embryos on MS plates, (D) shifting of embryos into the MS tubes, (E–G) shifting of plants into the pots, and (H) shifting of plants into the field.




Detection of the Gene in Putative Transgene Cotton Through PCR

The leaves of the putative transgenic cotton were taken for the confirmation of the gene (Gh_A07G1537), through PCR using the manufacturer protocol Green Plant direct PCR master mix kit, (Thermo-Scientific) using gene-specific short length primers; Forward primers 5' TTCTGCTGGTATTCTCGGATCG 3': Reverse primers 5' TGGGTTGATCAGGTCTTTCAGG 3' (see Figure 7).

[image: Figure 7]

FIGURE 7. Detection of the transgene into putative transgenic cotton line through PCR; Lane M: 1kb molecular weight marker; Lane 1: negative control; Lane 2: positive control; Lanes 3–14: putative transgenic cotton plants.




Detection of Stable Integration of a Gene in Putative Cotton

The presence of a gene was confirmed through Southern blot analysis. The DNA of confirmed transgenic cotton was used to perform it. The extracted DNA was digested with EcoRI and a gene-specific probe was used for the detection of a gene (see Figure 8).

[image: Figure 8]

FIGURE 8. Confirmation of transgene integration into the cotton genome by the Southern Blot Analysis. Lane M: 1kb molecular weight marker; Lanes 1–3: transgenic cotton; Lane 4: non-transgenic.




RNA Extraction and cDNA Preparation

Primer pairs of Gh_A07G1537 gene were designed using Primer3 Input Version 4.0. The RNA from the putative transgenic cotton was isolated from leaves using the Agilent kit (Agilent Technologies, Santa Clara, United States). The RNA was quantified in ng/μl using Nano-Drop 2000 spectrophotometer (Thermo-Scientific, United States) at 260 and 280nm. The DNase-treated total RNA was used to prepare cDNA using PrimeScript® RT Reagent Kit (Perfect Real Time, Takara Biotechnology Co., Ltd., Dalian, China) and cDNA was stored at −20°C.



Expression Analysis of Cotton Transgene

The expression analysis of transgene cotton was performed by qRT-PCR using specific primers in triplicates with a product size of 128bp following the protocol of Maxima SYBR Green/ROX (Thermo-Scientific). The reaction mixture was prepared in a total of 20μl with the following components of 1μl of 10pmol of forward and reverse primers, 5μl of Maxima® SYBR Green/ROX qPCR Master Mix (2x) and 1μl (50ng/μl) of cDNA. The relative expression was determined and GAPDH primers were used as an internal control for normalization. All of the assays were performed in triplicate (see Figure 9).

[image: Figure 9]

FIGURE 9. Comparative expression analysis of transgenic (T0, T1, and T2) and non-transgenic cotton plants three each through Realtime qRT-PCR. Expression of the transgene was higher in all three generations of transgenic cotton plants as compared with that in the non-transgenic plants. Blue color shows non-transgenic: green, red, and royal color show relative expression of the transgene in T0, T1, and T2 transgenic cotton plants, respectively.




Analysis of Fiber Quality Parameters

The careful examination of the expression of the gene in transgenic cotton revealed that the quality parameters such as fiber strength and length were of great interest. Fiber samples from the transgenic and non-transgenic cotton were collected and sent to the Central Cotton Research Institute (CCRI), Multan-Pakistan for the analysis of fiber quality parameters. The data were collected and evaluated for fiber quality parameters (see Figure 10).

[image: Figure 10]

FIGURE 10. Comparative analysis of the fiber quality parameters in transgenic (T0, T1, and T2) and non-transgenic cotton plants three each. Fiber quality appeared to be improved owing to the expression of the transgene.





RESULTS


Isolation of Endogenous Gh_A07G1537 Gene From Indigenous Cotton

The cotton bolls of the three cotton genotypes (CCRI45, Hai1, and MBI7747) at 20 DPA, were collected from the field and total mRNA was isolated for cDNA synthesis. The quality and integrity of the mRNA were checked using the Nano-Drop 2000 spectrophotometer (Thermo-Scientific, United States). The gene-specific primer sequences with forwarding primer sequence: 5'CCATGGATGCCTGATAATCGGCAAGTTCAGAAC 3' and reverse primer sequence: 5'AGATCTTCAATCATCATGTGAGGTTTTCGAAGAACCC 3' successfully amplified a fragment of 1,314bp (Figure 1).



Cloning and Sequence Analysis of the Isolated Gh_A07G1537 Gene

A PCR purified product and blunt zero cloning vector were taken and cloned in Escherichia coli competent cells. Plasmid DNA was isolated from the positive clones and was sequence characterized. The retrieved sequences were compared with the parents, to seek homology. It was found that the gene (Gh_A07G1537) isolated from the introgressed line was different in a few SNPs and Indel sequence of 55bp as compared with the gene sequences retrieved for its parent (Figure 2).



Integration of the ΔGh_A07G1537 Into Plant Expression Vector PCAMBIA2300

The plasmid DNA of the positive clones and that of plant expression vector PCAMBIA2300 were digested with restriction endonucleases BglII and NcoI. Desired DNA fragments were eluted (Figure 3) and ligation was performed using the fast ligation kit (Thermo-Scientific, Cat#K1423). The ligation mixture was transformed into E. coli top 10 competent cells. After confirmation, it was transformed into A. tumefaciens using the liquid nitrogen method. The recombinant Agrobacterium cells were confirmed by the PCR using full-length gene primers and primers flanking internal sequences (short length). Amplification of a fragment of 1,314bp with full-length primer and a fragment of 128bp with short length primers confirmed the transformation of the gene construct into Agrobacterium (Figures 4, 5).



Genetic Transformation of Cotton With ΔGh_A07G1537

The seeds of the CCRI24 cotton variety were de-linted, surface sterilized, and soaked at 30°C for 48h. The germinated seedlings were used for the transformation of the ΔGh_A07G1537 gene using the shoot apex cut method. After initial selection and screening, total cellular DNA was isolated from the leaves of the putative cotton transformants (Figure 6). The isolated DNA was subjected to PCR to track transgene integration using gene-specific short-length primers. Amplification of a fragment of 128bp confirmed integration of ΔGh_A07G1537 into the cotton genome (Figure 7).



Detection of Stable Integration of the Transgene Into the Cotton Genome

The presence of the transgene was also confirmed through the Southern Blot Analysis. The DNA of three confirmed transgenic cotton plants was extracted and digested with EcoRI, and a gene-specific probe was used for the detection of the transgene (ΔGh_A07G1537) representing the size of 1,314bp. Blot analysis revealed that two copies of transgene were integrated into the host genome (lanes 1–3; Figure 8).



Tracking Expression of the Transgene ΔGh_A07G1537 in Different Generations of Putative Transformants of Cotton

The expression analysis of three transgenic cotton plants was performed by qRT-PCR (Thermo-Scientific, United States) using gene-specific primers in triplicates following the protocol of Maxima SYBR Green/ROX (Thermo-Scientific, United States). The GAPDH gene was used as an internal control for the normalization of the reaction. The quantitative expression analysis was performed in T0, T1, and T2 plants of the putative transformants. The variations in the relative expression of the ΔGh_A07G1537 gene were observed in the three generations (Figure 9). The expression of the transgene (ΔGh_A07G1537) was found to be 2.97-, 2.86-, and 2.92-folds higher in T0, T1, and T2 plants of transformed, respectively, as compared with that of the non-transgenic cotton plants.



Analysis of Fiber Quality Parameters

After validation, integration, and overexpression of the transgene, fiber quality was also assessed of the transgenic cotton plants. Fiber samples were collected from transgenic and non-transgenic cotton and analyzed for various fiber quality parameters. Data analyses revealed that fiber quality parameters were improved in the cotton plants engineered with the ΔGh_A07G1537 gene. Fiber length was found to be improved by 4.4% (31.5mm), fiber strength 3.0% (33.2g/tex), uniformity index 4.2% and micronaire value by 6.9%. Hence, overall parameters of fiber quality were improved in the transgenic cotton plants as compared with those of the non-transgenic plants. However, boll weight was found to be reduced by 12% (see Figure 10).




DISCUSSION

Cotton is one of the most important and integrated economic crops worldwide that produces high-quality natural fiber, which is being exploited by traditional breeding and molecular genomics methods for improved fiber quality and yield. Molecular approaches are more reliable and sophisticated than traditional breeding to get the desired characteristics of fiber quality and yield (Wilkins and Arpat, 2005). The improvement in cotton fiber quality through genetic modifications is a marked economic development in a short time (Ahmed et al., 2018b). Agrobacterium-mediated transformation directly correlates with improvement in crop characteristics (Zhang, 2013). Therefore, the current study was performed with Agrobacterium-mediated transformation.

Different plant expression vectors are used for plant transformation under efficient promoters. Promoter is a specified Segment of DNA that initiates a transcription of a specific gene (Yaqoob et al., 2020). Promoters are selected or designed based on the expression of the required gene. Some of the promoters are constitutive whereas others are tissue specific. CaMV35S is most commonly used as constitutive promoter that expresses in all parts of the plant at different development stages. This promoter is used to study the transient and stable expression of the gene. For example, CaMV35S promoter is widely adopted and reported efficient transformation of foreign gene into the cotton plant. In a recent study of sucrose synthase (SuS) gene transformation in cotton, CaMV35S promoter is used and resulted in significant improvement in fiber quality (Ahmed et al., 2020). This has been proved through various studies that revealed the relative expression of the tissue specific and constitutive promoters. The level of expression of the gene in cotton plant indicates the difference between constitutive and tissue specific promoter (Yaqoob et al., 2020). The introduction of gene for overexpression in cotton using CaMV35S promoter causes visible differences in plant phenotypes such as plant height, boll number, boll weight, fiber strength and length (Li et al., 2015).

The current study is the continuity of the previous study conducted at The Institute of Cotton Research-CAAS, Anyang, Henan, China. Different CSSLs such as MBI7561, MBI7285, and MBI7747 were developed. The transcriptome and RNA-seq analysis revealed some potential genes involved in the development of fiber length at 20 DPA. It was identified that the gene Gh_A07G1537 belongs to the ZFPs family and directly correlates with the primary wall biosynthesis (Li et al., 2021) and thus brought under experimentation for further functional validation.

In this proposed study, the potential gene Gh_A07G1537 was isolated and amplified from the material MBI7747 and transformed into cotton variety CCRI24 through Agrobacterium-mediated transformation. Before its transformation, the gene was cloned for sequence analysis to compare the genotypic difference among MBI7747, CCRI45, and Hai1. It was found that MBI7747 showed an SNP and a complete Indel of 55bp than its parents CCRI45 and Hai1. This finding strengthens the previous hypothesis that this gene might contribute a significant addition to the improvement of fiber length just like other transgenes such as expansin (Bajwa et al., 2015), cellulose synthase (Arioli et al., 1998), sucrose synthase (Ahmed et al., 2020), and actin (Ahmed et al., 2018a).

The southern blot analysis and copy number were performed to confirm the integration of the gene (Gh_A07G1537) into the transgenic plants. Transgenic plants were integrated with two copy numbers and non-transgenic plants were integrated with a single copy number into their genome (see Figure 8). It was found that the expression level of the transgenic plants with two copy numbers was higher than that in the non-transgenic plants with a single copy number. The higher expression of the gene may be due to copy number in transgenic plants, gene positional effects, gene insertion effects, internal cell programming, and environmental factors (Southern, 1975). Similar results were reported by Cantsilieris et al. (2013).

Furthermore, the quantitative expression analysis was performed through the qRT-PCR for the differential expression of the gene. The Quantitative Real-time PCR for the analysis of transgenic and non-transgenic plants was performed which revealed a significant differential expression of the gene. The leaves of the three transgenic plant generations (T0, T1, and T2) each from the same cotton variety CCRI24 was taken and the variations in the relative expression of the gene in three transgenic plant generations were observed (see Figure 9). It was found that the relative overexpression of T0, T1, and T2 was 2.97-, 2.86-, and 2.92-folds higher than that of the non-transgenic plants. Similar results for cotton fiber quality improvement were presented by Yang et al. (2009), Corrêa et al. (2010), and Li et al. (2015). The overall difference of expression among the three generations was very low that may have been due to environmental stresses or human handling. However, it indicates stable transgene integration into the host genome.

A careful examination of the cotton fiber samples from the transgenic and non-transgenic cotton lines showed that in the transgenic plants, fiber length was improved by 4.4% (31.5mm), fiber strength 3.0% (33.2g/tex), uniformity index 4.2%, and micronaire value 2.4% compared to those in the non-transgenic plants, whereas boll weight was reduced to 12%. Interestingly, the same cotton variety was cultivated in Anyang, China and it showed fewer promising results. Comparing with the results of non-transgenic CCRI24 cultivated in China and Pakistan, the cotton fiber quality parameters observed in Pakistan were even considerable than recorded in China.

Henceforth, the results of the current study revealed that overexpression of the ΔGh_A07G1537 gene contributed significantly to the improvement of fiber length in cotton. Hence, overexpression of ΔGh_A07G1537 may pave the way to the development of future cotton crops with improved and desired fiber quality.

Furthermore, we anticipate that the learnings gained from this study would be valuable in the future to exploit the gene ΔGh_A07G1537 through gene-editing technology for the improvement of fiber quality.



CONCLUSION

The present study revealed that overexpression of the ΔGh_A07G1537 gene in cotton has led to improved fiber quality parameters. The molecular analysis showed that the expression of the gene in transgenic plants was higher than that in non-transgenic plants. Further, the expression of the transgene in T0, T1, and T2 generations indicated its stable integration into the host genome. This overexpression of the genes ultimately resulted in the improvement of fiber length, since a significant increase in the fiber length and fiber strength may be of great value for the textile industry.
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The available methods for plant transformation and expansion beyond its limits remain especially critical for crop improvement. For grass species, this is even more critical, mainly due to drawbacks in in vitro regeneration. Despite the existence of many protocols in grasses to achieve genetic transformation through Agrobacterium or biolistic gene delivery, their efficiencies are genotype-dependent and still very low due to the recalcitrance of these species to in vitro regeneration. Many plant transformation facilities for cereals and other important crops may be found around the world in universities and enterprises, but this is not the case for apomictic species, many of which are C4 grasses. Moreover, apomixis (asexual reproduction by seeds) represents an additional constraint for breeding. However, the transformation of an apomictic clone is an attractive strategy, as the transgene is immediately fixed in a highly adapted genetic background, capable of large-scale clonal propagation. With the exception of some species like Brachiaria brizantha which is planted in approximately 100 M ha in Brazil, apomixis is almost non-present in economically important crops. However, as it is sometimes present in their wild relatives, the main goal is to transfer this trait to crops to fix heterosis. Until now this has been a difficult task, mainly because many aspects of apomixis are unknown. Over the last few years, many candidate genes have been identified and attempts have been made to characterize them functionally in Arabidopsis and rice. However, functional analysis in true apomictic species lags far behind, mainly due to the complexity of its genomes, of the trait itself, and the lack of efficient genetic transformation protocols. In this study, we review the current status of the in vitro culture and genetic transformation methods focusing on apomictic grasses, and the prospects for the application of new tools assayed in other related species, with two aims: to pave the way for discovering the molecular pathways involved in apomixis and to develop new capacities for breeding purposes because many of these grasses are important forage or biofuel resources.
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INTRODUCTION

Apomixis in plants is defined as an asexual type of reproduction by seeds where the maternal plant produces clonal offsprings, combining the advantages of propagation by seeds and those of propagation by clone (Kandemir and Saygili, 2015). This reproductive mode, although rare among the major crop families, is a common trait in the polyploid C4 grasses (Poaceae family), many of which are important forage species. Some genera included in this group are Panicum, Pennisetum, Urochloa(Brachiaria), Eragrostis, Tripsacum, Paspalum, Cenchrus, Brachipodium, Bothriochloa, Bouteloua, Callipedium, Dischantium, Hyparrhenia, Melinis, Setaria, Chloris (Quero-Carrillo et al., 2010). For many years our group has been working on deciphering the genetic pathways involved in apomixis in Eragrostiscurvula or “weeping lovegrass,” a facultative apomictic grass native to Southern Africa and well-adapted to grow in EEUU, Australia, and the semiarid regions of Argentina. We recently demonstrated that apomixis in this grass is a gene-regulated trait linked to a chromosome region inherited in a Mendelian way (Zappacosta et al., 2019), which is consistent with other previously reported findings (Voigt and Bashaw, 1972). Additionally, we were able to sequence and assemble the genome of “Victoria,” a diploid accession with high resolution (Carballo et al., 2019), which demonstrated a strong epigenetic mechanism controlling the trait (Selva et al., 2020; Carballo et al., 2021). This complex epigenetic landscape makes it essential to analyze the trait directly in an apomictic context.

Plants are organisms with a plastic development and as such have the potential to differentiate new organs from the stem cell niche (pluripotency). Also, plant cells can be “reprogrammed” to produce an entirely identical plant (clone) through embryogenesis. This phenomenon is called totipotency and is exploited in biotechnology to induce somatic embryogenesis and produce transgenic plants. In grasses, success in genetic transformation is strongly dependent on the tissue culture procedures and on the ability of plant cells to regenerate a whole plant (Figure 1A). This usually involves the induction of embryogenic callus in a medium supplemented with auxins and the development of embryos in a medium with cytokinins, such as 6-benzylaminopurine (BAP) or thidiazuron (TDZ) or metatopolines at low concentrations (Sánchez-Romero, 2021). Several morphogenic regulators are able to modify calli responsiveness to embryogenesis, transformation, and regeneration (Fehér, 2019; Gordon-Kamm et al., 2019). Also, it is commonly observed that even the genotype and explant source might condition these callus responses (Echenique et al., 1996; Colomba et al., 2006; Yadav et al., 2009; Seo et al., 2010; Cabral et al., 2011; Kumar and Bhat, 2012; Takamori et al., 2015). As genotype effects are unavoidable, different explants, culture conditions, and morphogenic regulators should be assayed to improve the transformation and regeneration efficiencies. Several plant tissues have been used as explants to induce embryogenic calli, such as zygotic embryos, scutella, apical shoots, inflorescences, anthers, and basal parts of the leaves, among others. The actively dividing cells present in the callus phase provide a suitable target for transformation (Delporte et al., 2012).
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FIGURE 1. Genetic transformation in grasses. (A) Transformation of calli and regeneration by indirect somatic embryogenesis. (B,C) In planta methods by floral dip (B) or shoot apical meristem transformation (C). (D) Transformation of scutella cells with morphogenic regulators and regeneration without the callus phase by direct somatic embryogenesis. SAM, shoots apical meristem.


To achieve a successful genetic transformation not only is it critical to establish a suitable tissue culture system but also determine an effective DNA delivery method. The most commonly used methods in grasses are biolistic- and Agrobacterium-mediated transformation. The former, in theory, can be applied to any species or plant tissue owing to its physical character but requires trained personnel and also specialized and expensive instruments such as a gun device (Ozyigit and YucebilgiliKurtoglu, 2020). Furthermore, the DNA delivered by particle bombardment could result in variable expression levels in different transformed clones owing to the random integration of the expression cassettes in the host genome. In addition, if either several integrations of the same gene or integrations in methylated zones occur, it could result in transgene silencing (Delporte et al., 2012; Anami et al., 2013; Dong and Ronald, 2021). Also, the sequences of the expression cassettes introduced are prone to be truncated reducing the transformation efficiency (Shou et al., 2004). On the other hand, Agrobacterium-mediated transformation appears to be more suitable since it produces low transgene copy number insertions and confers more stability over generations with reduced gene silencing (Singh and Prasad, 2016). However, as Agrobacterium-mediated transformation is a biological process it is still dependent on the interaction of the Agrobacterium strain with the host plant genome, which is known to be influenced by several factors. Phenolic compounds produced by the host plant are necessary to induce the expression of Agrobacterium vir genes. In monocots, which are not natural hosts and are considered recalcitrant to Agrobacterium infection, these compounds are not synthesized and the addition of acetosyringone during plant and bacterial interaction supports the transference of the gene (Jha et al., 2011). Furthermore, 20 min of vacuum treatment and cocultivation for 2–3 days have been necessary to enhance this interaction (Li and Qu, 2011; Lin et al., 2017). Another important issue in plant transformation is the selection agent used to detect and isolate the primary transformed cells. Cells subjected to repetitive stresses related to transformation, antibiotic selection, and the more-or-less long-term in vitro cultures are exposed to increased risk of somaclonal variation (Lu et al., 2006; Carloni et al., 2014; Ishigaki et al., 2014). This variation refers to the genetic changes in either the DNA content (ploidy changes) or the DNA structure (chromosome rearrangements and point mutations) that are common in regenerated plants. For example, albinism in regenerated seedlings is usually indicative of a somaclonal event in the chloroplast genome (Mozgova et al., 2012). A reduction of time in culture, inducing direct regeneration of apical shoots without a callus phase, and employing non-antibiotic selection methods (i.e., capacity to metabolize mannose) offer new alternatives to alleviate concerns about somaclonal variation (O’Kennedy et al., 2004; Jha et al., 2011).

Owing to their efficient use of energy and high adaptability to harsh conditions, C4 grasses and their wild relatives constitute a source of genes that can be useful to genetically improve crop plants for agronomic traits such as high yield and stress resistance. Even when the transformation of grasses is a difficult task, this technology has been used to improve forage and turf in different aspects, such as digestibility, drought, cold, freezing, and salt tolerance, virus-resistance, among other traits in species like Bahiagrass, Tall fescue, Switchgrass, and Kentucky bluegrass (Wang and Brummer, 2012). Additionally, there have been many efforts focused on the use of these grasses for the production of biofuels with encouraging progress (Weijde et al., 2013; Mazarei et al., 2020). On the other hand, apomixis is a promising alternative that can provide a direct mechanism for the exploitation of heterosis. This is an agronomically important feature in breeding programs that would dramatically reduce the costs of hybrid seed production, especially for crops like maize, rice, or wheat. Alternatively, the transformation of an apomictic clone is an attractive strategy as the transgene is immediately fixed in a highly adapted genetic background, capable of large-scale clonal propagation. Although not providing complete transgene containment, gene transfer between apomictic species occurs at low frequency and over short distances, as has been shown in Kentucky bluegrass (Poa pratensis) and Bahiagrass (Paspalum notatum) (Johnson et al., 2006; Sandhu et al., 2010). Many efforts have been taken to understand the nature of apomixis, and several apomictic related genes have been identified by differential expression analyses (reviewed in Hojsgaard and Hörandl, 2019; Kaushal et al., 2019; Schmidt, 2020). Although it was suggested that the asexual mode of reproduction could have evolved from the altered expression of genes in the sexual pathway (Carman, 1997), only partial engineering of apomixis could be obtained by transgenesis in Arabidopsis thaliana (Ravi et al., 2008; d’Erfurth et al., 2009; Ravi and Chan, 2010) and rice (Khanday et al., 2019; Wang et al., 2019) due to the complexity of the trait. Although all the above efforts represent significant progress in the possibility of transferring the trait, an understanding of the mechanism that operates in true apomicts is crucial to getting efficient synthetic apomixis. This knowledge could be obtained by altering the genes or genetic pathways involved using genome-editing approaches in tissues or using single cells (protoplasts) in automated platforms (Dlugosz et al., 2016). Automation would enable large-scale screens, such as those performed by Wang et al. (2015), where CRISPR-mediated mutations were used to determine the essential genes required for human cell proliferation. By using an automated cell screen, every gene could be knocked out sequentially in the crop cells for a massive functional analysis (Altpeter et al., 2016). Regardless of the approach selected, this functional analysis and also the exploitation of traits with agronomic relevance present in apomictic grasses is still dependent on genetic transformation and plant regeneration, which are the main bottlenecks in the process. In this study, we review the current status of the in vitro culture and genetic transformation methods focusing on apomictic grasses (Table 1), and the prospects for the application of new tools assayed in other related species, with two aims: to pave the way for discovering the molecular pathways involved in apomixis and to develop new capacities for breeding purposes because many of these grasses are important forage or biofuel resources.


TABLE 1. Summary of methods for in vitro culture, transformation and regeneration of apomictic grasses and their relatives.
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APOMICTIC GRASSES TRANSFORMATION STATUS


Eragrostis Wolf

Eragrostis curvula (Schrad.) Nees is a polymorphic grass native to Southern Africa, naturalized in the semiarid regions of Argentina. Lovegrasses were introduced to Australia, the United States, and Argentina as soil conservation cultivars or forage grasses, having important agronomic traits such as drought resistance and a perennial habit, with forage quality being the most limiting factor. Most E. curvula cultivars are polyploids and reproduce by diplosporous apomixis. Diploids are always sexual and are very infrequent in nature, with tetraploid apomicts being the most frequently used cultivars for forage. In recent years our group has been working on different aspects of the reproductive biology of this grass, and different genetic and genomic resources have been developed, such as more than 40 floral and leaf transcriptomes (Cervigni et al., 2008a; Garbus et al., 2017), a genome assembly (Carballo et al., 2019), more than 4,520 SSRs (Cervigni et al., 2008b; Carballo et al., 2019), the first linkage map for the species highly saturated with GBS-SNPs (Zappacosta et al., 2019), genes and/or alleles conferring resistance to abiotic stresses (Carballo et al., 2019; Selva et al., 2020), and genes involved in lignin pathways (Díaz et al., 2010; Carballo et al., 2019).

Tissue culture protocols for E. curvula have been established using panicles as explant donors obtaining regeneration by embryogenesis and organogenesis (Echenique et al., 1996). Inflorescences just emerging from the flag leaf were cultured on Murashige and Skoog medium (1962) supplemented with different concentrations of 2,4-D and BAP, the most suitable concentrations for calli growth and development being 9 and 18 μM 2,4-D combined with 0.044 μM BAP. Fertile plants were obtained from four facultative apomictic genotypes (Morpa, Tanganyika, Don Pablo, and Kromdraii) with different efficiencies, as the regeneration capacity is influenced by the genotype since the two sexual materials included in the study did not regenerate (Echenique et al., 1996). Later Echenique et al. (2001) analyzed four different explant sources (immature inflorescences, embryos, seeds, and leaf bases) from three out of the four genotypes previously mentioned (Morpa, Don Pablo, and Kromdraai). Immature inflorescences were the most suitable explants for inducing embryogenic calli of the three cultivars. More recently, we have started to use isolated mature embryos as explants to establish a new in vitro regeneration protocol. Unlike their immature counterparts, mature embryos are available in large quantities throughout the year, being easily stored in the form of dried seeds (Delporte et al., 2005). These embryos are cultured with the scutellum facing upward on MS basal supplemented medium, and they produce structures like a callus and/or somatic embryos that arise from the shoot apical meristem (SAM) and then develop seedlings. Callus formation and/or somatic embryogenesis from the scutella of immature embryos were observed in Eragrostis tef (Zucc.) Trotter (Gugsa and Kumlehn, 2011).

Some efforts have also been made to develop a genetic transformation protocol in this genus. Ncanana et al. (2005) reported the development of plant regeneration and transformation protocols for E. curvula cv. Ermelo. Calli were generated from leaf and seed tissues and were transformed by biolistic bombardment with the yeast Saccharomyces cerevisiaeHsp12 gene under the maize ubiquitin promoter. Although successful transformation and transcription of the Hsp12 gene occurred, no Hsp12 protein was found in the transformed plants. Diaz (2006) evaluated the transient expression of the uidA gene introduced by biolistic bombardment in embryogenic calli obtained from immature inflorescences. Three different promoters were analyzed, and the maize ubiquitin gene promoter gave the best response. It was also possible to get transient transformation by inoculating mature seeds with two Agrobacterium tumefaciens strains, AGL0 and AGL1, both containing the binary vector Ppzp201BUGI (Terenti Romero, 2015).

Another member of the genus is Eragrostis tef (Zucc.) Trotter, a staple food crop in Ethiopia and cultivated in several countries for grain and forage production. It is not an apomictic species but it can also grow on marginal soils and under climate conditions not suitable for major cereals such as maize, wheat, and rice. It is an extremely low-yielding crop, mainly due to lodging and prolonged drought during the growing season (Numan et al., 2021). To increase the yield by introducing dwarfism, Gebre et al. (2013) transformed embryogenic calli obtained from immature embryos with the gibberellic acid (GA) inactivating gene PcGA2ox under the control of a triple CaMV 35S promoter using Agrobacterium. Calli were induced in a culture medium supplemented with KBP minerals and 2,4-D. The selection was performed in KBP medium with kanamycin, and regeneration in K4NB, where fully viable transformed plants carrying the transgene were obtained (detected by PCR and then sequenced). Some of them showed the expected phenotype. According to Numan et al. (2021), there must be a well-established transformation and regeneration system in E. tef to adopt advanced genetic engineering technologies. One of the major obstacles for the targeted breeding of E. tef is the presence of genes in two genomes (AA and BB: 2n = 4x = 40 chromosomes), as was shown in the recently released genome assembly (VanBuren et al., 2020). Target genes affecting key traits for this crop that can be modified by CRISPR-Cas have recently been selected from the genome assembly (Numan et al., 2021).



Panicum Linnaeus

Panicum is a genus with approximately 450 species that grows in tropical and subtropical regions (Zuloaga and Soderstrom, 1985). The genus includes important forage species, such as Guineagrass (Panicum maximum Jacq.) and Switchgrass (Panicum virgatum L.), the former reproducing by apomixis. Attention to this group was particularly focused on Switchgrass owing to its inclusion in developmental programs as a model to produce lignocellulosic ethanol or second-generation biofuels (Merrick and Fei, 2015; Lin et al., 2017). It is self-incompatible and has varied ploidy levels with tetraploid and octoploid being the most common. As a perennial grass with a deep root system, Switchgrass is effective for soil conservation and could be helpful for removing the herbicide Atrazine, which is used in field crops for broadleaf weed control. In addition, this crop presents pest- and disease-tolerance traits has a high biomass yielding potential, and the ability to grow in marginal lands with low nutrient requirements (Lin et al., 2017).

Seo et al. (2010) reported an optimized protocol for shoot regeneration in these grasses starting from mature seed-derived calli of two species, P. longijubatum, and P. meyerianum. The effects of different carbohydrates and the optimal hormonal combination in the culture medium were determined. The maximum shoot regeneration was obtained using maltose (30 g/L; a twofold increase compared with sucrose) and TDZ (1 mg/L) without naphthalene acetic acid (NAA). This optimal regeneration medium was used on nine Panicum spp., and the efficiency of shoot regeneration resulted in being genotype-dependent, ranging from 69.9% in P. meyerianum to 0% in Panicum maximum. However, using calli derived from immature embryos in spite of mature seeds, higher regeneration frequencies (41–75%) were observed for three cultivars of Guineagrass, showing the influence of the explant source on shoot regeneration. The high capacity of immature embryos to regenerate shoots in plant tissue culture has also been reported previously in barley (Chang et al., 2003) and maize (Frame et al., 2000).

Genetic transformation has been an important tool for studying gene function and for germplasm improvement in Switchgrass. For instance, the downregulation of the cinnamyl alcohol dehydrogenase (CAD) gene or the caffeic acid O-methyltransferase (COMT) gene decreased lignin content and improved sugar release, giving Switchgrass the potential to increase digestibility and biofuel production during the fermentation processes (Fu et al., 2011a, b). In this context, several research projects have been focused on overcoming the recalcitrance of some cultivars to genetic transformation. The first report on obtaining highly regenerable type II calli used inflorescences as explants and a modified NB-based medium (LP9), containing 2,4-D and 100 mg/L–1 of L-proline (Burris et al., 2009). The maximum transformation efficiency (TE: transgenic plants obtained/total of calli exposed to Agrobacterium) of 4.4% was obtained using the EHA105 Agrobacterium strain. However, type II and type I calli were not separated during the transformation process and only type II callus yielded transgenic plants, suggesting that this TE can probably be increased by only selecting type II calli for transformation. Afterward, the identification and selection of type II calli from mature caryopses resulted in transformation efficiency increases of 50–90% in three different cultivars using Murashige and Skoog (1962) based medium for all the culture stages, supplemented with 2g/L–1 of L-proline (Li and Qu, 2011). In this study, the regeneration rate was higher than 80% in all cultivars, also showing the high competence of type II calli for the regeneration process. Importantly, vacuum application during Agrobacterium infection, desiccation at the co-cultivation stage, and resting after infection also facilitated Switchgrass transformation and selection (Li and Qu, 2011; Lin et al., 2017). On the other hand, histological analysis of calli derived from seeds revealed the occurrence of a “shell-core” structure being the “core” that was able to develop on type II calli (Liu et al., 2015; Lin et al., 2017). Following the dissection of this “core,” it was possible to recover transgenic plants of a cultivar previously reported as highly recalcitrant (Liu et al., 2015). In addition, it has been noticed that optimization of the seed sterilization step increased callus induction by 20% (Lin et al., 2017). Finally, the development of embryogenic cell suspension cultures derived from type II calli accelerated the regeneration of transgenic plants (Ondzighi-Assoume et al., 2019). However, somaclonal variation has been reported to occur during embryogenic callus suspension culture (Lu et al., 2006; Liu et al., 2018).



Pennisetum Richard

This genus includes the apomictic Pennisetum squamulatum and also the sexual relatives, pearl millet (Pennisetum glaucum L.), and Napier grass (Pennisetum purpureum Schumach.). The latter two are important forage crops in tropical and subtropical areas of the world, pearl millet also being a staple food in Africa and India, and Napier grass having great potential as an energy crop, and especially as a source for biofuel production. Thus, the development of a reliable transformation protocol for these crops will complement the classical breeding programs, and the effect of putative apomixis gene(s) from P. squamulatum could also be tested. Apomixis in P. squamulatum is transmitted by the apospory-specific genomic region (ASGR), a physically large, hemizygous, and non-recombining chromosomal region (Ozias-Akins et al., 1998). Multiple copies of the PsASGR-BABY BOOM-like (PsASGR-BBML) gene were found within the ASGR, and it has been proposed as a candidate gene related to parthenogenesis. BBM transcripts were originally identified in microspore cultures of Brassica napus (BnBBM) undergoing somatic embryogenesis (Boutilier et al., 2002). More recently, Conner et al. (2015) attempted to analyze the function of the PsASGR-BBML gene in P. squamulatum by creating an RNAi apomictic line to knock down the expression of this gene. Since the direct transformation and regeneration of P. squamulatum was not possible, it was decided to clone the ASGR in the sexual tetraploid pearl millet and the transgenic plants obtained exhibited parthenogenesis (Conner et al., 2015). In addition, sexual lines with an RNAi construct to silence BBML genes were generated and then these lines were fertilized with pollen from P. squamulatum. The resulting F1 hybrids inheriting the RNAi construct and harboring the ASGR showed a reduced number of parthenogenetic embryo sacs owing to the silencing of the BBML gene (Conner et al., 2015). The protocol employed above for the genetic transformation of pearl millet was previously described by Goldman et al. (2003), who optimized the conditions for biolistic-mediated transformation using embryogenic callus derived from inflorescences as explants. Shaving the spikelet primordia of a single inflorescence proved to be an excellent way to increase the amount of tissue capable of embryogenic calli production. By rotating the axis of the rachis, inflorescences could be shaved multiple times, allowing large quantities of responsive spikelets. Callus induction was performed in the dark in an MS medium containing sucrose (30 g/L) and a maximum of 5 mg/l 2,4-D. For plant regeneration, BAP (0.1 mg/L) and TDZ (0.1 mg/L) were used. TDZ was beneficial due to reducing in vitro culture and the overall time required for regenerating plants (Goldman et al., 2003). Delaying herbicide selection by 10–14 days after transformation resulted in greater effectiveness in the recovery of resistant plants.

Herbicide selection could either allow the regeneration of escapes (even at high selection pressure) or be deleterious to the regeneration process. It is commonly observed that the necrotic tissue surrounding the positive transgenic cells may prevent their growth. However, mannose-positive selection promoted regeneration and growth of the transgenic cells while non-transgenic cells were starved but not killed (O’Kennedy et al., 2004). Transgenic phosphomannose isomerase (PMI)-expressing cells acquired the ability to convert mannose-6-phosphate to fructose-6-phosphate, whereas the non-transgenic cells accumulated the former (Reed et al., 2001). The accumulation of mannose-6-phosphate in cells inhibits phosphoglucose isomerase, thereby causing a block in glycolysis (Goldsworthy and Street, 1965). The manA gene was shown to be a superior selectable marker in maize and wheat when compared with antibiotic or herbicide marker genes (Reed et al., 2001; Wright et al., 2001). The manA gene from E. coli has been used to produce transgenic plants of P. glaucum (O’Kennedy et al., 2004). With this purpose, embryogenic calli derived from immature zygotic embryos were bombarded and regenerated in a medium with IAA (0.2 mg/L), kinetin (0.5 mg/L), and AgNO3 (10 mg/L). Although the transformation efficiency was low, the system was effective in selecting almost only transgenic tissue, eliminating the labor-intensive tissue culture selection and molecular analysis of putative transgenic plants (O’Kennedy et al., 2004).

Transformation of shoot apical meristems (SAMs) either through Agrobacterium or biolistics has already been reported (McCabe et al., 1988; Gould and Magallanes-Cedeno, 1998; Zapata et al., 1999; Cho et al., 2003; Goldman et al., 2003; Zhang et al., 2010). In the absence of tissue dedifferentiation steps, less somaclonal variation and genotype regeneration dependence were observed. Nevertheless, the direct regeneration of transformants in this method always generates chimeric plants. It was proposed that more stable transformants could be generated by the multiplication of transgenic apical meristem cells by treatment with the phenylurea-type cytokinin TDZ (Zhong et al., 1996; Srivatanakul et al., 2000; Goldman et al., 2003; Gairi and Rashid, 2004). Kinetin was also reported to induce multiple shoots in pearl millet (Jha et al., 2009), and the addition of 50 μM CuSO4 could enhance their proliferation in Napiergrass (Umami et al., 2012). Following this method, Jha et al. (2011) generated a multiple shoot regeneration system in P. glaucum (without an intervening callus phase) for Agrobacterium-mediated transformation. Briefly, emerging shoot apices consisting of SAMs were cocultivated with the Agrobacterium EHA105 strain for 3 days in an MS medium containing acetosyringone (400 μM, essential for the successful transformation of pearl millet). After the recovery phase, shoot apices were transferred to the selection medium to allow the growth of the transformed shoots. The surviving shoots were transferred onto a preregeneration medium with BAP (17.6 μM) for 4–6 weeks to stimulate the production of transgenic multiple shoots that were then separated individually and regenerated on a medium with no growth regulators for 2–3 weeks. Stable transgenics were obtained, and the highest transformation frequency observed was 5.8% (number of transgenic plants/total number of explants inoculated) (Jha et al., 2011). Previously, Yookongkaew et al. (2007) reported a related protocol for the transformation and regeneration of several Thai rice cultivars showing that this technique is efficient and genotype-independent. This technique is also an alternative for species that are recalcitrant in producing embryogenic calli and it was used efficiently for P. purpureum. However, after bombardment and selection, the transformation efficiency was very low (0.64%) because the regeneration capacity was compromised by the aged callus (4–12 months) (Gondo et al., 2017).



Poa Linneaus

Kentucky Bluegrass (Poa pratensis L.) is aC3turf grass adapted to a wide range of soils and climates (Van Wijk, 1997). It is sensitive to high salinity and drought (McDonnell and Conger, 1984) and reproduces by facultative apomixis (Bashaw, 1980; Albertini et al., 2001). Gao et al. (2006) reported a protocol that made it possible to obtain a large number of transgenic plants via particle bombardment of embryogenic calli derived from immature embryos. Callus induction was performed in an MS-based medium supplemented with 2,4-D (2 mg/L), BAP (0.1 mg/L), and gelrite as a gelling agent. Kinetin (0.2 mg/L) was added to the regeneration medium. In this study, the efficiency of two selectable marker genes, hpt, and bar, was tested and compared during the obtention of transgenic lines. No escapes were found under selection with 100 mg/L of hygromycin or 2 mg/L of bialaphos, hygromycin being superior to bialaphos since 77.8% of the hygromycin-resistant calli regenerated plants, whereas only 34.3% of the bialaphos resistant ones were able to regenerate. Moreover, the selection of transformed calli with hygromycin was faster and required only 4–8 weeks in culture (vs. 14–16 weeks for bialaphos), and the transformation efficiency (transgenic plants/bombarded callus) was higher (TEHygromycin 22% and TEBialaphos7.5%). In addition, bialaphos-mediated selection resulted in the regeneration of some albino plants, probably related to the time in culture. Overall, a long in vitro culture period showed a decline of 68% in the regeneration capacity (Gao et al., 2006). Despite the high regeneration capacity observed in this study, it is important to mention that only one genotype was considered. Additionally, all the recovered transgenic plants showed a complex integration pattern (with rearrangements and multiple transgene insertions), showing inactivation of the uidA gene after 3 months in the soil, probably as a consequence of gene silencing by multiple insertions. An Agrobacterium-mediated protocol was described by Zhang et al. (2010) for the transformation of three Kentucky bluegrass cultivars using a multiple shoot induction approach. The betA gene from E. coli was introduced together with the als selectable marker gene, which encodes a choline dehydrogenase enzyme and catalyzes the synthesis of the plant stress-protectant betaine (Sakamoto and Murata, 2001). In brief, shoot apices were cultured in an MS medium supplemented with 2,4-D (0.2 mg/L) plus BAP (2 mg/L). After 20 days in culture, meristematic cell clumps were subcultured for 8–12 days in an MS medium with BAP (2 mg/L) for the formation of multiple shoot clumps (MSCs) and were then divided and proliferated for 15 days in a medium supplemented with 2,4-D (0.07 mg/L) and BAP (2 mg/L). The MSCs were then cocultured for 2–4 days with the Agrobacterium strain LBA4404 followed by 10 days on rest medium with cefotaxime (10 mg/L). A chlorsulfuron selection (6 mg/L) was performed for 45 days with subcultures every 15 days. The highest transformation frequency (number of PCR-positive plants/number of shoot tips evaluated) was 1.42% with 87.5% of the surviving shoots being escapes (Zhang et al., 2010).



Cenchrus Linnaeus

Buffelgrass (Cenchrus ciliaris L. syn. Pennisetum ciliare) is a warm-season C4 perennial forage grass native to Africa and India, reproducing predominantly through apomixis (Fisher et al., 1954; Bhat et al., 2001). It is highly drought-tolerant and is mainly used as fodder owing to its high biomass productivity (Martin et al., 1995; Rao et al., 1996). Some cultivars have shown recalcitrance to somatic embryogenesis (Colomba et al., 2006), and it was proposed that the understanding of the developmental events during this process could help in determining the role of phytohormones during the induction of somatic embryos (Yadav et al., 2009). These authors reported a histological analysis of regenerating calli of apomictic and sexual plants obtained from mature seeds, shoot tips, and immature inflorescences. Only the latter explant was able to produce embryogenic calli (with a maximum of 33%) in an MS medium supplemented with BAP (0.5 mg/L) and 2,4-D (with a maximum concentration of 5 mg/L) (Yadav et al., 2009). Regeneration of somatic embryos was obtained in the same medium supplemented with 2,4-D (0.25 mg/L) and BAP or kinetin (1–5 mg/L), with both cytokinins yielding comparative results. In the same way (Carloni et al., 2014), somatic embryos were induced from three apomictic genotypes of Buffel grass. Anthers were placed on MS-based induction medium containing 2,4-D (6 mg/L) for 90 days (subcultured after 45 days), and the regeneration was achieved in a MS medium supplemented with BAP (1 mg/L) and NAA (0.5 mg/L). Although anthers have been proposed as an optimal tissue for somatic embryogenesis (Kruczkowska et al., 2002), between 8 and 12 months were spent following this protocol for the regeneration. After this time several chromosomal rearrangements were found in the regenerated plants (Carloni et al., 2014).

Using a different approach, Kumar and Bhat (2012) tested the regeneration of five genotypes of Buffelgrass (including the apomictic one studied by Yadav et al., 2009) via multiple shoot induction. Briefly, seeds were germinated in an MS medium with TDZ (3 mg/L) to induce a high concentration of endogenous cytokinins (according to Yookongkaew et al., 2007). Shoot tips from 4-day old seedlings were excised and subcultured for 3–5 weeks with the same concentration of TDZ (3 mg/L). Shoots regenerated on medium containing TDZ (≥3 mg/L) were found to be stunted. To overcome this problem, GA3 (2 mg/L) was added to the shoot elongation medium. After 2 weeks, shoots were divided and transferred to MS plus indole-3-acetic acid (IAA, 3 mg/L) for rooting. All the genotypes were shown to be highly responsive to multiple shoot induction in a relatively short period of time (10–11 weeks). Based on these results, Laishram et al. (2020) performed an assessment of biolistic and Agrobacterium-mediated genetic transformation methods in C. ciliaris. Immature inflorescences of an apomictic cultivar were cultured in an MS medium supplemented with 2,4-D (3 mg/L) and BAP (0.5 mg/L) for embryogenic callus induction. Calli were maintained in an MS medium with casein hydrolyzate (0.3 g/L), L-proline (0.4 g/L), and L-glutamine (0.4 g/L) (according to Shashi, 2013), and subcultured every 21 days. It was observed that the regeneration ability declined after the third round of subcultures, and therefore earlier calli were used for genetic transformation. The marker gene GUS was used to screen transgenic events and hygromycin (30 mg/L) was employed during its selection. Stable transgenic plants were obtained only by biolistics with the transformation efficiency (transgenic plants confirmed by PCR/calli bombarded) of 0.2%. Although the regeneration rate was high (40 plants could be regenerated from the 100 resistant calluses obtained), there were a lot of escapes (90%), suggesting that further optimization of the transformation protocol is needed instead of the regeneration one.



Urochloa (syn. Brachiaria) von Ledebour

Urochloa P. Beauv. (syn. Brachiaria Griseb. spp.) species are tropical forage grasses native to Africa (Keller-Grein et al., 1996), well adapted to poor soils, and resistant to long dry periods (Pinheiro et al., 2000). These grasses were introduced into South America in the eighteenth century (Miles et al., 1996), and are cultivated in millions of hectares in Brazil for cattle grazing (Montanari, 2013). Most of this cultivated area is covered by only two cultivars, both apomictic and tetraploid, U. brizantha cv. Marandu and U. decumbens cv. Basilisk (Simioni and Valle, 2009). Another species, U. humidicola, also apomictic and usually hexaploid, was introduced into Brazil from Australia. The only cultivated diploid and sexual species is U. ruziziensis, native to the African savannas (Valle and Savidan, 1996). For the latter species (U. ruziziensis), Ishigaki et al. (2009) established protocols for the development of MSCs and embryogenic calli using SAMs as explants. The addition of 2,4-D (0.5 mg/L) and BAP (2 mg/L) to an MS medium was the most effective treatment for the development of MSCs (21.4%). The highest regeneration capacity (53.6%) was observed in the same basal medium supplemented with BAP (1 mg/L) or with kinetin and GA3 (2 mg/L both). The highest rate of embryogenic callus induction (16.7%) was recorded in an MS medium with the addition of 2,4-D (4 mg/L) and BAP (0.2 mg/L), whereas the most effective treatment for plant regeneration was the use of solid MS medium supplemented with BAP (2 mg/L) and NAA (0.1 mg/L) (47.6%). MSCs and calli were maintained by subculturing onto fresh media every 30 or 14–21 days, respectively. Embryogenic calli maintained its shoot regeneration capacity for more than 1 year. Although both MSCs and embryogenic calli showed a high regenerative potential, some albino plants were obtained from the calli (Ishigaki et al., 2009). Afterward, in a transient GUS expression assay, Ishigaki et al. (2012) determined that embryogenic calli were more suitable targets than MSCs for particle bombardment transformation. These authors bombarded 9-month-old embryogenic calli obtaining four bialaphos resistant, but sterile, plants (TE: 1.4%). Later, by using flow cytometry it was observed that embryogenic calli older than 2 months were polyploydized and these events progressed over time (Ishigaki et al., 2014). The authors hypothesized that this response in the culture could be triggered by the accumulation of 2,4-D in old calli.

Cabral et al. (2011) evaluated the natural tetraploid apomictic genotype U.brizantha cv. Marandu and the diploid sexual U. brizantha for their capacities to produce somatic embryos and regenerate plants. When mature seeds of the apomictic cv. were used as explants, the highest induction of embryogenic calli (77%) and plant regeneration (54%) were observed in MS media with 2,4-D (3 mg/L) and BAP (0.2 mg/L) or BAP (1 mg/L), NAA (0.5 mg/L), and kinetin (2.5 mg/L), respectively. Calli were subcultured monthly on fresh medium and maintained for 5 months, but It was observed that 4-month-old cultures only produced albino plants. Interestingly, a decrease in the pH of the medium (from 5.8 to 4.0) not only reduced contamination but also increased the number of regenerating buds/shoots per clump and the total of regenerated plants. The same basal medium and growth regulator combination gave the best results regarding somatic embryogenesis and plant regeneration using leaf basal segments as explants (Cabral et al., 2011). These authors also observed that the apomictic genotype showed higher percentages of somatic embryogenesis and regeneration (77 and 64%, respectively) than the sexual one (45 and 21%), highlighting a genotype dependent response in U. brizantha. Afterward, with the optimal culture conditions for somatic embryogenesis described above, embryogenic calli, and cell suspensions were bombarded with plasmids containing GUS and hptII cassettes and tested for transient and stable expression (Cabral et al., 2018). The phased selection on hygromycin (5–10–20 mg/L) only delivered one transgenic plant, and it was negative for GUS histochemical assay and the amplification of the hptII gene by PCR. On the other hand, bombarded cell suspensions produced hygromycin-resistant calli that also showed stable GUS expression (both GUS and hptII genes were detected by PCR). These calli maintained their proliferative capacity for 10 months but were not able to regenerate shoots.

Takamori et al. (2015) tested two synthetic auxins (2,4-D and picloram) at different concentrations for callus induction, somatic embryogenesis, and plant regeneration in U. brizantha cv. Marandu using mature seeds as explants, obtaining more regenerated plants with picloram (1 mg/L). In the same study, 2,4-D at a concentration of 8 mg/L showed the lowest shoot conversion and the production of albino plantlets (4 and 8 mg/L). No albinos were observed with picloram. The regeneration was performed initially on MS with no growth regulators after maintaining the embryogenic calli for 72 days in callus induction media (subcultured every 14 days). Indirect light (1.7 μMm–2s–1) for 14 days was essential to avoid purple pigmentation (anthocyanin production) in regenerating calli. Finally, the calli were transferred to MS (half-strength) supplemented with BAP (2 mg/L) for 14 days. The effect of picloram was also tested for the embryogenic potential of other Urochloa species (U. decumbens, U. humidicola, and U. ruziziensis) with 1 mg/L being the most effective concentration. U. brizanthaand U. decumbens were the genotypes that were most prone to somatic embryogenesis, whereas U. humidicola and U. ruziziensis showed a minimal response. Similar results were obtained by Yaguinuma et al. (2018) using leaf base segments as explants. In U. decumbens, 1 mg/L of picloram was more effective in regenerating plants than 1 mg/L of 2,4-D (49 vs. 14%), and U. ruziziensis tended to be more recalcitrant for plant regeneration. Furthermore, the authors proposed cytokinin (TDZ) as an alternative callus inductor to reduce somaclonal variation linked to auxins. In this way, although fewer calli were obtained, plantlets of all genotypes were regenerated with 4 mg/L of TDZ, but the best response came from U. brizantha. Finally, picloram also showed better results than 2,4-D in a transient GUS expression experiment.



Paspalum Linnaeus

Bahiagrass (Paspalum notatum Flugge) is native to South America and used as turf and forage grass in tropical and subtropical regions from the United States to Argentina (Burton, 1967). This grass tolerates marginal soil fertility and has excellent resilience against drought, heat, and insect and nematode invasion. Two cytotypes, sexual diploids and apomictic tetraploids of Bahiagrass are grown (Forbes and Burton, 1961). The apomictic tetraploid cultivar “Argentine” is superior to the sexual diploid “Pensacola” owing to its darker green color, higher density, and seed production in shorter periods. Hence, with its asexual seed production and uniform seed progeny, the “Argentine” cultivar is an attractive target for genetic engineering of stress tolerance. Altpeter and James (2005) established a transformation protocol using embryogenic calli derived from mature seeds of this cultivar that were induced in an MS medium supplemented with BAP (5 μM) and dicamba (13.5 μM). After 6 weeks in culture, the calli were bombarded with a constitutive nptII expression cassette. The selection was initiated 1 week later on paromomycin (50 mg/L) and performed for 4 weeks (with subcultures every 2 weeks) on an MS-based shoot regeneration medium supplemented with BAP (5 μM). With this protocol, 2–10% resistant calli were obtained. Out of these, 1.5–4% regenerated plants and 60% of these plants were confirmed by PCR to be transgenic. Based on this protocol, James et al. (2008) obtained apomictic transgenic plants of Bahiagrass expressing the transcription factor DREB1A from barley, regulated by the abiotic stress-inducible HVA1 promoter. Transgenic lines showed faster recovery and increased survival under repeated dehydration–rehydration cycles than wild-type plants. Moreover, the transgene did not affect normal plant growth under non-stress conditions. The same protocol was used for the constitutive expression of HvWKY38 in transgenic plants of Bahiagrass (Xiong et al., 2010), obtaining a regeneration efficiency (resistant calli/calli bombarded) of 3.7% and a TE (transgenic lines/calli bombarded) of 2.7%. Although some lines were sterile and others had reduced seed set, three lines (out of 17 obtained) showed wild-type phenotypes and produced a similar number of inflorescences and seeds. The transgenic plants showed improved survival and biomass accumulation following dehydration and were superior to the wild-type plants in water retention, regeneration of new roots, and photosynthetic efficiency.

Uniform transgene transmission and expression could be a challenge during biolistic-mediated transformation, especially when large amounts of DNA are delivered into cells. Furthermore, transgenic plants frequently show complex integration patterns and silencing of transgenes (Gao et al., 2006). For this reason, Sandhu et al. (2007) attempted to optimize the process using two minimal transgene expression cassettes for particle bombardment-mediated cotransformation in Bahiagrass. Two unlinked nptIIand bar genes were excised from plasmids and cointroduced into embryogenic calli derived from mature seeds of the apomictic cv “Argentine.” After selection on medium containing paramomycin as selection agent, a TE of 10% was obtained with 95% of cotransformation frequency. Bar gene showed more complex integration patterns, probably owing to the presence of recombination hotspots at the CaMV35S sequence. The presence of recombinogenic spots within the expression cassettes and larger quantities of DNA during transformation seems to increase the complexity of transgenic loci (Sandhu and Altpeter, 2008). Despite the complex integration of these minimal cassettes, high expression, and coexpression levels were observed. Probably, this could be due to insertions on different loci whereas plasmid sequences tend to become linked. With a similar approach, Agharkar et al. (2007) achieved the constitutive expression of the AtGA2 gene in Bahiagrass (cultivar “Argentine”). Minimal cassettes of nptII and AtGA2 were transferred through biolistics and it resulted in 100% of cointegration and coexpression together with a simple integration pattern. No escapes were observed during the selection process and a TE of 1.3% was reached (eight independent transgenic lines were obtained from 600 bombarded calli). The AtGA2 expressing lines hydroxylated and degraded the GAs showing very low levels of GA, which was reflected in shorter stems and leaves, delayed flowering, and an increase in tillering. So, the semidwarf phenotype showed an enhanced turf quality.

Antibiotic selection through the constitutive expression of gene-conferring resistance is not always desirable in plant genetic engineering because it may hamper the normal growth or recovery of transgenic plants. The use of a visual marker without chemical dependence has made it possible to increase the transformation efficiency and reduce the screening time (Ahlandsberg et al., 1999; Zhu et al., 2004; Baranski et al., 2006). Accordingly, Himuro et al. (2009) proposed visual screening and selection of transgenic diploid Bahiagrass plants using the GFP reporter gene. Embryogenic calli for particle-bombardment transformation were induced from mature seeds in a liquid MS medium supplemented with 2,4-D (2 mg/L). After 2 weeks, primary calli were transferred to solid MS with the same concentration of 2,4-D. Then, microcalli (not larger than 2 mm in diameter) were divided and subcultured every 2 weeks in a medium containing 2,4-D (2 mg/L), BAP (0.1 mg/L), and CuSO4 (50 μM) at 31°C. Microcalli were transformed and the GFP expressing sectors were separated using fine-tipped forceps and transferred to a fresh medium. All these visually selected calli were able to regenerate in an MS medium with GA3 (1 mg/L) and kinetin (1 mg/L), obtaining an overall TE of 2.4%. Microcalli production resulted in the exposure of a larger surface area for the approaching particles during the bombardment and also for the culture conditions. Previously, it had been reported that high Cu content and high temperature during in vitro culture could probably enhance the regeneration of transgenic plants (Gondo et al., 2005). Furthermore, these conditions were adopted by Mancini et al. (2014) who observed a regeneration efficiency of 78% during the genetic transformation of tetraploid apomictic Bahiagrass. In this study, mature seeds were used as explants for embryogenic calli induction in an MS medium with B5 vitamins and 2,4-D (0.25 mg/L), and calli were cotransformed with plasmids containing egfp and bar genes. Regeneration was performed in an MS medium with B5 vitamins supplemented with BAP (5 μM), GA3 (1 μM), and CuSO4 (50 μM). A cotransformation frequency of 40.7% and a TE (independent transgenic lines/calli bombarded) of 8% were observed. The transgenic plants obtained were phenotypically normal and fertile after 4 weeks of selection in ammonium glufosinate (1 mg/L). Afterward, this protocol was successfully applied in Paspalum notatum for the functional characterization of the apomixis-related genes QUI-GON JINN (QGJ) and trimethylguanosine synthase 1 (TGS1)-like (Mancini et al., 2018; Colono et al., 2019). The high Cu content in the culture medium as a regeneration enhancer, firstly reported by Gondo et al. (2005) and later validated, appears to be a promising approach that could be replicated in other warm-season recalcitrant species. On the other hand, Giordano et al. (2014) obtained transgenic Paspalum dilatatum plants in which a sense-suppression gene cassette, delivered free of vector backbone and integrated separately to the selectable marker, reduced the CCR1 transcript levels and, as a consequence, the lignin content.




SIGNIFICANT BREAKTHROUGHS IN GRASS TRANSFORMATION


Alternative DNA-Delivery Methods

The success of the induction of embryogenic callus, somatic embryos, and the resulting recovery of viable plants is not always achievable for many species. Furthermore, tissue culture may demand long and complex treatments or procedures, and it often causes undesired and unpredictable changes in plant genomes. The in planta transformation methods avoid callus culture and plant regeneration (Figures 1B,C). The most widely used of these methods is a floral dip, originally developed for Arabidopsis (Clough and Bent, 1998), where the flower buds are dipped into an Agrobacterium suspension leading to the transformation of the ovule cells (Figure 1B). Floral dip methods have also been described for grass species including wheat (Zale et al., 2009), maize (Mu et al., 2012), Setariaviridis (Martins et al., 2015; Saha and Blumwald, 2016), and rice (Ratanasut et al., 2017). However, a broader application remains elusive mainly because the method is dependent not only on successful Agrobacterium infection but also on the inflorescence anatomy and the capacity of the plant to produce large amounts of seeds. Direct DNA delivery into pollen cells by ultrasonication or magnetofection has also been described as an alternative to creating transgenic seeds through pollination of plants with transformed pollen (Yang et al., 2017; Zhao et al., 2017). In addition to gametophyte cells, SAMs were used as targets for in planta biolistic transformation in wheat (Hamada et al., 2017; Figure 1C). Although primary T0 plants were chimeric, it was possible to recover T1 plants carrying the transgene, suggesting that genome modifications occurring at the SAMs are able to pass to the next generation. Even when the transformation efficiency (transgenic T1 plants/embryos bombarded) was lower than that of conventional tissue culture-based methods (0.8%), stable transformed lines of the recalcitrant cultivar Haruyokoi were obtained.

With regard to the limited host range of Agrobacterium tumefaciens, the compelling need to identify or generate non-Agrobacterium delivery systems emerges to increase the scope of genetic transformation. Furthermore, Agrobacterium-engineered crops for commercialization are restricted by licensing (Chi-Ham et al., 2012). It has long been recognized that the machinery required for DNA delivery to plant cells is not exclusive of Agrobacterium, since it is also present in species of the Rhizobium genus (Broothaerts et al., 2005; Rudder et al., 2014; Lacroix et al., 2016; Lacroix and Citovsky, 2019). It was observed that R. etli can successfully transform N. benthamiana and N. tabacum with a plasmid containing a T-DNA segment (Lacroix and Citovsky, 2016). However, the expression levels are about 10 times lower than those obtained with A. tumefaciens. Nonetheless, R. etli might be more efficient with other plant species, such as its specific hosts. Alternatively, Zuniga-Soto et al. (2015) obtained transgenic rice with Ensifer adhaerens-mediated infection of two Japonica cultivars with transformation efficiencies comparable with the Agrobacterium-mediated ones. Moreover, with this method, these authors were able to obtain a transgenic line from the recalcitrant Indica variety IR64. The genome of E. adhaerens (syn. Sinorhizobium adherens) not only has the same essential genes as Agrobacterium T-DNA but also non-essential ones, which could exert a positive impact on the virulence and ability to transform host tissues (Rudder et al., 2014). Although E. adharens-based protocols are still at the early stages, there are sustained efforts to expand them (Rathore et al., 2019) and indeed, they have a high potential in crop biotechnology.

On the other hand, virus-based vectors provide an alternative for delivering genome engineering reagents to plant cells (Liu and Zhang, 2020; Wang et al., 2020). Among these are the RNA viruses, which for monocots include wheat streak mosaic virus (WSMV) and barley stripe mosaic virus (BSMV) (Lee et al., 2012). Single-stranded (ss) DNA viruses, such as geminiviruses, are able to infect a wide range of host plant species like wheat, barley, corn, oat, and rye, and have been widely adopted as vectors (Choi et al., 2000). Furthermore, they replicate inside the host cells and produce a high amount of replicons enhancing the targeting cell response (Hanley-Bowdoin et al., 2013). Although the cargo capacity of geminiviruses is quite restricted, these vectors have been engineered for the expression of heterologous proteins in plants (Lozano-Durán, 2016). BSMV-based vectors were used for gene silencing in barley (Hordeum vulgare) and could be a suitable option in grasses as well as the RNAi approach (Holzberg et al., 2002; Scofield and Nelson, 2009). The virus-induced gene silencing exploits the RNA-based plant antiviral defense response, which degrades the RNA produced by infecting viruses. In this way, by inserting a plant gene sequence into the viral vector, gene transcripts become targets for degradation (Kumagai et al., 1995; Ratcliff et al., 1997; Baulcombe, 1999).

Genome editing (GE) is a new powerful technique and is considered a precision plant breeding tool (Kausch et al., 2019). Thus, the CRISPR/Cas technology used in its multiple versions (via transgenesis or by delivering ribonucleoproteins, base, and prime editing, etc.) offers new opportunities for improving different traits in important crops, sometimes combined with synthetic biology (for a review, see Chen et al., 2019; Zhu et al., 2020). Furthermore, nanotechnology has shown higher transformation efficiency than conventional methods, and in combination with GE, it has a great potential for engineering plants (Ahmar et al., 2021). The above considerations that influence the response of grasses concerning tissue culture, plant regeneration, and plant transformation methods are also important for GE. The knowledge generated from functional studies in apomictic grasses through transgenesis could support the induction of apomixis via GE in sexual plants to preserve the hybrid vigor for multiple generations in economically important crops (Scheben and Hojsgaard, 2020; Fiaz et al., 2021). However, the genomic information in apomictic grasses needed to perform GE is scarce and often unavailable. Although no genome-edited apomictic grasses have yet been reported, targeted mutations have been achieved in related grasses, such as Panicum virgatum (Liu et al., 2018) and Setariaviridis (Basso et al., 2021), using the CRISPR/Cas technology.



Agrobacterium–Host Interaction

To exploit Agrobacterium as a routine biological engineering tool, it was necessary to develop the “binary vector” system from the large tumor inducing (Ti) plasmid (Hoekema et al., 1983; Bevan, 1984). This system allowed the separation of transfer DNA (T-DNA) in a small episome from the virulence genes encoded by a disarmed Ti plasmid. Afterward, the superbinary vector pSB1 with extra vir genes (B, G, part of C and D) was developed and resulted in the expansion of the host range of plants amenable to transformation (Komari, 1990; Hiei et al., 1994; Ishida et al., 1996; Komari et al., 1996; Cheng et al., 1997; Tingay et al., 1997). Recently, an improved pVIR ternary vector system was able to enhance the transformation frequencies of recalcitrant maize inbreds (Anand et al., 2018). Moreover, transformed calli grow faster, reducing the transformation process by 2–3 weeks. However, a high non-quality events frequency (i.e., events with backbone integration and/or multicopy events) was observed, probably due to the increased T-strand delivery. Similar results were described using the hypervirulent strain of Agrobacterium AGL0 (Zhi et al., 2015).

Agrobacterium elicits a wide plant defense response and modifies cell metabolism during infection, which in turn could affect the transformation efficiency (Ditt et al., 2006; Torres et al., 2006; Zipfel et al., 2006). Myo-inositol has several functions in eukaryotes, affecting a variety of developmental and physiological processes (Boss et al., 2006; York, 2006; Michell, 2008; Munnik and Nielsen, 2011), and it is a common constituent of standard plant culture media, as its addition is believed to improve plant regeneration (Murashige and Skoog, 1962; Gamborg et al., 1968; Loewus and Loewus, 1983; Schenk and Hildebrandt, 2011). However, a report in Ryegrass (Lolium perenne L.) revealed that the removal of myo-inositol from the callus culture media, in combination with a cold shock pretreatment and the addition of L-glutamine (L-Gln) prior to and during Agrobacterium-infection, resulted in about 84% of the treated calli being stably transformed (Zhang et al., 2013). Additionally, nearly 60% of the stable-transformed calli regenerated into green plants. Furthermore, the authors showed that under these conditions, the expression of pathogenesis-related (PRs) genes is modified, and probably plant defense response is attenuated, leading to an enhancement in the transformation efficiency. Similar results were obtained when the protocol was applied to cells, a rice cells suspension, suggesting that a broad application of this protocol can improve the transformation of recalcitrant monocot species (Zhang et al., 2013).



Gene Modulation in Target Cells

An alternative way to improve transformation and/or minimize callus culture concerns in grasses emerges from a genetic perspective. The ectopic expression of a few transcription factors (TFs) can induce the development of spontaneous somatic embryos in transformed tissues (Lotan et al., 1998; Stone et al., 2001; Boutilier et al., 2002; Figure 1D). Studies on its role in 2,4-D-mediated somatic embryogenesis have revealed an interacting network that acts on hormone pathways (see Horstman et al., 2017 and reference within). In the light of these facts, Lowe et al. (2016) successfully enhanced somatic embryogenesis and transformation in recalcitrant maize, rice, sorghum, and sugarcane varieties through the constitutive coexpression of TFs as BBM and WUS2. In this report, immature embryos were directly transformed by Agrobacterium-mediated infection, resulting in growth stimulation of embryogenic tissues. However, once embryogenic callus is formed the BBM and WUS2 expression cassettes must be eliminated to avoid deleterious pleiotropic effects in the regenerating plants. Although the excision method employed was efficient in the recovery of healthy and fertile, male and female plants, 3 months of calli culture was still required. An alternative scenario was described later by restricting the expression of BBM and WUS2 to the transformation targets (scutella and young leaves) using specific regulatory elements (Lowe et al., 2018). In this way, somatic embryos were developed on immature embryos within the first week after Agrobacterium infection. Furthermore, these embryos were able to germinate into healthy fertile plants without any intervening callus phase. This direct somatic embryogenesis response appeared to be genotype independent, and often dozens of somatic embryos could be observed on the surface of the developing scutella at similar rates as that of the zygotic embryos. This method requires less than half the normal time for traditional callus-based transformation protocols and eliminates the somaclonal issue. In another genetic approach, Debernardi et al. (2020) demonstrated that the overexpression in calli of a sequence encoding a chimera, composed of the GRF4 (growth-regulating factor 4) transcription factor and its GIF1 (GRF-interacting factor 1) cofactor, substantially increased the regeneration efficiency in wheat, rice, and citrus, including recalcitrant species. Also, the GRF4–GIF1 chimera resulted in high transformation and regeneration efficiencies, even in shorter protocols and contingent upon diverse conditions. On this basis, a protocol to select transgenic shoots without using antibiotic-based markers was formulated with promising results. The addition of the GRF4–GIF1 chimera in wheat also allowed the regeneration of transgenic lines in a cytokinin-free medium. Furthermore, transgene excision was not necessary to recover normal and fertile plants.




FINAL REMARKS

Owing to the efficient use of energy and the high adaptability to harsh conditions, apomictic grasses, many of which are C4, constitute a source of genes that can be useful for improving agronomic traits in crop plants, such as high yield and resistance to biotic and abiotic stresses, especially in the current climate change scenario. Also, this group of grasses represents very useful resources either for second-generation biofuel production or forage. Furthermore, transferring apomixis into economically important crops would be one of the major achievements of modern agriculture. A prerequisite to doing this is to understand how apomixis works. The way to acquire this knowledge is by modifying candidate genes directly in apomictic species that provide the correct epigenetic landscape for the expression of these genes. In this way, it would be possible to characterize their correct function. However, an efficient transformation protocol is still needed to engineer these grasses. Recently, several advances that contributed to enhancing the embryogenic and regeneration responses of cultured tissues have been obtained. Among these, high Cu content, the use of maltose instead of sucrose, a decrease in pH (from 5.8 to 4.0), and the removal of myo-inositol from the culture media have shown to be effective for enhancing the regeneration response. In addition, the use of alternative auxins and the expression of morphogenic genes during in vitro culture, the in planta genetic transformation methods, and genome editing emerge as promising approaches to increase the transformation efficiency of apomictic grasses.
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Sugarcane (Saccharum spp.) is a tropical and sub-tropical, vegetative-propagated crop that contributes to approximately 80% of the sugar and 40% of the world’s biofuel production. Modern sugarcane cultivars are highly polyploid and aneuploid hybrids with extremely large genomes (>10 Gigabases), that have originated from artificial crosses between the two species, Saccharum officinarum and S. spontaneum. The genetic complexity and low fertility of sugarcane under natural growing conditions make traditional breeding improvement extremely laborious, costly and time-consuming. This, together with its vegetative propagation, which allows for stable transfer and multiplication of transgenes, make sugarcane a good candidate for crop improvement through genetic engineering. Genetic transformation has the potential to improve economically important properties in sugarcane as well as diversify sugarcane beyond traditional applications, such as sucrose production. Traits such as herbicide, disease and insect resistance, improved tolerance to cold, salt and drought and accumulation of sugar and biomass have been some of the areas of interest as far as the application of transgenic sugarcane is concerned. Although there have been much interest in developing transgenic sugarcane there are only three officially approved varieties for commercialization, all of them expressing insect-resistance and recently released in Brazil. Since the early 1990’s, different genetic transformation systems have been successfully developed in sugarcane, including electroporation, Agrobacterium tumefaciens and biobalistics. However, genetic transformation of sugarcane is a very laborious process, which relies heavily on intensive and sophisticated tissue culture and plant generation procedures that must be optimized for each new genotype to be transformed. Therefore, it remains a great technical challenge to develop an efficient transformation protocol for any sugarcane variety that has not been previously transformed. Additionally, once a transgenic event is obtained, molecular studies required for a commercial release by regulatory authorities, which include transgene insertion site, number of transgenes and gene expression levels, are all hindered by the genomic complexity and the lack of a complete sequenced reference genome for this crop. The objective of this review is to summarize current techniques and state of the art in sugarcane transformation and provide information on existing and future sugarcane improvement by genetic engineering.
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INTRODUCTION

Sugarcane is an important tropical and sub-tropical vegetatively propagated crop cultivated on nearly 27 million hectares in more than 120 countries around the globe, which contributes to more than 75% of the world’s total sugar production (Aslam et al., 2018). In addition to traditional sugar production, sugarcane is recognized as an important energy and biofuel crop due to its great biomass production and large-scale molasses-based ethanol production. Furthermore, it is the most efficient feedstock for the generation of bio-butanol and diesel, and is responsible for 40% of the world’s total biofuel production. Other valuable by-products obtained from sugarcane production are paper, acetic acid, plywood and industrial enzymes among others (Rahman et al., 2019).

Modern sugarcane cultivars are hybrids derived from interspecific crossings between Saccharum officinarum (2n = 80), the noble sugar-producing species, and the wild species S. spontaneum (2n = 40 − 128) with high fiber content and stress tolerance (Piperidis et al., 2010; Vieira et al., 2018). These hybrids possess highly polyploid and aneuploidy genomes of 53–143 chromosomes (Ingelbrecht et al., 1999), with an estimated size of >10 gigabases (Gb) (Zhang et al., 2012). Genetic studies have shown that the alloautopolyploid genome of these hybrids contains about 80% of chromosomes from S. officinarum, 10% of chromosomes from S. spontaneum, and 10% recombinant chromosomes between the two progenitor species (D’Hont et al., 1996). To better understand the complexity of the sugarcane genome several initiatives had led to different sequencing projects around the world of both parental species as well as hybrids genotypes (Garsmeur et al., 2018; Zhang et al., 2018; Souza et al., 2019)1.

There are many conventional sugarcane breeding programs at different research institutes that are constantly trying to develop new hybrid varieties with higher yields and increased sugar contents, to comply with the increasing pressure to enhance productivity and to sustain profitable sugar industries (Tiwari et al., 2010). However, traditional breeding of sugarcane is very costly, extremely laborious and time-consuming (it takes 10–15 years to release a new elite variety) as a consequence of the genetic complexity, its narrow genetic base, the slow breeding gain, and its susceptibility to various important diseases and pests. These breeding aspects, together with its vegetative propagation, make sugarcane an excellent candidate for crop improvement through genetic engineering (Ingelbrecht et al., 1999). For that reason, serious efforts to improve sugarcane crops by genetic transformation approaches have been carried out during the last three decades (Tiwari et al., 2010) in many sugarcane producing countries.



TRANSFORMATION METHODS

Two major scientific breakthroughs in the early eighties marked the beginning of genetic transformation of plants and the initiation of a third green revolution (Olmedo, 1999). The first one was the discovery of the ability of Agrobacterium tumefaciens to integrate a fragment of its own DNA into the genome of a plant and expressing new proteins in the transformed cell (Herrera-Estrella et al., 1983). This significant event was quickly followed by the report of a direct delivery system by shooting foreign DNA into plant cells known as “biolistic” in order to circumvent some inherent limitations of the biological method (Klein et al., 1987). Both methods allowed genetic engineering to be quickly adopted as a useful tool for breeding programs in many different crops since it allows the incorporation of a single characteristic into elite varieties, retaining their valuable agronomical characteristics (Joyce et al., 1998). This was also true for sugarcane where the first successful reports during the 1990’s about generation of transgenic sugarcane plants were published (Bower and Birch, 1992; Bower et al., 1996; Gallo-Meagher and Irvine, 1996; Arencibia et al., 1998).

A successful gene transfer system for plants requires the integration of: tissue culture to obtain cells competent for genetic transformation and subsequent whole plant regeneration, an efficient gene transfer system to deliver the DNA into the plant genome and an efficient selection system allowing for the identification of transformed cells (Birch, 1997). Even though a wide range of procedures including A. tumefaciens, biobalistic, electroporation and polyethylene glycol, by using protoplasts, leaf rolls, or embryogenic callus as explant have been proposed to incorporate genes into sugarcane, biobalistic or A. tumefaciens on embryogenic callus or leaf rolls are by far the most widespread approaches (Mohan et al., 2020) and will be further described below.

The first transgenic sugarcane plant was obtained by Bower and Birch (1992) who described a simple and efficient system of microprojectile bombardment of embryogenic callus, obtaining transgenic plants with selectable genes. This procedure was optimized during the following years (Bower et al., 1996) and transgenic plants with a commercial trait (herbicide resistance) were obtained (Gallo-Meagher and Irvine, 1996). The efficiency of producing transgenic sugarcane through biobalistic transformation is evident from the numerous examples of transgenic sugarcane expressing traits of commercial interest that are found in the literature (see following sections of this review) generated by this method. The success of this transformation technique relies on certain advantages such as rapid gene transfer with high efficacy to specific/non-specific tissues, no host limitation and no vector requirement (Mohan, 2017). The main disadvantages are that it presents a high probability of integration of multiple copies of the transgene in the genome and a very long and complicated tissue culture procedure, which can lead to genomic alterations, genetic rearrangements or transgene silencing. Major factors affecting the outcome of generating transgenic events with particle bombardment are nature of explants, DNA concentration and quality, gold/tungsten particle size, pressure level and distance between the bombardment and target tissue. A key recommendation is to produce numerous individual transgenic events (>50) by using lower DNA concentrations in the transformation process, which often permit finding events that meet the requirements to be eligible for commercial purpose.

With regards to sugarcane transformation using A. tumefaciens, the first successful event was reported by Arencibia et al. (1998), who optimized this biological system for sugarcane using the reporter gene gusA. Shortly afterward, Enríquez-Obregón et al. (1998) reported the generation of glufosinate-resistant sugarcane generated by A. tumefaciens-mediated transformation of the bar gene encoding a bacterial PPT acetyltransferase which confers resistance to the broad-spectrum herbicide glufosinate ammonium. However, successful studies using the A. tumefaciens system where relatively few initially, which was probably due to several restrictions by employing this method, especially a strong dependence on the genotype and co-cultivation conditions (explant, strains, target gene, culture conditions, media). Notwithstanding, this method theoretically offers important advantages for commercial purpose such as reduced copy number and presents fewer problems with transgene co-suppression and instability (Enríquez-Obregón et al., 1998). Therefore, more effort to improve this method was carried out and from the second decade of the 2000s, various transgenic sugarcane events have been obtained using A. tumefaciens-mediated transformation (see Mohan et al., 2020).

Basically, before establishing which of the two methods to be used in a genetic transformation experiment in sugarcane, it is important to know if a genotype is susceptible to A. tumefaciens transformation and to examine the transformation efficiency of both methods. However, different transformation efficiencies have been reported arbitrarily defined by different authors, or even the same authors, publishing different definitions for this parameter (Table 1). Therefore, to be able to directly compare transformation frequencies among studies, a unified parameter of the efficiency should be established. Such a parameter should consider the amount of plant material used as explants (input) and the total of transgenic plants (independent events) regenerated after the selection stage (output). Evaluating only number of regenerated plants after the selection procedure is not a very reliable source for determining transformation efficiency, since a high selection pressure will give an underestimation while a less strict selection will permit false positive survival. Another drawback is that not all transformed cells express the selection gene and are therefore not withstanding the selection pressure although being correctly transformed. Nevertheless, it is a very useful parameter for comparison between methods and gives valuable information to decide which one to employ for a specific genotype. To correctly be able to define if a selected plant or tissue has been transformed, it is necessary to perform reliable experimental methods, such as Southern blot hybridization (Birch, 1997). However, considering the complexity of employing this technique to analyze hundreds of putative transformed events, transgene-positive PCR events should be considered as a preliminary screening of the number of events obtained.


TABLE 1. Transformation efficiency and copy numbers determined by Southern blot analysis for biolistic and Agrobacterium-methods in sugarcane during the last decade.

[image: Table 1]Interestingly, there are only two major studies published where a direct efficiency comparison between A. tumefaciens and biolistic transformation in sugarcane was performed. Somewhat surprisingly, in the first study the efficiency differences reported were in favor of the biolistic method (Jackson et al., 2013), while the second study showed no significant difference between them (Wu et al., 2015). Taken together these results suggest that there is very little or no difference between the two methods and both are equally likely to generate transformants suitable for research studies or commercial release.

For breeding purposes it is recommendable to obtain transgenic events with a low copy number, which is also an important advantage when performing genetic studies for a commercial release. To correctly establish the number of transgene insertions in the plant genome, experiments of Southern blot hybridization are essential, although impractical for screening numerous potential events obtained under a scheme of high scale transgenic plant production. Therefore, a relatively rapid preliminary screen to find low copy number events based on quantitative real-time polymerase chain reaction (qRT-PCR) has successfully been employed. Jackson et al. (2013) determined a copy number index score from qRT-PCR of 196 transgenic plants, which were correlated (R2 = 0.65) to the number of hybridizing bands in Southern blot experiments for 19 of the tested lines. In another experiment Gao et al. (2016) established a standard curve from serially diluted plasmid DNA to estimate the copy number of the cry1Ac gene in transgenic sugarcane. Copy numbers estimated from qRT-PCR experiments of 14 transgenic lines ranged from 1 to 148 and from these six different lines were selected to determine copy number by Southern blot. Results showed that copy numbers estimated by qRT-PCR were higher than those estimated by Southern blot analysis, although the overall trend of copy number estimation by the two methods were consistent. The usefulness of this approach for large-scale screening was demonstrated by Cristofoletti et al. (2018), who estimated copy numbers in transgenic sugarcane expressing two Bt genes in 236 events, using 5–7 plants with previously established insertion copy number as controls.

In sugarcane, numerous transformation events obtained with A. tumefaciens have been shown to be single transgene events indicating a high percentage of single gene incorporation by this method. Nevertheless, most reports on A. tumefaciens-mediated transformation only analyzed a limited number of plants (less than 7; Table 1) by Southern blot. There are; however, a few studies conducted where a high number of transgenic events have been analyzed by Southern blot, both for A. tumefaciens and biolistic transformation. When Mayavan et al. (2015) studied transgene copy number in 146 A. tumefaciens-transformated events, they found that 25% carried a single copy and 75% 2–3 copies. In a similar study Wang et al. (2017b) analyzed 33 transgenic events derived from A. tumefaciens-mediated transformation and reported 15% of single-copy events and 75% of plants with 2–7 copies. In addition, when 48 transgenic sugarcane plants derived from particle bombardment were analyzed, 19% were defined as single copy events and 58% with less than four insertions (Taparia et al., 2012b). More recently, Ramasamy et al. (2018) evaluated 55 transgenic plants generated by biolistic transformation where 30% were single copy events and 70% with 2–7 copies. Taken together these studies suggest that there are very little differences between the two methods, and single insertion events are frequently encountered by both techniques.

Another important determinant of the overall success of generating a transgenic event and the introduced character is the level of expression of the transgene. This depends on numerous factors, where some variables can be controlled by the researcher like selection of promoters (Liu et al., 2003; Petrasovits et al., 2012), nucleotide optimization of genes and codon usage (Jackson et al., 2014); while other key variables that cannot be manipulated include insertion site in the plant genome and gene silencing. In sugarcane several studies have demonstrated that there is no or very little correlation between the number of inserted copies of a transgene and its expression levels (Jackson et al., 2013; Joyce et al., 2014; Wu et al., 2015), suggesting that the major factor determining expression is correlated to the insertion site. One promising method to reduce the position effects on expression levels of transgenes in plants is the introduction of insulator sequences, which establish genomic barriers to adjacent DNA sequences and thereby protect genes from the influence of neighboring heterochromatin regions (West et al., 2002). In a relatively recent study a significant increase, more than twofold, in nptII expression was observed in sugarcane plants transformed using an expression cassettes flanked by the two insulator sequences, EXOB and TBS (Zhao et al., 2019). In the same study, intent to develop a defined area for transgene introduction (gene stacking) in the sugarcane genome was developed by the introduction of an Ubiquitin promoter adjacent to a lox76 site. The idea being to support site-specific integration of a promoter-less selectable marker construct with additional transgenes into the lox76 site to ensure high and stable gene expression levels and facilitate commercial release by a defined transgene integration site (Zhao et al., 2019).

Regarding gene silencing, analysis of transgenic sugarcane has shown a highly efficient and rapidly imposed silencing of diverse transgene constructs (Ingelbrecht et al., 1999; Wei et al., 2003; Mudge et al., 2009; Birch et al., 2010). To better understand this effect Jackson et al. (2014) studied different aspects of gene silencing and concluded that elimination of sequences implicated in RNA instability concurrently with rare codons and undesired structural features such as repeat sequences significantly reduced silencing in transformed sugarcane. Another strategy to significantly decrease gene silencing in transgenic event includes the incorporation of post-transcriptional gene silencing (PTGS) suppressors (Gao et al., 2013).

In summary, evidence has demonstrated that commercially acceptable transgenic sugarcane plants can be generated by using either A. tumefaciens (in an amenable genotype) or biolistic-mediated transformation methods. Both methods require the generation of a high number of transgenic events to identify those with low copy number expressing transgene at required levels for specific traits, while maintaining the rest of the genome practically unaltered.



RESISTANCE TO BIOTIC STRESSES

Sugarcane production, like most other crops, is strongly influenced by the impacts of biotic and abiotic stresses, which are the main reason for the large differences observed between the average and the maximum potential yield in most, if not all, crops (Babu et al., 2021). In sugarcane production, diseases, pests and undergrowth are considered the most important biotic stresses affecting yields.


Resistance to Diseases

In general, in modern sugarcane production systems, diseases are predominantly controlled by an integrated approach involving the combination of disease-free planting material, disease-resistant cultivars, applicable farm management practices, and strict quarantine measures (Babu et al., 2021). A broad disease resistance is an important part of sugarcane breeding as diseases occurs annually in all sugarcane production areas causing significant losses in production. Actually, more than 100 pathogens (including bacteria, fungi, viruses, phytoplasmas, and nematodes) have been recognized as causal agents of diseases in sugarcane (Rott, 2000; Govindaraju et al., 2019) and therefore, screening and breeding sugarcane for disease resistance is a very important process in all breeding programs (Rahman et al., 2019). Nevertheless, although sugarcane breeders try to select for resistant genotypes, it is an almost overwhelming challenge to introduce resistance against all pathogens at the same time through conventional breeding (Cursi et al., 2021a), and as a consequence many commercial varieties are susceptible to more than one pathogen. It is also important to clarify that many high-yielding clones obtained by selection in breeding programs do not reach a commercial release due to their high susceptibility to various pathogens (Babu et al., 2021). This fact has led to considerable research efforts to generate knowledge and develop molecular breeding strategies to provide durable disease resistance in combination with superior agronomic performance in commercial clones (Tiwari et al., 2010; Table 2).


TABLE 2. List of transgenic sugarcane engineered for disease resistance.

[image: Table 2]The incidence of viral diseases is steadily increasing in sugarcane and breeding for virus disease resistance is therefore an important research topic (Rahman et al., 2019), which have included various strategies of genetic engineering to generate resistant varieties. Earlier transformation strategies were primarily based on virus capsid protein (CP) and movement protein-mediated protection, where a transgene derived homolog of a viral protein was expressed in plants, which interferes with or prevents various stages of the viral life cycle, resulting in an attenuated disease symptom or resistance (Ingelbrecht et al., 1999). However, more recent works have predominantly been based on producing viral resistant plants by using RNA interference (RNAi) technology. RNAi is an evolutionarily conserved process of sequence-specific PTGS in both animals and plants, initiated by double-stranded RNA (dsRNA) that is homologous in sequence to the silenced gene. The dsRNA or hairpin RNA (hpRNA) are processed into 21–24 nucleotide (nt) small interfering RNA (siRNA) duplex by Dicer or Dicer-like (DCL) protein and into 21–22 nt siRNA by ribonuclease III cleavage from longer dsRNAs, which further mediate sequence-specific mRNA degradation (Viswanathan et al., 2014).

The two major virus diseases in sugarcane are Mosaic, caused by Sugarcane Mosaic Virus (SCMV) and Sorghum Mosaic Virus (SrMV) (Yang and Mirkov, 1997; Perera et al., 2009) and yellow leaf syndrome, caused by Sugarcane Yellow Leaf Virus (SCYLV) (Bertani et al., 2014). Both diseases have been reported in almost all sugarcane producing areas worldwide (Grisham, 2000; Ahmad et al., 2007) and considering the economic impact and wide-spread of these viruses, many genetic transformation strategies have been implemented to obtain resistant plants. In one of the first attempts to generate virus resistance, Joyce et al. (1998) transformed sugarcane plants with the SCMV CP gene by microprojectile bombardment and ten of the transgenic lines demonstrated resistance when challenged with the virus. In another study, Ingelbrecht et al. (1999) developed transgenic sugarcane plants derived from an untranslatable form of the SrMV strain SCH CP gene. Transgenic events, when challenged with the virus, showed a wide range of responses from fully susceptible to completely resistant phenotypes. In a similar work, the gene encoding the CP from SCMV was amplified by RT-PCR from symptomatic sugarcane leaves and used to generate transgenic sugarcane. Full (927 bases pairs, bp) and N-terminally truncated (702 bp) sequences were used to generate constructs and introduce them into sugarcane by Agrobacterium-mediated transformation. Artificial infection by the virus showed that the full sequence generated a better protection against the virus compared to the truncated one. Interestingly, the resistance was passed on to the second generation of transgenic sugarcane with higher levels of resistance demonstrated for lines transformed with the complete CP sequence. These results suggested that the complete sequence of the CP gene was required to disrupt viral assembly and packaging, thereby generating resistance to SCMV infection (Apriasti et al., 2018).

Zhu et al. (2011) produced SCYLV-resistant transgenic sugarcane from a susceptible through biolistic bombardment of cell cultures with an untranslatable CP gene. The resistance level, in some of the transgenic events as measured by virus titer and disease symptom development, was similar to that of a completely resistant cultivar.

In another study, transgenic lines with significantly enhanced resistance to Fiji disease virus (FDV) were obtained through microprojectile-mediated transformation using a transgene encoding a translatable version of FDV segment 9 of ORF 1 of the virus genome. Resistance of transgenic lines was tested in glasshouse trials and only one transformed line showed significant enhanced resistance to Fiji disease compared to the parental genotype. However, the molecular phenotypes of transgenic plants were not entirely consistent with a resistance mechanism solely based on PTGS (McQualter et al., 2004).

A direct RNA silencing strategy was used for the production of anti-SrMV sugarcane plants by the generation of RNAi to suppress CP gene expression (Guo et al., 2015). Based on multiple sequence alignments of the conserved region of the CP gene of different strains and isolates of SrMV, this gene was selected as the RNAi target and the interference sequence was obtained through PCR amplification. The RNAi vector with an expression cassette encoding a hairpin interference sequence was transferred to sugarcane via Agrobacterium-mediated transformation. After artificial inoculation challenge, anti-SrMV positive transgenic lines were successfully obtained with a resistance rate of up to 87.5%. With a similar strategy, Aslam et al. (2018) generated transgenic sugarcane plants expressing short hairpin RNAs (shRNA) targeting the CP gene of SCMV. After mechanical inoculation of transgenic and non-transgenic sugarcane events with SCMV, a variable degree of resistance was found, where some events showed resistance close to immunity against SCMV infection. These results demonstrated that small RNAs, processed from integrated pre-shRNA fragments and produced by transgenic sugarcane plants, can induce RNAi and silencing upon virus inoculation.

There is, to the best of our knowledge, only one study published on genetic engineering for control of a bacterial disease in sugarcane, which is based on plants expressing an albicidin detoxifying gene (albD), cloned from a bacterium that provides biocontrol against leaf scald disease, caused by Xanthomonas albilineans (Zhang et al., 1999). Transgenic plants accumulating AlbD did not develop chlorotic disease symptoms in inoculated leaves, whereas all non-transformed control plants developed severe disease symptoms. In addition, transgenic lines with high AlbD activity in young stems were also protected against systemic multiplication of the pathogen.

In one of the first studies to control fungal diseases through genetic engineering in sugarcane, a glucanase and a chitinase genes were expressed to confer resistance against Puccinia melanocephala, the causal agent of brown rust, but no results on resistance to infections by the fungus have been published (Enriquez et al., 2000). In a similar approach, Nayyar et al. (2017) reported the development of red rot resistant transgenic sugarcane through expression of a β-1,3-glucanase gene from Trichoderma spp. Bioassays of transgenic plants with virulent Colletotrichum falcatum strains, the causal agent of red rot, demonstrated different levels of resistance in transgenic lines. It must be pointed out that electron micrographs of sucrose storing stalk parenchyma cells from these plants, the main target of attacks of this fungus, displayed characteristic sucrose-filled cells inhibiting C. falcatum hyphae growth. Transgene expression was up-regulated after infection, and the transgene was successfully transmitted to a second clonal generation raised from resistant transgenic plants. More recently, Tariq et al. (2018) evaluated sugarcane transgenic lines expressing a barley chitinase class-II gene, for protection against C. falcatum infection. Crude protein extracts from transgenic sugarcane plants inhibited the mycelial growth of C. falcatum in a quantitative in vitro assay and two transgenic lines exhibited strong protection against inoculated C. falcatum in an in vitro bioassay. The mRNA expression of the transgene in the C. falcatum-inoculated transgenic sugarcane lines increased gradually compared to control parental plants.

There are only a few published field studies on disease resistant transgenic sugarcane, but Gilbert et al. (2005) evaluated variability in agronomic characteristics and field disease resistance of two sugarcane cultivars, transformed for resistance to SCMV strain E and found a large variability in both yield characteristics and disease resistance. In another trial, Gilbert et al. (2009) performed a 3-year study to evaluate both agronomic performance and virus resistance of transgenic lines transformed for SCYLV resistance by antisense expression of a part of the virus CP gene. Sugarcane yields of parental genotype were superior to transgenic lines, but SCYLV infection rates in transgenic lines were only 0–5%, compared to 98% in the parental variety. Differences in yield could be explained by great genetic variation caused by somaclonal variation during the in vitro regeneration process of transgenic lines.

More recently, a 2-year field study was performed to compare transgenic sugarcane lines expressing the SCMV-CP gene to improve virus resistance. Agronomic performance, resistance to SCMV infection, and transgene stability were evaluated and compared with the wild-type parental clone Badila at four experimental locations in China across two successive growing seasons (plant cane and first ratoon age). All evaluated transgenic lines produced significantly greater amount of cane and sucrose per hectare as well as a lower SCMV disease incidence, when compared to the parental variety at both plant ages (Yao et al., 2017).

Results from several studies revealed that, although the level of genomic changes in transgenic events was low, most transgenic events had undergone minor but clear morphological, physiological, and phytopathological variations. For that reason, the extent of somaclonal variation should be adequately determined in any transgenic populations in order to allow an appropriate management and evaluation of field trials (Noguera et al., 2015; Nerkar et al., 2018).



Resistance to Pests

Another significant limiting factor influencing sugarcane production is the damage brought about by different stem borers from the Order of Lepidoptera (Weng et al., 2011). The major Lepidopteran insect pests of sugarcane are: the stem borer (Diatraea saccharalis) in South America, Central America, the Caribbean and southern parts of United States (De Souza Rossato et al., 2011); the root borer (Emmalocera depressella) in India and Pakistan; the sugarcane top borer (Chilo terrenellus) in Bangladesh, Thailand and Australia (Goebel and Way, 2003); the pink borer (Sesamia inferens) in Cambodia, China, Hong Kong and India; the Mexican rice borer (Eoreuma loftini) and pink stem borer (Sesamia cretica) in the Mediterranean basin, the Middle East and Arabia, Pakistan, India, northern Africa, part of Kenya and Cameroon. All these borers can cause significant losses in both biomass and sugar content and have an important economic impact (Iqbal et al., 2021).

Advances in genetic transformation technology have led to rapid progress in the genetic engineering of plants for protection against pests by transferring genes derived from plants, pests, and bacteria (Gill et al., 2006; Romeis et al., 2006; Schneider et al., 2017; Gosal and Wani, 2018; Table 3). Several insecticidal proteins of plant origin such as lectins and protease inhibitors (PIs) can retard insect growth, development and reproduction when ingested by insects at high doses. Some genes like avac (Amaranthus viridis L. agglutinin), skti (soybean Kunitz trypsin inhibitor), sbbi (Bowman–Birk inhibitor), and gna (Galanthus nivalis agglutinin) have all been used in genetic transformation programs aiming at developing insect resistance in sugarcane (Sétamou et al., 2002; Falco and Silva-Filho, 2003; Deng et al., 2008).


TABLE 3. List of transgenic sugarcane engineered for pest resistance.

[image: Table 3]Transgenic sugarcane plants engineered to express either the potato proteinase inhibitor II or the snowdrop lectin gene, showed increased antibiosis to larvae of the canegrub Antitrogus consanguineus in glasshouse trials. Canegrubs feeding on the transgenic line, transformed with the potato gene, gained 4.2% of the weight gain of canegrubs fed on untransformed control plants. Similarly, larvae feeding on the roots of transgenic line, transformed with the snowdrop gene, gained only 20.6% of the weight gain of grubs feeding on the non-transgenic control plants (Allsopp et al., 2000). Similarly, larvae from the Greyback Cane Beetle (Dermolepida albohirtum) fed on transgenic plants expressing the snowdrop lectin and the proteinase inhibitor, decreased in weight compared to larvae fed on non-transformed plants (Nutt et al., 2001). Likewise, growth of larvae of D. saccharalis, fed on transgenic sugarcane transformed with skti and sbbi from soybean, was considerably restricted compared to larvae from control plants (Falco and Silva-Filho, 2003). In vivo bioassay studies of transgenic sugarcane transformed with a synthetic bovine pancreatic trypsin inhibitor (aprotinin) gene for protection against the top borer (Scirpophaga excerptalis), indicated that larvae fed on transgenic plants exhibited extensive decrease in larval weight up to 99.8% (Christy et al., 2009). Schneider et al. (2017) produced transgenic sugarcane lines overexpressing sugarcane cysteine peptidase inhibitor 1 (CaneCPI-1) and evaluated their potential resistance through feeding assays with larvae of the sugarcane billbug (Sphenophorus levis). Significantly less damage by larval attack was caused on transgenic plants compared to non-transgenic parental variety plants.

The trypsin inhibitory activity of PIs from Erianthus arundinaceus, a wild relative of sugarcane, was evaluated and shown to differ significantly among different plant parts. The highest inhibition activity was found in meristematic tissue and PIs isolated from the apical meristem effectively inhibited midgut proteinases of both the early shoot borer (Chilo infuscatellus) and internode borer (Chilo sacchariphagus indicus) (Punithavalli and Jebamalaimary, 2019; Punithavalli, 2021). These studies show the possibility of identifying new and efficient PIs to produce sugarcane plants resistant to stem borers.

Nonetheless, the most important insecticidal proteins are produced by the Gram-positive spore forming bacteria Bacillus thuringiensis (Bt), which produces proteins both during its vegetative phase (Vip) and sporulation phase (Cry) which are very toxic to a wide range of insects (Chakroun et al., 2016). Insecticidal proteins from Bt have been widely used to produce transgenic plants to control many different insect pests because as they are highly efficient against their targets but not toxic to vertebrates or other insects (Baranek et al., 2017). Although Cry and Vip toxins have the same general mode of action, they have no structural homology and bind to different sites in the larval midgut, which suggests that strong cross-resistance between them is highly unlikely (Carrière et al., 2016; Chakroun et al., 2016).

Crops genetically engineered to produce insecticidal proteins from Bt have revolutionized control of some major lepidopteran and coleopteran pests in important crops such as corn and cotton (Tabashnik et al., 2020), but even more significantly the development of Bt crops has been extremely important in dramatically reducing the use of harmful chemical insecticides in agriculture (Qamar et al., 2015).

The success of Bt crops in agriculture production generated an early interest to use Bt toxins to control pests in sugarcane, and especially stem borers. In 1997, the development of the first transgenic sugarcane resistant to D. saccharalis, carrying the cry1Ab gene, was published (Arencibia et al., 1997) and after this first successful event, several works have been conducted in which different Bt genes, such as cry1Ab, cry1Aa3, cry1Ac, s-cry1Ac, m-cry1Ac, cry2A and vip3A, have been introduced in different sugarcane genotypes and shown to improve resistance to different Lepidopteran pests (see Table 3). In initial studies the effectiveness of transgenic events were demonstrated in laboratory tests but in the last decade several field tests of transgenic sugarcane expressing Bt toxins have been conducted demonstrating their effectiveness against various pests.

In an attempt to increase the insecticidal activity of a truncated cry1Ac gene, which encoded the active region of Cry1Ac insecticidal δ-endotoxin, the GC-content was increased from the original 37.4–47.5% following the sugarcane codon usage pattern (s-Cry1Ac). Four transgenic lines accumulating detectable amount of the truncated s-Cry1Ac protein were assayed for stem borer resistance in leaf tissue feeding trials and greenhouse whole plant assays. Results showed that, while untransformed control lines were severely damaged, all transgenic sugarcane lines were highly resistant to stem borer attack, which resulted in complete mortality of inoculated larvae within 1 week after inoculation (Weng et al., 2006). In a subsequent study by the same research group, the GC content of the truncated insecticidal gene (m-cry1Ac) was further increased to 54.8%. Transgenic plants expressing m-cry1Ac produced five times more Cry1Ac protein than plants transformed with the previous synthetic s-Cry1Ac. Interestingly, transgenic plants accumulating high levels of m-Cry1Ac were completely resistant against stem borer in both field and greenhouse trials, whereas transgenic s-cry1Ac sugarcane plants demonstrated an intermediate resistance (Weng et al., 2011).

Using the same gene, cry1Ac, Gao et al. (2016) demonstrated that transgenic plants accumulating high levels of the complete Cry1Ac protein showed resistance to stem borer attack both in greenhouse bioassay experiments and in repeated field trials. The phenotypic traits of many transgenic lines with a high Cry1Ac accumulation and stem borer resistance were found to be very similar to non-transformed parental lines. In another study, Gao et al. (2018) transformed sugarcane with the cry2A gene by particle bombardment. Transgenic plants expressing cry2A showed a significantly increased protection against D. saccharalis and comparable sugar yield to non-transformed parental genotype.

In a more in depth study, Cristofoletti et al. (2018) expressed two Bt proteins with different modes of action (Cry1Ab and Cry2Ab) in the same plant of a commercial variety of sugarcane, demonstrating not only the efficacy against sugarcane borer in the field but also the possibility to generate transgenic lines with the same agronomic characters as the parental elite variety. Furthermore, this study presents evidence that a strategy including two Bt toxins with different mode of action and high accumulation in the plant tissue is a viable approach to avoid insect resistance in a sufficient number of insect generation (100) if combined with a well-thought refuge strategy.

In a recent work, Riaz et al. (2020) developed transgenic sugarcane lines expressing the Vip3A toxin against C. infuscatellus. The transgenic lines showed increased resistance to the stem borer (up to 100% mortality) compared to non-transformed control sugarcane line. Their findings also suggested that the vip3A gene could be employed in gene pyramiding with other Bt toxins for a more effective and prolonged resistance as suggested by Cristofoletti et al. (2018).

As a consequence of the massive adoption of Bt crops in many countries, cases of resistance in target pest populations to certain Bt events have been detected (Tabashnik et al., 2013; Trumper, 2014). For this reason, different strategies have been developed to delay resistant evolution in susceptible insects, that includes the delivery of high doses of protein, crop genetically engineered to produce two or more distinct toxins that kill the same pest (pyramided transgenic crop) and the use of a refuge (Cristofoletti et al., 2018). Considering that the sugarcane borer is capable of completing up to five generations per year in South America (Guevara and Wiendl, 1980; de Melo and Parra, 1988; Salvatore et al., 2009), it is recommended that the development of multi-toxin transgenic sugarcane will need to control at least 100 generations, to provide a sufficient commercial life span of a variety (Cristofoletti et al., 2018). Pyramided Bt genes have been rapidly adopted in other crops and are expected to be even more frequent in the future, including sugarcane.

The efficient control of stem borers by employing Bt toxins in sugarcane, demonstrated in the studies described above, resulted in the first commercial release of a transgenic sugarcane variety in 2017, when event CTB141175/01A expressing the cry1ab gene was officially approved for production in Brazil. More recently two other sugarcane events, CTC91087-6 and CTC93209-4, were released in the same country, both expressing the cry1Ac gene (ISAAA, 2021).



Resistance to Herbicides

The use of herbicides has revolutionized weed control in many crop production systems, but as herbicide resistance in many weeds increases with prolonged application, new approaches are needed to maintain the efficiency of chemical weed control including the discovery of new herbicide target sites in plants and the discovery and synthesis of new, more potent herbicidal molecules. As these approaches are expensive, time consuming and eventually lead to increased chemical loads in the environment, an alternative strategy was to apply biotechnological techniques to develop crops with resistance to broad spectrum herbicides to ensure a safer and more efficient use in a wide range of crops (Mulwa and Mwanza, 2006). For this reason, the development of herbicide-resistant crops was one of the first commercial applications of plant genetic engineering (Leibbrandt and Snyman, 2003) and in the last decade more than 80% of the land planted with genetically modified crops was planted with glyphosate- or glufosinate-resistant species (Wang et al., 2017b). Sugarcane is mainly planted on tropical and subtropical dry farmland with high precipitation, which normally implies a significant weed infestation leading to competition for nutrients, water and sunlight for survival, and as a consequence important reduction in crop yields takes place (Nasir et al., 2013). Furthermore, the absence of herbicide-resistant genes in the genetic pool of wild relatives of sugarcane makes traditional breeding for this trait almost impossible and leaves genetic engineering as an amenable approach to produce herbicide-resistant varieties in sugarcane.

The first attempt to introduce herbicide resistance in sugarcane was made by Chowdhury and Vasil (1992) when they transformed suspension culture cells by microprojectile bombardment and by electroporation of protoplasts with a plasmid containing the bacterial gene bar (phosphinotrycin acetyltransferase), a selectable marker which confers resistance to the herbicide Basta® (glufosinate ammonium). Colonies resistant to Basta from both transformation systems were recovered and stable integration of bar gene was confirmed by Southern blot analysis. However, no whole plants were regenerated since cell lines were old and non-morphogenic. Glufosinate ammonium is a non-selective pro herbicide that is converted by plants into the phytotoxin, phosphinothricin (PPT). The herbicide acts by inhibiting the essential ammonia assimilation enzyme, glutamine synthetase (Mulwa and Mwanza, 2006). The first transgenic sugarcane expressing the bar gene was produced by Gallo-Meagher and Irvine (1996) by biolistic transformation of embryogenic calli. When field performance of glufosinate ammonium-resistant transformants was assessed, stable transgene expression was observed over several ratoons with repeated herbicide Ignite application, either to leaf segments or to the entire plant with lethal dosages for non-transformed control plants. Interestingly, when transgenic events were propagated through meristem propagation culture, resistance was conserved and these results demonstrated that bar could be used as an effective selectable marker in sugarcane transformation. Likewise, Snyman et al. (1998) transformed embryogenic callus of the same variety, NCO310, by microprojectile bombardment using a vector containing a synthetic pat gene, which also confers resistance to glufosinate ammonium (Buster®). Regenerated transgenic lines expressing pat was field tested and results demonstrated that the herbicide-resistant gene was stably expressed during three rounds of vegetative propagation. Morphological and agronomic characters such as stalk height, diameter, population, fiber, disease resistance and yield, measured in the first ratoon, were not significantly different between transgenic lines and non-transformed plants (Leibbrandt and Snyman, 2003). In addition, Enríquez-Obregón et al. (1998) genetically transformed the variety Ja69-15 by Agrobacterium-mediated transformation introducing the bar gene and obtained Basta-resistant calli. These reports and others of transgenic sugarcane events resistant to glufosinate ammonium are summarized in Table 4.


TABLE 4. Reports of herbicide resistant sugarcane transgenic events.

[image: Table 4]It must be pointed out that weed control treatment is dependent on the cost of the herbicide to which resistance has been engineered. In that respect, the cost of Basta®/Buster® herbicide is relatively high and therefore a gene conferring resistance to herbicide (HR) a fivefold cheaper was introduced into commercial sugarcane cultivars N12 and N19. Gene delivery by microprojectile bombardment was accomplished using five different plasmid constructs, each containing the same herbicide resistance gene (gene not revealed) regulated by different promoters and the antibiotic selectable marker gene nptII. Plantlets were regenerated via either direct or indirect somatic embryogenesis and putatively transformed plants were subjected to herbicide spraying in glasshouse where 52% of the transgenic plants survived a sub-lethal dose, which severely damaged control plants (Snyman et al., 2001).

Without any doubt the development of glyphosate (RoundupTM) resistant soybean and maize in the late nineties transformed weed control and crop production worldwide. In 2019 more than 190 million hectares were planted with transgenic crops and out of those 88% were planted with glyphosate-resistance plants (ISAAA, 2019). Glyphosate is a very effective broad spectrum herbicide that inhibits the enzyme 5-enolpyruvylshikimate phosphate (EPSP) synthase necessary in the biosynthetic pathway of the aromatic amino acids, tryptophan, tyrosine, and phenylalanine, which are essential for protein synthesis and also as precursors for hormones, lignins, and other protective compounds such as flavanoids and alkaloids (Amrhein et al., 1980). EPSP synthase uses phosphoenol pyruvate (PEP) and shikimate-3-phosphate as substrates to make EPSP but glyphosate competitively interferes with the binding of PEP to the active site of EPSP synthase, hence blocking the pathway (Anderson et al., 1988).

Although the success of glyphosate resistance has been demonstrated in various crops since the late nineties it is not until the last decade that efforts to produce glyphosate-resistant sugarcane have been reported. The first published study included the genetic transformation of four sugarcane varieties through bombardment of embryonic calli with an unnamed glyphosate tolerant (GT) gene Nasir et al. (2013). Almost all transgenic plants (88%) survived a first application of glyphosate (900 mL in 80 L of water), while all non-transformed plants died within a week after treatment. In a second application with a higher glyphosate concentration, only plants with high accumulation of the GT gene encoded protein survived. In addition, all weeds growing alongside transgenic sugarcane plants turned brown and subsequently died.

In an attempt to commercially release a glyphosate-resistant variety in Argentina, an in depth study on transgenic sugarcane events of elite variety, RA 87-3, expressing C4 epsps gene from A. tumefaciens that confers glyphosate resistance was conducted. To evaluate the potential impact on different agricultural systems and food safety necessary for commercial deregulation of any transgenic event in Argentina, several health and environmental regulatory studies were carried out (Noguera et al., 2015; Perera et al., 2020; Enrique et al., 2021; Ostengo et al., 2021). These studies demonstrated the feasibility to produce transgenic varieties indistinguishable from their parental genotype regarding physiological, agronomical and industrial characters. Another important discovery in this study was the importance of conducting a genetic analysis by employing molecular markers to find events with no or very low levels of genetic rearrangements after tissue culture regeneration after biolistic transformation of embryonic calli. After official presentation of a selected event to the National Advisory Commission on Agricultural Biotechnology (CONABIA), National Food Safety and Quality Service (SENASA) and the Secretariat of Agricultural Markets all three evaluation committees gave their approval for a commercial release in late 2015 (Noguera et al., 2019). Nevertheless, the final approval from the Ministry of Agriculture, Livestock and Fisheries for free commercial production remains pending due to concerns regarding exportation of sugar produced from a transgenic event. It is important to notice that this experience and interaction with regulatory agencies favored the generation of new regulations for the treatment of an agamic propagated crop such as sugar cane. Argentina’s regulatory system for evaluating transgenic crops has served as a reference for many countries (Lewi and Vicién, 2020). New regulations and assessment criteria have been developed for special cases like gene stacking, RNAi, and New Breeding technologies (NBT) where the aim has always been on how to gather and evaluate data in the most efficient possible way and only require information that is really needed to make a regulatory decision on biosafety (Lema, 2014). As part of this strategy an important change in requirements for evaluating vegetative propagated crops with polyploidy genomes such as sugarcane and potato was implemented in 2013, where a fast track evaluation of new events containing equal or similar gene constructs to previous evaluated events with favorable opinions was implemented2. This resolution permits a much faster approval of new sugarcane varieties with the same gene or similar gene construct regardless of the transgene position in the plant genome. This is of extreme importance as introgression of a transgene by backcrossing is impossible in sugarcane, leaving only two options to produce transgenic varieties, either by forward breeding or direct transformation of elite varieties. Both strategies are extremely time-consuming and many times when a transgenic variety is ready for commercial release the technology (parental variety) is obsolete. With this decision, the production of new varieties with characters of high interest can be achieved within a reasonable time frame and at much lesser cost. This same policy has later been implemented by Regulatory Agencies of Canada, United States and Brazil (Beker et al., 2016).

Nowadays, the majority of commercially grown genetically modified (GM) crops harbor genes related to both insect and herbicide resistance, which are both valuable characteristics in production of many crops, such as corn, soybean and cotton. The first sugarcane events expressing both traits were published by Wang et al. (2017b) demonstrating transgenic sugarcane harboring the C4 epsps gene for glyphosate resistance and cry1Ab for pest resistance. Five single-copy and ELISA-positive transgenic lines were tested under laboratory and field conditions to determine their agronomic and industrial traits and their resistance to insects and herbicides. Results showed that these transgenic lines showed strong insect resistance and glyphosate resistance under both growing conditions. However, in field conditions most of the transgenic plants presented poor agronomic and industrial characteristics compared to the non-transformed control plants (Wang et al., 2017b).

Recently gene editing technology was applied for the first time to confer herbicide tolerance in sugarcane. More details on gene editing technologies will be given in the corresponding section of this review; but in brief, CRISPR/Cas9 was used for co-editing mutations of multiple alleles of the acetolactate synthase (ALS) gene (Tufan Oz et al., 2021). The ALS enzyme catalyzes the biosynthesis of essential branched-chain amino acids (Smith et al., 1989) and wild-type alleles are strongly inhibited by several herbicides, such as sulfonylureas, imidazolinones, triazolopyrimidines, pyrimidinyloxybenzoates, and sulfanilamide-carbonyl-thiazolidinones.

It must be highlighted that further efforts are urgently needed to create more environmental-friendly herbicide resistant crops to ensure a more sustainable crop production and safeguard environmental quality by reducing the demand for harmful weed killing chemicals (Mulwa and Mwanza, 2006), a need that has recently increased dramatically with the negative effects on the environment caused by the excessive use of glyphosate.



ABIOTIC STRESS TOLERANCE

Drought, salinity, low and high temperatures and low soil fertility are all important abiotic factors negatively affecting sugarcane production in many production areas (Cursi et al., 2021b). Of these, drought is the single most important stress affecting sugarcane productivity in almost all production areas worldwide and therefore the development of more water deficit tolerant cultivars is of great interest to all sugarcane producing countries (Wang et al., 2003; Rampino et al., 2006; Ferreira et al., 2017). Sugarcane is a relatively water-demanding crop that produces 8–12 tons of sugarcane per one million liters of irrigation water (Kingston, 1994). The high water demand means that even relatively moderate water deficits can lead to productivity losses of up to 50–60% (Robertson et al., 1999; Ramesh, 2000; Basnayake et al., 2012; Lakshmanan and Robinson, 2013; Gentile et al., 2015). For this reason, production areas are mostly concentrated in regions with a favorable rain regime for sugarcane growth and development (Moreira, 2007), while in areas with less precipitation, additional or full irrigation is required (Walter et al., 2014).

Biotechnology and molecular breeding techniques could be helpful tools to enhance sugarcane tolerance to drought stress but despite increased availability of such technology and advancements in our understanding of plant water stress responses, genetically engineering crops for improved drought tolerance remains a vital challenge (Wang et al., 2003; Hu and Xiong, 2014). The complexity of plant responses to water deficit, and the arduous task of identifying and exploiting global effect genes and alleles and their associated traits, for developing more drought-tolerant varieties suitable for commercial crop production are difficult to overcome (Tardieu, 2012; Cominelli et al., 2013). In Table 5, an overview of various transgenic strategies to produce more drought tolerant sugarcane varieties is provided. In all of them, the selected gene to be expressed has been associated with plant water stress responses or shown to confer water stress tolerance in other species (Zhang et al., 2006; Reis et al., 2014; Augustine et al., 2015a; Ramiro et al., 2016). In this context, a transgenic sugarcane genotype expressing a bacterial gene encoding a choline dehydrogenase developed by Persero (PT Perkebunan Nusantara XI) probably becomes the first commercially released drought-tolerant transgenic sugarcane in the world3. This enzyme is involved in the synthesis of glycine betaine, a known osmoregulator that helps maintain water potential, protect cellular organization and biological functions during cellular dehydration (Sugiharto, 2018).


TABLE 5. Abiotic stress tolerance studies in transgenic sugarcane.

[image: Table 5]Regulatory genes like transcription factors (TFs) responsible for the induction of water stress-induced genes, are promising candidates to develop plants more tolerant to water deficit (Reis et al., 2014). Among the large group of TFs found in plants, the COR/DREB family constitutes the first group of transcription factors that were associated with induced abiotic stress gene regulation (Moran et al., 1994) and several members from this family of TFs, from different plant species, have successfully been employed in generating more drought tolerant sugarcane. The overexpression of AtDREB2A enhanced drought tolerance in sugarcane as demonstrated by a higher relative water content (RWC), photosynthetic rate, sucrose content and bud sprouting in greenhouse plants exposed to drought stress (Reis et al., 2014). Interestingly, no negative effect on biomass production was observed in these transgenic plants, a drawback observed in many other studies where a transcription factor is constitutively or ectopically expressed. In a similar study, the overexpression of the Erianthus arundinaceus DREB2 gene generated improved tolerance to drought as demonstrated by reduced membrane damage, higher photosynthesis rates and higher gene expression levels of known stress-induced genes in transgenic plants exposed to stress, while an increased salinity tolerance was shown in leaf disk senescence and bud sprout assays comparing transgenic tissue with non-transformed parental plants. When co-transformed with a plant DNA helicase gene, PDH45, and EaDREB2 gene, transgenic plants showed a greater level of salinity tolerance when compared to single gene-transgenics of both these genes (Augustine et al., 2015b).

Heat shock proteins (HSPs) are known to play a major role in abiotic stress tolerance mechanisms in plants and other organisms. Sugarcane plants overexpressing an E. arundinaceus HSP70 gene, exhibited significantly higher stress-induced gene expression, cell membrane thermostability, relative water content, gas exchange parameters, chlorophyll content and photosynthetic efficiency (Augustine et al., 2015a). These results suggest that EaHSP70 plays a significant protective role in plants exposed to drought and salinity and the potential use of this gene in genetic engineering strategies to produce sugarcane plants with improved drought and salt tolerance.

B-box proteins mediate transcriptional regulations and protein–protein interactions in cellular signaling processes. B-box proteins thereby play an important role in coordinating physiological and biochemical pathway fluxes and are good targets for controlling stress responses in plants. Mbambalala et al. (2021) reported that the overexpression of AtBBX29 in sugarcane improved drought tolerance by maintaining a higher rate of photosynthesis and by enhancing antioxidant and osmolyte accumulation during stress. Another study, using a regulatory gene, revealed that overexpression of the tomato ethylene responsive factor (TERF1) in sugarcane conferred improved drought tolerance through increased accumulation of proline, soluble sugars and glycine betaine, reduced production of reactive oxygen species and reduced malondialdehyde (MDA) accumulation, which possibly resulted from activation of expression of stress-related genes by TERF1 in plants exposed to stress (Rahman et al., 2021).

The Arabidopsis H+-PPase (AVP1) gene encodes a vacuolar membrane protein capable of increasing vacuolar solute content by active H+ uptake from the cytoplasm into the vacuoles. The AVP1 overexpression in transgenic sugarcane improved both drought and salt tolerance (Kumar et al., 2014; Raza et al., 2016) as demonstrated by increased RWC and maintained water, osmotic and turgor potential in leaves of transformed lines. In addition, transgenic plants showed increased size, length and root biomass after stress treatment.

The BAX subfamily stands out among the proteins that regulate the induction of reactive oxygen species (ROS)-signaling (Watanabe and Lam, 2008). The overexpression of a BAX inhibitor from A. thaliana (BI-1) enhanced tolerance to water deficit in sugarcane plants by suppressing endoplasmic reticulum-stress-induced plant cell death (Ramiro et al., 2016).

Sugarcane plants submitted to salt stress accumulate compatible solutes, such as the amino acid proline, which may counteract effects of salt accumulation in the vacuole, scavenge ROS and preserve cellular functions. The overexpression of two genes involved in proline synthesis, P5CS and SoP5CS, enhanced tolerance to salinity and drought in transgenic sugarcane (Guerzoni et al., 2014; Li et al., 2018).

Methylglyoxal (MG) is a highly cytotoxic metabolite formed as a result of growth under abiotic stresses in higher plants (Kaur et al., 2014). However, plants have developed an efficient tolerance mechanism to remove an increased accumulation of toxic metabolites, namely ROS scavenging enzymes of the glyoxalase pathway [glyoxalase I (Gly I), glyoxalase II (Gly II) and glyoxalase III (Gly III)]. Mohanan et al. (2021) overexpressed the EaGly III gene in sugarcane obtaining transgenic lines that exhibited significantly higher water status, gas exchange parameters, chlorophyll, carotenoid, and proline content, total soluble sugars, superoxide dismutase and peroxidase activity compared to non-transformed parental plants under salinity stress.

Finally, several studies concerning transgenic sugarcane in response to low temperature stress are also detailed in Table 4. As a tropical plant species, sugarcane is very sensitive to exposure to chilling (low but non-freezing temperatures) and freezing, resulting in lower yields and reduced industrial quality of plants. Belintani et al. (2012) overexpressed a bacterial gene encoding the enzyme isopentenyl-transferase (ipt) under control of the A. thaliana cold-inducible promoter AtCOR15a. Transgenic plants expressing ipt showed higher leaf chlorophyll content, reduced MDA concentration and electrolyte leakage than non-transformed parental plants when subjected to freezing temperature. In another approach, the overexpression of an α-tubulin gene (TUA) in the cold susceptible variety ROC22 showed a higher concentration of total soluble proteins and sugars, increased peroxidase (POD) activity and lower MDA content than plants of the parental variety when exposed to chilling (Chen et al., 2021).

Although many different strategies (genes) have been employed to genetically engineer improved abiotic stress tolerance in sugarcane, there are still many challenges to overcome before commercially useful water stress, salinity and/or cold tolerant varieties are released. As seen from almost all studies described above there are very few field studies conducted and more information on the behavior of a transgenic event under natural growing and production conditions is required to correctly assess a possible effect on stress tolerance. Another area for future research is the stacking of genes involved in abiotic stress tolerance to evaluate the possibility to complement protective mechanisms effects and even search for possible synergistic effects. However, many of these studies are demonstrating promising results and it is therefore more than likely that commercial events with improved abiotic stress tolerance will be released in a nearby future.



INDUSTRIAL TRAITS

In the above sections we have described a great variety of transgenic sugarcane designed to improve agronomic traits of this crop such as disease, pest, herbicide and abiotic stress management. There are; however, strategies to improve industrial traits as well. One area that has generated a lot of interest has been the modification of sugar metabolism to increase sugar accumulation but with relatively little success (Wu and Birch, 2007; Groenewald and Botha, 2008; van der Merwe et al., 2010; Hamerli and Birch, 2011). In parallel, attention has been focused on improving bioenergy and biofuel production of sugarcane where strategies to alter the lignin composition of the plant to facilitate saccharification for production of second generation bioethanol (Jung et al., 2013; Kannan et al., 2018) and the alteration of the carbon-partitioning balance to produce triacylglycerols in vegetative tissues of sugarcane for biodiesel production (Zale et al., 2016), have been reported. Another industrial area of interest is the production of bioplastics like polyhydroxyalkanoates (PHAs). PHAs are biodegradable polymers produced by a wide-range of bacteria and strategies to produce these polymers in sugarcane such as polyhydroxybutrate (PHB) have been conducted (Petrasovits et al., 2007, 2012). Finally, the use of sugarcane as a platform for producing high value compounds or pharmaceuticals due to its high biomass and fast growth is a more than likely future new application although no direct approach of such a strategy has been published (Appunu et al., 2017).



GENOME EDITING

Genome editing (GE) is a technology to engineer genetic modifications in which DNA is inserted, deleted or replaced within a specific sequence of the genome of an organism by using engineered nucleases. Nowadays there are four families of engineered nucleases available: meganucleases (MN), Zinc-finger nucleases (ZFNs), Transcription Activator-like Effector Nucleases (TALENs) and the Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Associated Nuclease 9 (Cas9) technology (Mohan, 2016). GE has found its application in a wide range of economically important crops providing higher yields, increased nutritional quality, weed protection and improved abiotic and biotic stress tolerance/resistance (diseases and pests) (Rahman et al., 2019). In addition, compared to other genetic manipulation methods, GE is considered a user-friendly tool for its ability to generate non-transgenic genome edited crop plants (Rahman et al., 2019).

In respect to GE technology applied to sugarcane genome modification, there are only a few successful studies published, which is understandable due to the very complex genome of this species and the lack of a sequenced reference genome. The first study was published by Jung and Altpeter (2016) who used TALEN to modify the cell wall composition by reducing lignin content in an attempt to improve saccharification efficiency and to facilitate and reduce costs for production of lignocellulosic bioethanol. Field-grown TALEN-mediated mutants of the caffeic acid O-methyltransferase gene showed a significant reduction in total lignin as well as a change in lignin composition, which resulted in improved saccharification efficiency (up to 43.8%) (Kannan et al., 2018).

Recently, Eid et al. (2021) reported efficient multi-allelic editing in sugarcane of the magnesium chelatase I subunit (MgCh), a key enzyme for chlorophyll biosynthesis. CRISPR/Cas9-mediated targeted co-mutagenesis of 49 copies/alleles of MgCh was confirmed via Sanger sequencing and resulted in severely reduced chlorophyll content. The successful application of this method will facilitate the establishment of genome editing protocols for recalcitrant plant species and support further optimization. Subsequently, Tufan Oz et al. (2021) demonstrated the precise co-editing of multiple alleles via template-mediated and homology directed repair (HDR) of DNA double-strand breaks, induced by the programmable nuclease CRISPR/Cas9. The evaluation resulted in co-editing of up to three acetolactate synthase (ALS) copies/alleles involved in herbicide resistance.

Using a GE approach in sugarcane today is a great challenge due to the high polyploidy, genome size, low transformation efficiency and transgene silencing frequencies that has been reported for this plant species (Mohan, 2016). Nevertheless, when more genome sequence information is available, more GE strategies to design specific guided RNAs for targeting specific genes should be readily applicable in sugarcane. Currently, plants edited by GE-technology are classified as GM in some countries, but not in others. In the latter case, the costs and efforts for a commercial release are greatly reduced, and hopefully more countries will soon facilitate deregulation of varieties produced using GE technology.



CONCLUSION AND FUTURE PERSPECTIVES

The use of genetic transformation in sugar cane has advanced steadily over the years, demonstrating that the crop can be successfully genetically engineered, incorporating characteristics of interest. Through the use of efficient genetic transformation methods and different screening strategies, events with low copy number and high levels of stable expression of transgenes can readily be obtained.

Genetic engineering has made possible the development of transgenic sugarcane events that express key characteristics such as resistance to herbicides, diseases, pests and tolerance to abiotic stresses, many of which have shown excellent performances both in greenhouse experiments and in field trials. But despite of this, very few breeding programs in the world have presented transgenic varieties for a commercial release. Although there are currently numerous developments of transgenic sugarcane lines in advanced stages of evaluation in different countries, the commercial release of transgenic sugarcane lags behind many other important crops such as soybean, corn, cotton and canola, even though the food product for consumption from sugarcane does not contain DNA.

This can to a certain extent, be explained by the arduous and costly process to produce a transgenic sugarcane variety due to the extremely complex genetics of this crop, where every new variety must go through the complete transformation and deregulation process or be part of a forward breeding strategy, as introgression by backcrossing is not feasible. It is therefore of utmost importance to shorten and make more efficient deregulation times, in order to allow transgenic varieties to be released more quickly to the market, and to prevent the genotypes used becoming obsolete. An important step in this direction is the decision in Argentina and other countries to allow for a more rapid release of a second variety of the same crop with the same or very similar genetic construction as a previously released event. In addition, the recent marketing approvals for transgenic sugarcane events in Indonesia and Brazil are expected to provide a boost to other sugarcane producing countries, such as India, China, Thailand, the United States and Argentina, to continue research and develop new transgenic varieties that can contribute to effective solutions to the challenges facing the crop in different agroecological settings where it is grown. Furthermore, under the new paradigm of sustainable agriculture, sugar cane plays a fundamental role both in food production and as a high-performing renewable energy source.

In addition, a number of sub- and residual products from the sugar-ethanol industry can be used as important bases for new products under the concept of biorefinery, properties that can be improved and expanded to new applications by producing specially designed transgenic varieties with new properties. But for this to be viable times and cost for commercial release must be considerably reduced.

Finally, gene editing techniques based on CRISPR-Cas9 and others, already applied in crops such as rice and wheat, are still in the initial stages of implementation in sugarcane. This delay can be attributed to the genetic complexity of the crop and to a lower availability of genomic information, essential to determine a priori which sequences to be modified and the possible effect this will have on the rest of the genome. Given that gene editing could dramatically reduce the time and costs required for commercial deregulation, the use of this technology is expected to increase in the foreseeable future. It is important to highlight that to guarantee the success of this strategy in complex polyploid genomes, it is essential to have a robust genetic transformation method that allows the introduction of the GE system in the different genetic backgrounds of elite sugarcane varieties obtained through classical breeding programs.
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Grapevine, as other woody perennials, has been considered a recalcitrant crop to produce transgenic plants. Since the production of transgenic and/or edited plants requires the ability to regenerate plants from transformed tissues, this step is often the biggest bottleneck in the process. The objective of this work is to review the state of the art technologies and strategies for the improvement of grapevine transformation and regeneration, focusing on three aspects: (i) problems associated with grapevine transformation; (ii) genes that promote grapevine regeneration; and (iii) vehicles for gene delivery. Concerning the first aspect, it is well documented that one of the main factors explaining the low success rate in obtaining transgenic plants is the regeneration process. After transgenic integration into receptor cells, tissue culture is required to regenerate transgenic seedlings from transformed cells. This process is time consuming and often requires the addition of environmentally damaging reagents (antibiotics and herbicides) to the culture medium to select transgenic plants. On the other hand, the expression of genes such as the so-called developmental regulators (DR), which induce specific development programs, can be used to avoid traditional tissue culture methods. The ectopic expression of specific combinations of DR in somatic cells has the potential to induce de novo meristems in diverse crops, including grapevine. Successful genome editing by de novo reprogramming of plant meristems in somatic tissues has been reported. Moreover, it has been shown that the expression of certain transcription factors can increase the regeneration efficiency in wheat, citrus, and rice. Finally, recent reports showed the use of nanoparticles, such as carbon dots (CDs), as an attractive alternative to Agrobacterium- and biolistic-mediated plant genetic transformation. In this way, the use of antibiotics in culture media is avoided, overcoming the loss of viability of plant tissues and accelerating the regeneration processes. It has been shown that CDs can act as a vehicle to transport plasmids to plant cells in transient transformation in several crops without negative impacts on photosynthesis or growth. Based on these advances, it is possible to combine these new available strategies and technologies to overcome the regeneration problems of species such as grapevine and other crops considered as recalcitrant.
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INTRODUCTION

Grapevine is one of the most widespread fruit crops in the world, with a production of about 77.1 million tons (FAOSTAT, 2019). It is cultivated both for the manufacture of wine and for its consumption as fresh fruit, and to a lesser extent to produce raisins, juices, and spirit drinks, the first use being the one for which it has more hectares allocated. Actual and future environmental conditions impose the decisions and choices regarding the management of the crop, following a path toward more sustainable alternatives. The problems related to climate change and the spread of numerous diseases require addressing solutions that can be found in the natural genetic variation of the genus Vitis (Vezzulli et al., 2019). Although grapevine can be improved through conventional breeding, it is a difficult and time-consuming process, due to the 2–3 years generation cycle and the long period of time required for the selection and testing of reliable progeny. Also, for grapevine, whose varieties are highly heterozygous, this way is even more difficult (Gray and Meredith, 1992).

Several years ago, genetic engineering emerged as an outstanding tool for the improvement of plants (Anderson et al., 2019). Genetic transformation offers the possibility of genetically modifying plants to improve agronomic traits of interest without altering the varietal identity using recombinant DNA technology, such as the transfer of resistance to diseases or herbicides to established crops. Grapevine was considered recalcitrant to genetic transformation, since one of its problems is the regeneration of plants from the tissues used for genetic transformation (Mullins et al., 1990; Nakano et al., 1994). The regeneration rate of grapevine plants after transformation and selection by antibiotics ranges between 10 and 30% of the total transformed material, and the transformation efficiency, which varies according to the genotype, down to 1%, although a 33% has been described (Torregrosa et al., 2015).

Accordingly, overcoming the problems related to tissue regeneration is one of the most essential challenges in the generation of transgenic and edited grapevine plants. In this sense, several factors have been identified that should be reviewed: the grapevine genotype; the type of tissue used to obtain the explants; the transformation methodology; the availability of regenerative transformable material, and the selection process/procedure based on antibiotics. Grapevine genetic transformation was mainly performed by infection with Agrobacterium tumefaciens (Torregrosa et al., 2015), and to a lesser extent through the biolistic techniques (Kikkert et al., 2001; Vidal et al., 2010).

The first critical factor in grapevine transformation is the production of highly regenerative transformable material, where the regeneration efficiency greatly depends on the different genotypes (Gray and Meredith, 1992). Somatic embryogenesis is the preferred regeneration procedure for the genetic transformation of grapevine. The source of starting material, the type, and the quality of the embryogenic cultures are key factors for a successful transformation (Martinelli and Gribaudo, 2001). However, despite these limitations, it has been possible to produce grapevine varieties resistant to fungal, viral, and bacterial diseases (Mauro et al., 1995; Scorza et al., 1996; Agüero et al., 2006; Nirala et al., 2010; Capriotti et al., 2020).

Beyond grapevine, the production of transgenic and edited plants requires, for most crops, the ability to regenerate plants from transformed tissues. This step is another critical factor, often reported as the biggest bottleneck in the process (Altpeter et al., 2016). After transgenic integration into recipient cells, tissue culture protocols are required to regenerate transgenic seedlings from transformed cells. This process is time consuming, usually several months, and generally requires the addition of expensive and environmentally harmful reagents (antibiotics and herbicides) to the growing medium to select the putative transgenic plants. The overexpression of certain transcription factors has been recently reported (Debernardi et al., 2020; Maher et al., 2020) as an interesting alternative to improve the transformation and regeneration processes of plants (including grapevine).

In recent years, new breeding technologies (NBT), such as gene editing via CRISPR-Cas9, have emerged as innovative genetic improvement tools for various crops of agronomic importance (Dalla Costa et al., 2017, 2019). The key elements in this system are Cas nucleases and CRISPR RNAs. The Cas9 endonuclease can cut at specific DNA target sites with the help of two small RNA molecules called CRISPR RNA (crRNA) and “trans-encoded” CRISPR RNA (tracrRNA). These two molecules can be fused artificially to form a chimeric RNA molecule called “single guide RNA” (sgRNA) (Mali et al., 2013; Qi et al., 2013). In conjunction with Cas9, sgRNA can form an “RNA-guided endonuclease,” a high precision tool capable of strategically introducing targeted mutations in the host genome (Jinek et al., 2012; Samanta et al., 2016).

On the other hand, alternative technologies are also emerging for the delivery of engineered genes into the plant cells. Carbon dots (CDs) were described as almost spherical water-soluble nanoparticles (NP) consisting of crystalline carbon domains synthesized from cheap starting materials such as peptides, carbohydrates, and, in general, a wide range of carbon sources (Li et al., 2012; Zheng et al., 2015; Peng et al., 2017). They have multiple advantages, such as being easy to obtain and for displaying an efficient plant cell uptake. It has been shown that CDs can act as a vehicle to transport plasmids to plant cells in transient transformation in several important crop species without negative impacts on photosynthesis or growth (Doyle et al., 2019; Schwartz et al., 2020).

Along with a thorough report of commonly known limitations related to grapevine transformation and regeneration, we primarily present in this review a detailed description of new alternative technologies that could provide solutions to overcome these drawbacks.



MAIN LIMITATIONS AFFECTING TRADITIONAL TRANSFORMATION AND REGENERATION IN GRAPEVINE

Since the genotype is one of the most influential factors in the success of a transformation protocol, the effects of the genetic background on the efficiency of plant regeneration and the corresponding culture conditions have been extensively studied (Dalla Costa et al., 2019). Thus, it has been reported that each genotype shows specific sensitivity to the infection with Agrobacterium, as well as to the antibiotics used to eliminate the bacteria, and/or to those used to select transgenic events (Zhou et al., 2014). The grapevine genetic background also influences somatic embryogenesis, the regeneration method most used in genetic engineering protocols in this crop. Several procedures have been developed for somatic embryogenesis from grapevine genotypes, and much research has been carried out using several plant tissues/organs as starting explants. The list of the plant parts widely used as suitable material for obtaining somatic embryos includes: ovaries (Yamamoto et al., 2000; Vidal et al., 2003, 2006; Gambino et al., 2005; Kikkert et al., 2005; López-Pérez et al., 2005); anthers (Franks et al., 1998; Gambino et al., 2005; Agüero et al., 2006; Prado et al., 2010); leaves (Martinelli et al., 1993; Nakano et al., 1994; Das et al., 2002); and, less frequently, stigmas and styles (Morgana et al., 2004; Carimi et al., 2005); stamen filaments (Nakajima and Matsuta, 2003; Acanda et al., 2013); nodal sections (Maillot et al., 2006, 2016); whole flowers (Gambino et al., 2007); mature seeds (Peiró et al., 2015); and tissues derived from vegetative structures, such as leaves and petioles (Martinelli et al., 1993; Das et al., 2002). The fact that most of the frequently used protocols are carried out using floral organs is indeed a strong limitation for obtaining somatic embryos, since the experiments can just be started at the flowering time. During the regeneration process, the germination of aberrant embryos and early germination can occur, which can also limit the obtaining of transformed grapevine plants since these embryos do not develop into normal plants. Among the most common aberrations, it is possible to find embryos without cotyledons, with different numbers of cotyledons, or with fused cotyledons, and trumpet-shaped or cauliflower-like cotyledons (Goebel-Tourand et al., 1993; Bornhoff et al., 2005; Li et al., 2006; Bharathy and Agrawal, 2008; Martinelli and Gribaudo, 2009; Peiró et al., 2015).

It has been proven that the synthesis and accumulation of reserve proteins during zygotic embryogenesis is regulated by abscisic acid and/or water stress (Dodeman et al., 1997). Therefore, to achieve a correct maturation of somatic embryos, two methodologies have been used: the exogenous application of abscisic acid (ABA) (Morris et al., 1990; Goebel-Tourand et al., 1993; Sholi et al., 2009) and the use of culture media with reduced water potential (Klimaszewska et al., 2000; Walker and Parrott, 2001; Kong et al., 2009; Buendía-González et al., 2012). Another strategy used has been the modulation of polyamine metabolism (Faure et al., 1991). The use of semipermeable cellulose acetate membranes has emerged as an effective alternative to improve the maturation of somatic embryos, and this is due to its ability to limit the availability of water for the embryo. In grapevines, it has been shown that the water stress produced by the membrane triggered an increase in endogenous levels of ABA, a fact that improved the maturation of somatic embryos (Acanda, 2015).

The choice of the Agrobacterium strain shows a significant effect on a successful transformation procedure of plant tissues. This factor also includes the corresponding bacterial culture conditions like density at the time of infection, coculture times, and the culture media used (Le Gall et al., 1994; Franks et al., 1998). One of the first Agrobacterium strains used for grapevine transformation was LBA4404 (Bouquet et al., 2008), showing low transformation efficiencies. To improve those transformation rates, hypervirulent Agrobacterium strains were later developed. Among them, EHA105 is currently the strain most used in grapevine transformation (Scorza et al., 1996; Franks et al., 1998; Iocco et al., 2001; Wang et al., 2005; Dutt et al., 2008; Dhekney et al., 2011; Dabauza et al., 2014; Li et al., 2015). AGL1, a hypervirulent Agrobacterium strain (Lazo et al., 1991) has also been used, verifying that agroinfiltration with this strain transformed all the tested genotypes (Urso et al., 2013).

Grapevine tissue necrosis is a regular problem that occurs during or after Agrobacterium transformation. This browning is triggered as a response to the bacteria and it was reported to be cultivar-specific (Bouquet et al., 2008). Polyphenols can be oxidized by air, peroxidases, or polyphenoloxidases. Peroxidases and polyphenoloxidases have been associated with mechanical injury and response to environmental stress. The stress response may involve the release of polyphenols from vacuoles and the de novo synthesis of phenol (Perl et al., 1996). These authors assume that the hypersensitive response could be due to the oxidation caused by high levels of peroxidase activity. Perl et al. (1996) improved plant viability and inhibited tissue necrosis in cv. “Superior Seedless” by using a combination of polyvinylpolypyrrolidone and dithiothreitol. A still unexplored alternative that could reduce this browning is the use of Agrobacterium vitis strains (A. tumefaciens biovar 3), which is a natural grapevine pathogen (Kikkert et al., 2001).

The differentiation of the positive transformation events among all the non-transformed plant tissues after infection with the Agrobacterium strain is a crucial step of the procedure. This is possible due to the action of marker genes, which are usually integrated together with the genes engineered to be expressed in the plant. There are two main types of marker genes: selection marker genes and reporter genes.

The use of marker genes allows the cells or plants carrying them to be selected in the presence of a selective agent, such as an herbicide or an antibiotic. The neomycin phosphotransferase (nptII) gene has been the most widely used in grapevine. This gene confers resistance to aminoglycoside antibiotics, such as kanamycin (Kan), paramomycin, or neomycin (Nakano et al., 1994; Scorza et al., 1995, 1996; Yamamoto et al., 2000; Iocco et al., 2001; Vidal et al., 2003, 2006; Bornhoff et al., 2005; Gambino et al., 2005; Wang et al., 2005; Agüero et al., 2006; Li et al., 2006, 2015; Dhekney et al., 2008, 2011; López-Pérez et al., 2008; Jin et al., 2009; Gago et al., 2011; Dabauza et al., 2014). Although kanamycin is the most widely selective agent used in grapevine transformation, this crop shows a high sensitivity to this antibiotic, and it is generally difficult to find a balance between the appropriate concentration for selection, without losing the viability of the embryos and plants. Another gene frequently used in grapevine transformation is hygromycin phosphotransferase (hptI), which confers resistance to the antibiotic hygromycin (Hyg) (Franks et al., 1998; Torregrosa et al., 2000; Fan et al., 2008; Nirala et al., 2010; Nookaraju and Agrawal, 2012; Dai et al., 2015). Different strategies have been assayed regarding the application timing and the optimal concentration of kanamycin (Franks et al., 1998; Iocco et al., 2001; Wang et al., 2005) and hygromycin (Franks et al., 1998; Fan et al., 2008; Nirala et al., 2010; Dai et al., 2015). Moreover, Saporta et al. (2014) made a comparison of Kan and Hyg in “Albariño” cell suspensions. Since grapevine antibiotic sensitivity showed a high genotype-specific behavior (Gray and Meredith, 1992; Torregrosa et al., 2000), sensitivity-specific assays are required for every new genetic transformation platform.

On the other hand, reporter genes give transformed plants an easily recognizable and measurable selection characteristic or phenotype. Once these genes are integrated, they allow us to know where they are expressed, in what quantity, when, and in which tissues they are transcribed. The most widely used reporter gene is the uidA gene that encodes β-glucuronidase (GUS) (Jefferson et al., 1987). This protein hydrolyzes substrates such as X-Gluc (5-bromo-4-chloro-3-indoxyl-beta-D-glucuronide) and causes a blue precipitate. The disadvantage of this method is that it is usually destructive. Alternatively, the green fluorescent protein gene (GFP), which encodes a protein that generates a chromophore emitting green fluorescence when excited by blue light or ultraviolet light, is commonly utilized as a non-destructive reporter system (Chiu et al., 1996). Both genes have been extensively used in grapevine genetic transformation (Baribault et al., 1989; Nakano et al., 1994; Scorza et al., 1995; Franks et al., 1998; Iocco et al., 2001; Das et al., 2002; Wang et al., 2005; Dutt et al., 2007, 2008; López-Pérez et al., 2008; Gago et al., 2011). More recently, He et al. (2021) reported RUBY as a non-invasive reporter that could be especially useful for monitoring gene expression in tissue culture experiments under sterile conditions in large crop plants such as fruit trees.

Alternatively to the plant transformation mediated by A. tumefaciens, several works reported the use of biolistic methodologies (Torregrosa et al., 2002; Vidal et al., 2003, 2006; Joubert et al., 2013). Biolistic is a physical transformation method, which consists of the high-speed projection of microparticles, usually gold and tungsten, impregnated with DNA (Sanford et al., 1987). The first grapevine work using biolistics was reported by Hébert et al. (1993), in which they transformed “Chancellor,” a Vitis complex interspecific hybrid. On the other hand, Scorza et al. (1995) carried out the first transformation of seedless table grapes using this technique. Nowadays, this technique is a useful transient expression tool for functional analysis in various plant materials, such as, cell suspension culture, leaf sections, and somatic embryos (Vidal et al., 2010; Jelly et al., 2014; Dalla Costa et al., 2019). A biolistic protocol based on the transient genetic transformation of “Cabernet Sauvignon” cell suspensions was developed by Torregrosa et al. (2002) to analyze the effect of anaerobiosis on the regulation of the expression of the VvAdh gene in response to anaerobiosis. Finally, biolistics transformation was also used to study the regulation of the defense gene VvPGIP in leaves sections of “Chardonnay” and ‘Thompson Seedless” somatic embryos (Joubert et al., 2013). One of the most important advantage of biolistic techniques with respect to the infection with A. tumefaciens is probably to skip the treatment with antibiotics to eliminate the bacteria, and in the case of grapevine, to avoid the before mentioned hypersensitivity reaction caused by infection. As disadvantages, low penetration depth, random integration, and putative damage to target tissue were also reported (Cunningham et al., 2018). Particle bombardment is still quite difficult to perform and requires the fine tuning of a series of critical variables such as helium pressure, particle diameter, cartridge preparation, or distance from target plant material. Additionally, purchasing a biolistic device and consumables can be expensive (Jelly et al., 2014).



STATUS OF THE GRAPEVINE GENETIC TRANSFORMATION RESEARCH

The technical and biological problems mentioned above, together with the strong rejection of the consumers and the regulation of the appellations of origin, have prevented the wide development of grapevine genetic transformation. Furthermore, due to the scarce natural genetic resistance/tolerance of V. vinifera genotypes, stable transformation has been mainly oriented to the improvement of resistance to pathogens and insects (Vivier and Pretorius, 2002; Table 1). Most of the reports on fungal resistance have focused on the use of pathogenesis related proteins (PR), among which, glucanases and chitinases stand out. On the other hand, the accumulation of phytoalexins and stilbenes has been a proven strategy used to obtain resistance to fungi (Fan et al., 2008; Dabauza et al., 2014; Dai et al., 2015). The improvement of plant resistance to bacteria has been targeted by using antimicrobial genes like lytic peptides (Scorza et al., 1996; Vidal et al., 2003, 2006; Dandekar et al., 2012; Li et al., 2015). The insertion of virus capsid proteins (virus coat proteins; CP) has been used to increase the resistance to viruses such as GFLV, GVA, or GVB (Gölles et al., 1997; Tsvetkov et al., 2000; Gambino et al., 2005). Finally, the introduction of resistance to insects like root-knot nematodes or the grapevine phylloxera have been attempted by means of hairy roots transformation (Franks et al., 2006; Yang et al., 2013). In addition, the improvement of tolerance to abiotic stress has also been studied. Some of the most troublesome stress problems that have been addressed are resistance to cold (Jin et al., 2009; Tillett et al., 2012) or different sources of oxidative damage (Zok et al., 2009).


TABLE 1. Genetic transformation works focused on the incorporation of genes related to fungal, bacterial, viral resistance, abiotic stresses, and other pathogens in V. vinifera.
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A compilation of most of the works carried out on stable transformation of V. vinifera, including the transformation methods, marker genes, and antibiotics used for selection are shown in Table 1. It is worth mentioning that most of the grapevine genetic transformation studies have used varieties such as “Thompson Seedless” or “Chardonnay,” highlighting the genotype-specificity of this procedure.



NEW TECHNOLOGIES AND STRATEGIES TO IMPROVE THE TRANSFORMATION AND REGENERATION IN GRAPEVINE

Plants are sessile organisms that are dependent on the living conditions of the environment around them, and for this reason plants have developed great plasticity to accommodate environmental effects by altering metabolism or development (Fehér et al., 2003). Pluripotency and totipotency, exceptional properties for tissue culture techniques, have contributed to several biotechnological applications. Pluripotency refers to the ability of one cell type to form another cell type, tissue, or organ, while totipotency refers to the ability of a single cell to develop, through embryogenesis, into a complete organism (Jha and Kumar, 2018). The totipotency theory was first proposed by Guttenberg (1943), but regeneration protocols were established after Skoog and Miller (1957) introduced changes in the concentration of auxins and cytokinin in the culture media. Since then, it has been possible to establish shoot regeneration for many plants (Lardon and Geelen, 2020).

The most common types of regeneration in plants are somatic embryogenesis and de novo organogenesis (Pulianmackal et al., 2014; Kareem et al., 2016). During somatic embryogenesis, dedifferentiated cells generate bipolar structures where it is possible to differentiate root and shoot meristems (Pulianmackal et al., 2014; Xu and Huang, 2014; Horstman et al., 2017; Méndez-Hernández et al., 2019). This process is achieved through abiotic stress induction or by the addition of auxins. Consequently, zygotic embryogenesis-like structures are formed, due to the action of transcription factors such as LEAFY COTYLEDON (LEC) 1 and 2, AGAMOUS- LIKE 15 (AGL15), FUSCA 3 (FUS3), BABYBOOM (BBM), and EMBRYOMAKER (EMK) (Horstman et al., 2017; Méndez-Hernández et al., 2019). On the other hand, de novo organogenesis consists of the formation of new meristems from pluripotent stem cells to build organs (Xu and Huang, 2014). This process is governed by the plant hormones auxin and cytokinin and a transcriptional cascade involving WUSCHEL-RELATED HOMEOBOX (WOX) 11 and 12, WOX5 and 7, and LATERAL ORGAN BOUNDARY DOMAIN (LBD) 16 and 29, and SHOOT MERISTEMLESS (STM) (Liu et al., 2014; Xu, 2018).

On the other hand, GROWTH-REGULATING FACTOR (GRF) genes were reported as plant-specific transcription factors involved in the establishment and maintenance of meristems and in the cellular proliferation of developing primary organs (Liebsch and Palatnik, 2020). GRF proteins interact with a transcription cofactor, GRF INTERACTION FACTOR (GIF), forming a functional transcriptional complex (Kim and Kende, 2004). GIFs can act as transcriptional coregulators enhancing the activity of GRFs. MicroRNA396 (miR396) is a conserved miRNA that recognizes a complementary sequence in GRF mRNA from seed plants. Finally, GRF expression is regulated by posttranscriptional repression by mir396 (Rodriguez et al., 2016). The combinatory action of the miR396-GRF/GIF system in regulating plant growth makes it a very valuable tool for improving crops of agronomic interest.


Role of Transcription Factors in Plant Transformation and Regeneration

Grapevine, as many plant species present difficulties in transformation and regeneration. These varieties are said to be recalcitrant to being transformed and regenerated. One of the promising tools that helps reduce these difficulties is the use of genes involved in the control of plant growth and development, called developmental regulators or morphogenetic regulators. Increases in the efficiency of the transformation and regeneration of various plants using developmental regulators have been thoroughly reported (Srinivasan et al., 2007; Heidmann et al., 2011; Yang et al., 2014; Lutz et al., 2015; Lowe et al., 2016; Mookkan et al., 2017; Maher et al., 2020; Che et al., 2021).

The overexpression of the WUSCHEL (WUS) gene has been used in several models and species of crops with the aim of improving the efficiency of transformation (Lowe et al., 2016; Mookkan et al., 2017; Che et al., 2021). Lowe et al. (2016) reported in maize, a significant increase in the frequency of callus transformation with WUS2. Moreover, the combination of WUS2 and BBM led to the highest transformation frequency. Mookkan et al. (2017) reported that the coexpression of the BABY BOOM (BBM) and WUS2 maize transcription factors along with a desiccation inducible CRE/lox cleavage system allows the regeneration of inbred stable recalcitrant transgenic maize B73 and sorghum P898012 without a selectable chemical marker. An increase in the transformation frequency from 0 to 15% for the B73 genotypes and upto 6.2% for the P898012 genotypes was found without the use of selection agents. This selectable-marker-independent transformation may contribute to overcoming transformation barriers in recalcitrant species and facilitate studies using gene editing functions. More recently, Che et al. (2021) reported that the transformation of Wus2 is capable of increasing the efficiency in the regeneration of transgenic plants and the efficiency in genome editing through the CRISPR-Cas technology. In addition, the authors have developed advanced cleavage systems and transformation technology to generate high quality selectable-marker-free sorghum events and/or morphogenic genes. They conclude that Wus2-enabled genome editing may be applicable to other crops in plant transformation strategies. On the other hand, BBM was reported as a marker and an activator of a complex signaling network of different development pathways related to cell proliferation and growth (Passarinho et al., 2008). Overexpression of native and heterologous BBM genes has also been found to play a role in inducing cell proliferation and significantly improving transformation and regeneration efficiency in tobacco (Srinivasan et al., 2007), oil palm (Morcillo et al., 2007), Arabidopsis (Lutz et al., 2015), and dog rose (Yang et al., 2014).

Alternatively, to improve plant regeneration rates after gene transformation, Debernardi et al. (2020) demonstrated that the expression of a fusion protein that combines the wheat GROWTH REGULATORY FACTOR 4 (GRF4) and its cofactor INTERACTIVE FACTOR GRF 1 (GIF1) was capable of increasing regeneration when it is expressed in crops such as wheat, triticale, and rice (Table 2). The authors also evaluated the use of the GRF4–GIF1 system together with the CRISPR-Cas9 gene editing technology by designing a cassette that included the GRF4-GIF1 chimera, Cas9 and, a guide RNA (gRNA) directed to the wheat Q gene (also known as AP2L-A5). Debernardi et al. (2020) were able to recover transgenic events including seven fertile plants showing a higher number of florets per spikelet (characteristic of q-null plants). The efficiency of the GRF–GIF chimera was also tested in citrus transformation experiments by means of the generation of a citrus GRF-GIF chimera and a heterologous GRF–GIF grapevine chimera (Debernardi et al., 2020). The epicotyls transformed with both chimeras showed significant increase in the frequency of regeneration compared with those transformed with the empty vector control (Table 2).


TABLE 2. Comparative summary of the different transcription factors used in different crops and model plants (Debernardi et al., 2020; Maher et al., 2020).
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Finally, taking advantage of totipotency and pluripotency of plants, the ectopic expression of specific transcription factors called development regulators (DR) has the potential to induce meristems in somatic cells. Maher et al. (2020) presented the successful genome editing by de novo reprogramming of plant meristems in somatic tissues, which avoids tissue culture-based transformation and promises to significantly improve the utility of gene editing in plants. This innovative work proposes the induction of de novo meristems on soil-grown plants. N. benthamiana plants that constitutively expressed Cas9 were cultivated until the apical and axillary meristems were clearly differentiated, the point when they will be removed. DR combinations were delivered by A. tumefaciens at the breakpoints. Over time, de novo gene-edited shoots were formed, and editing events are passed to the next generation. Maher et al. (2020) also test the system in grapevine potato plants (Table 2).



Carbon-Based Systems as a New Technology for Biomolecules Delivery

To date, plant biotechnology lacks a method that allows passive delivery of diverse biomolecules without the aid of external force. As discussed previously, traditional methods present host-range limitations and typically target immature plant tissue (calli, meristems, or embryos), while efficient protocols have only been developed for a narrow range of plant species.

In this era, nanotechnology applications in agriculture have quickly emerged since they have little impact on environment. Due to the large surface area, tunable pore size, cargo and structure, and their tailored functionality, nanomaterials are widely used as nanoparticle-based fertilizers (Liu and Lal, 2015); antimicrobial components like silver and copper nanoparticles (Morones et al., 2005; Borkow and Gabbay, 2009; Sharon et al., 2010; Adeleye et al., 2016; Keller et al., 2017); and nanotechnology, which is being extensively applied in the genetic modification of plant DNA (Ziemienowicz et al., 2012). Nanotechnology has become a promising genetic cargo delivery toolset that is (i) plant-species independent (Su et al., 2019); and (ii) capable of high performance despite the physical barriers presented in intact plant tissues such as the plant cell wall (Etxeberria et al., 2006; Liu et al., 2009; Demirer et al., 2019a). The use of nanotechnology in gene modification enables easy operation, high efficiency (1,000 times less DNA is needed compared to conventional DNA modification techniques), versatility (nanoparticles are capable of simultaneously introducing proteins, nucleotides, and chemicals), target-specific delivery, and on-site release (Climent et al., 2009; Lin et al., 2015; Milewska-Hendel et al., 2017).

Compared with other metal-based nanomaterials, carbon-based nanomaterials show much lower environmental toxicity and higher biocompatibility due to their non-toxic carbon backbone (Chen et al., 2015; Bhattacharya et al., 2016; Mukherjee et al., 2016). Additionally, they have variety of sizes and shapes (including nanosheets, nanotubes, nanodots). Herein, carbon-based nanomaterials have become very versatile and sustainable materials, thus they have been widely applied in agriculture (Mukherjee et al., 2016; Shojaei et al., 2019; Verma et al., 2019). CDs mainly include graphene quantum dots (GQDs), carbon nanodots (CNDs), and polymer dots (PDs). These nanoparticles possess a size of less than 10 nm and have inherent photoluminescence (PL) and photostability properties, biocompatibility, abundant source, water solubility, highly tunable PL properties, easy functionalization with biomolecules, and chemical inertness (Li et al., 2012; Zheng et al., 2015; Peng et al., 2017). This kind of carbon material is much smaller than carbon nanosheets and nanotubes, allowing the CDs to pass much more easily through the biofilm of the cells of a broad range of plant phenotypes and species, including immature plant tissue and mature plants (model organisms, crop plants, and orphan crops -plants notoriously recalcitrant to transformation-) (Schwab et al., 2016; Tripathi et al., 2017). Moreover, it avoids the use of antibiotics in culture media, overcoming the loss of viability of plant tissues and accelerating the regeneration processes and has no effect on photosynthesis or growth of transformed crops and provokes no damage (Doyle et al., 2019; Li et al., 2020). Therefore, we present CD as a promising alternative that can still be used to improve the transformation and regeneration of the grapevine. Although not much work of this type has been carried out in grapevine, we consider this technique suitable to cope with more sustainable transformation protocols, which would lay the foundations for genetic improvement of grapevine in the era of food and nutrition security.

Carbon-based system for the delivery of cargo (RNA, DNA, protein, and plant protection substances) into the plant cell, is gaining relevance as it is easy, fast, and inexpensive to manufacture, requires little equipment to make, and can be adapted to a variety of application strategies to obtain genetically modified plants (Table 3). For instance, CD–plasmid nanocomplexes can act as a delivery vehicle by which plasmids can be carried into plant somatic cells, allowing transient expression. In the work of Doyle et al. (2019), plasmid-coated PEG functionalized CDs were sprayed on wheat, maize, barley, and sorghum leaves. CD-plasmid complexes containing GFP gene with a nuclear localization sequence (NLS) were successfully introduced and transiently expressed into the nucleus. The plasmid also carried the Cas9 gene and gRNA to make a ∼250 bp deletion in the wheat SPO11 genes. Importantly, spraying CD-plasmid nanocomplexes onto intact leaves can edit the genome. Similarly to Wang et al. (2020), PEI-modified CDs (CDP) with a positive charge, provides a highly efficient CD-based DNA delivery system for rapid and transient gene expression. Hygromycin resistance was achieved smearing plants leaves or soaking roots of rice with CD-plasmid complexes containing hydamycin resistance gene, whereas dipping and vacuum mature rice embryo with CD-plasmid complexes containing β-glucuronidase induced callus.


TABLE 3. Carbon-based nanoparticles NPs as biomolecule carriers for transient expression.
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Nanosized carriers, like the oxidized multiwalled carbon nanotubes (MWCNTs) and single-walled carbon nanotubes (SWCNTs), were also studied to deliver DNA into mesophyll protoplasts, callus cells, and leaf explants. Thus, N. tabacum protoplasts were genetically transformed with the plasmid construct pGreen 0029, and a transient expression of the YFP reporter gene was shown in the protoplasts (Burlaka et al., 2015). While N. tabacum callus and leaf explants were genetically transformed by the nptII gene contained in the pGreen 0029 construct, regenerated plants were obtained on a selective medium. The investigation of Burlaka et al. (2015) demonstrated SWCNTs applicability for the transformation of protoplasts and walled plant cells. At the same time, MWCNTs demonstrated their applicability only for the transformation of protoplasts because of a limiting role of the cellulose wall against their penetration into the cells. Similarly, efficient GFP-encoding DNA plasmids or linear PCR amplicons and strong protein expression, without transgene integration, was achieved in N. benthamiana, arugula, wheat and cotton leaves, and arugula protoplasts. Demirer et al. (2019a) found that CNTs not only facilitate biomolecule transport into plant cells but also protect polynucleotides from nuclease degradation, without transgene integration. CNTs also have served as carrier of pDNA encoding yfp reporter gene for transient expression in the chloroplasts of mature arugula, watercress, tobacco and spinach plants and in isolated A. thaliana mesophyll protoplasts (Kwak et al., 2019).

The delivery of CD-based small interfering RNAs (siRNAs; double-stranded RNAs of 20–25 bp) into plant cells expands the spectrum of carbon-based NPs for molecule delivery into plant cells. RNA-induced gene silencing (also known as RNA interference) is a reliable method to study and alter the genetic form and function of plants. In Schwartz et al. (2020), PEI modified CDs (CDP) were used for delivering siRNA into the model plant N. benthamiana and tomato. Low-pressure spray application of these formulations with a spreading surfactant resulted in strong silencing of the reporter gene GFP transgenes in both species. The delivery efficacy of CD formulations was also demonstrated by the silencing of endogenous genes that encode two subunits of magnesium chelatase, an enzyme necessary for chlorophyll synthesis.

A breakthrough has been achieved in transient expression in plant somatic and embryogenic cells and protoplasts using carbon-based NPs as delivery method. This approach is very promising as it could be used to express genes and silence or increase gene expression, without gene integration, which would be particularly useful for plant developmental research. Moreover, it gives hope to the limitations of host restrictions. This kick off leads to more crops being assayed every day to test this new form of genetic cargo delivery. Particularly, for grapevine, only basic research has been carried out using NPs. However, it already stands out with interesting and eligible properties. For instance, in the work of Valletta et al. (2014), poly(lactic-co-glycolic) acid (PLGA) based CDs were demonstrated to cross the plant cell wall and membrane of V. vinifera cell cultures and grapevine-pathogenic fungi. By means of fluorescence microscopy, PLGA CDs can enter into grapevine leaf tissues through stomata openings so that they can be absorbed by the roots and transported to the shoot through vascular tissues. Viability tests demonstrated that PLGA CDs were not cytotoxic for V. vinifera-cultured cells. The cellular uptake of PLGA NPs by some important grapevine-pathogenic fungi shows promising potential for future use in agricultural applications, offering the possibility to deliver chemicals to specific targets in a controlled manner.

In the future, refinement and optimization experiments will surely lead to stable edited gene lines targeting plant germ line cells. Nevertheless, for all types of genetic modification, a comparable high efficacy with less established plant species needs to be shown.




CONCLUSION

Up to now, most of the work carried out in grapevine genetic transformation has had relative success due to the problems related to the transformation processes and the difficulty in plant regeneration. This process is generally time-consuming and involves several laborious steps (Figure 1A).
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FIGURE 1. Comparison of traditional and emerging transformation and edition techniques. (A) Traditional Agrobacterium-mediated embryo transformation. Embryos are obtained and then incubated with A. tumefaciens. Multiple steps of selection are done to identify transgenic callus. Selected calli are transferred to shoot induction media follow by root induction media. Finally, plants are transferred to soil. (B) Induction of transgenic shoots on soil-grown plants. Meristems are removed, and DRs and gene-editing reagents are delivered by A. tumefaciens. After a while, de novo gene-edited shoots are formed and editing events are transmitted to the next generation. (C) Induction of edited shoots using the GRF–GIF chimera. GRF4–GIF1/CRISPR–Cas9–gRNA construction is delivered by A. tumefaciens. As a result, an increase in regeneration efficiency is observed. The shoots are then transferred to a medium to root and develop into whole plants. (D) Proposed model for nanoparticle mediated CRISPR/Cas9 in plant engineering. Nanoparticles can deliver DR and CRISPR/Cas9 reagents into plant cells, resulting in transgenic plants through de novo induction of meristems.


As shown in the present review, the preferred transformation method for stable grapevine transformation is Agrobacterium, and that most of the works have focused mainly on the use of few grapevine cultivars like “Chardonnay” and “Thompson Seedless.” Regarding the use of antibiotics for the selection of transformants, the determination of the optimal concentration for each genotype emerged as a necessary step since antibiotic sensitivity showed to be genotype-dependent. Accordingly, the possibility of using reporter genes such as GFP or RUBY as a control of the transformation appears as an attractive alternative. Therefore, the use of new technologies and their combination is required to facilitate the recovery of many plants in a large number of grapevine cultivars. In this sense, the application of the technologies proposed by Debernardi et al. (2020) and Maher et al. (2020) would be very useful to increase regeneration rates (Figures 1B,C). As previously mentioned, the tissues used for transformation are sensitive to infection with A. tumefaciens. For this reason, the use of nanoparticles-derived delivery systems, such as CDs, emerges as an alternative to overcome this problem with the advantage that it would allow to extend the range of hosts. This work proposes the possibility of combining the technologies developed by Debernardi et al. (2020) and Maher et al. (2020) together with the delivery of vectors mediated by nanoparticles, with the aim of overcoming problems and limitations related to the classical methodology of grapevine transformation and plant regeneration (Figure 1D).
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The Asteraceae family is the largest and most diversified family of the Angiosperms, characterized by the presence of numerous clustered inflorescences, which have the appearance of a single compound flower. It is estimated that this family represents around 10% of all flowered species, with a great biodiversity, covering all environments on the planet, except Antarctica. Also, it includes economically important crops, such as lettuce, sunflower, and chrysanthemum; wild flowers; herbs, and several species that produce molecules with pharmacological properties. Nevertheless, the biotechnological improvement of this family is limited to a few species and their genetic transformation was achieved later than in other plant families. Lettuce (Lactuca sativa L.) is a model species in molecular biology and plant biotechnology that has easily adapted to tissue culture, with efficient shoot regeneration from different tissues, organs, cells, and protoplasts. Due to this plasticity, it was possible to obtain transgenic plants tolerant to biotic or abiotic stresses as well as for the production of commercially interesting molecules (molecular farming). These advances, together with the complete sequencing of lettuce genome allowed the rapid adoption of gene editing using the CRISPR system. On the other hand, sunflower (Helianthus annuus L.) is a species that for years was considered recalcitrant to in vitro culture. Although this difficulty was overcome and some publications were made on sunflower genetic transformation, until now there is no transgenic variety commercialized or authorized for cultivation. In this article, we review similarities (such as avoiding the utilization of the CaMV35S promoter in transformation vectors) and differences (such as transformation efficiency) in the state of the art of genetic transformation techniques performed in these two species.

Keywords: transgenesis, sunflower, lettuce, model species, Asteraceae


INTRODUCTION

Asteraceae is the largest and most diversified Angiosperm family (Funk et al., 2005). With more than 24,000 described species, it is estimated that this family represents about 10% of all flowering species. It includes economically important crops, wild flowers, herbs, and several species that contain molecules of medical interest (Dempewolf et al., 2008). Domesticated crops include food crops (lettuce, chicory, and topinambur), oil (sunflower and safflower), medicinal (Echinacea and chamomile), and many ornamentals (chrysanthemum, dahlia, zinnia, gerbera, and others). Alternatively known as Compositae, this family is characterized by the presence of numerous grouped inflorescences that have the appearance of a single “compound” flower. It is divided into three major subfamilies and a minor subfamily, with lettuce, sunflower, and safflower being the agronomically important representatives of the major subfamilies. They present a great biodiversity encompassing the extreme environments on the planet and not only in the areas between the tropics, as occurs in the rest of the Angiosperms. With the exception of Antarctica, representatives of this family are found in all environments and continents (Funk et al., 2005).

The study and application of biotechnological techniques related to in vitro culture and transformation in species of the Asteraceae family have been developed mainly in chrysanthemum, lettuce, and sunflower. In the case of chrysanthemum, one of the most important cut flowers and ornamental plants used all over the world, important advances were made on different biotechnological aspects detailed in numerous research and reviewed by Darqui et al. (2017) and Boutigny et al. (2020). Unlike other ornamental species, in vitro micropropagation via somatic embryos or shoot regeneration is not used for chrysanthemum large-scale production. There are no reports of varieties generated from somatic hybrids, cryopreservation is not used to maintain existing varieties and unlike other ornamental plants, such as carnation or rose, there are no transgenic chrysanthemum varieties available on the market (Visser et al., 2007; Chandler and Sanchez, 2012) even though an authentic blue chrysanthemum was obtained (Noda et al., 2017).

Sunflower is one of the most important sources of edible oil and total world sunflower seed production, 52million tons for 27million ha in 2018, goes almost exclusively to oil extraction, providing 9% of total world volume (Pilorgé, 2020). Its oil is considered of good quality because of its light taste and appearance but especially because it supplies more vitamin E than any other vegetable oil. Sunflower and peanut are the only major vegetable oil-yielding crops that have no genetically modified (GM) varieties authorized for commercial use. Sunflower biotechnological improvement is limited to molecular marker-assisted selection and transgenic sunflower can only be found in controlled and experimental environments.

Lettuce, on the other hand, is a model species in cell biology and biotechnology research, due among other factors, to its good response to tissue culture. Lettuce is a leafy vegetable that is globally grown and widely consumed (Kim et al., 2016). The development of a stable transformation system in lettuce has enabled the introduction of many potentially useful genes in this crop, oriented to the molecular breeding of lettuce itself as well as to the production of molecules of economic interest. This model plant has also been selected as a platform for recombinant production of miraculin, a taste-modifying glycoprotein extracted from the red berries of the West African native shrub Richadella dulcifica (Hirai et al., 2011). Lettuce has advantages for biotechnology applications, for instance, it can be eaten fresh allowing the preservation of proteins. Its adaptability to greenhouse conditions and hydroponic culture allows cultivation, that can be easily scaled up or down, in controlled environments. As a plant bioreactor, its life cycle is shorter than in other plant alternatives allowing the recovery of the product of interest in a short term.

Although these three vegetable species are very different in many aspects, they may present unwanted responses when the CaMV35S promoter, the most used constitutive promoter in plant biotechnology, is used for plant transformation. During the mid-1990s, it became increasingly clear that this promoter was less active in chrysanthemum than in, for example, tobacco (Outchkourov et al., 2003). In lettuce, the expression level was as high as in other species but the transgene was unstable and lost after two or three generations (Davey et al., 2007), although still used in most studies. In sunflower, vectors containing CaMV35S promoter regulating β-glucuronidase gene (GUS) showed a low and non-constitutive expression pattern in T1 plants while the detection of transgenes was not possible in T2 plants due to its genetic instability (Radonic, 2010).

The development of efficient Asteraceae transformation systems has often been combined with the transfer and assessment of target genes for traits, such as plant architecture and resistance to biotic and abiotic stresses. The use of suboptimal transformation protocols and expression vectors resulted in a considerable number of reports with some independent lines with low expression of the transgene, so there is unclear or doubtful data about inserted genes effects. This situation is evident in the transformation of sunflower, while in the case of lettuce, it could be partially overcome due to its good response and adaptation to in vitro cultivation. In this review, we focus on these two species with such contrasting behavior in response to plant in vitro culture and transformation efficiency.



SUNFLOWER

There is a worldwide interest of growers in sunflower improvement, demonstrated by the rapid adoption of the first herbicide-tolerant non-GM sunflower (Clearfield®). This trait consists of an imidazolinone (IMI) genetic resistance identified in a wild population of H. annuus (Miller and Al-Khatib, 2002) that was incorporated into elite germplasm through conventional breeding. However, no transgenic sunflower has reached cultivation and commercialization approval in any country so far. This shows the existing difficulties in sunflower breeding by transgenesis.

Since the first studies referring to sunflower in vitro culture, difficulties were evident in the regeneration step even from diverse explant sources and with different systems. The first publications discarded shoots or embryo regeneration from callus (Greco et al., 1984; Paterson and Everett, 1985; Wilcox McCann et al., 1988). Besides, in vitro culture response is highly genotype dependent (Fiore et al., 1997; Gürel and Kazan, 1998). The few advances obtained in tissue culture from cotyledons, immature embryos, shoot tips, protoplasts, hypocotyls, or leaves are detailed in Moschen et al. (2014) or in Dagustu (2018) where the more than 50 reviewed articles show that sunflower is a still difficult species to deal with because of its low regeneration ability. Different research groups continue working in solving this issue and trying to improve sunflower in vitro culture. For example, Zhang and Finer (2016b) described the use of a cytokinin pulse treatment for shoot induction followed by the use of gibberellic acid (GA) for shoot development and elongation, combining with micrografting for high-efficiency recovery of plants from developed shoots. Similarly, Islam et al. (2021) have performed in vitro direct organogenesis from cultured seed of sunflower. Aurori et al. (2020) tested various auxin treatments trying to analyze the morphogenetic potential of a new explant, the apex with primordial leaves resulting from ungerminated mature zygotic embryos.

The poor response in tissue culture directly affected the development and obtaining of transgenic sunflower. This is due to the necessity of the transformation of as many cells as possible and with a good regeneration potential to ensure the success in genetic transformation. To summarize, most published transformation systems for sunflower are based on the work of Alibert et al. (1999), explained in detail in Radonic et al. (2015), consisting of the following steps: imbibition of seeds, excision of embryonic axes, co-culture with Agrobacterium tumefaciens, induction of shoots, and recovery of transformed shoots, selection, shoot elongation, transfer to greenhouse, and acclimatization. This scheme produces, by direct organogenesis, one or two shoots per explant derived from the association of several cells of each explant, so they are frequently chimeric (Schrammeijer et al., 1990) where transgenic sectors may not lead to the recovery of transgenic progeny (Burrus et al., 1996). A recently review on sunflower transgenesis (Sheri et al., 2020) lists 51 publications describing the transformation method used (mostly using Agrobacterium, but also gene gun or a combination of both methods), the genes introduced and a brief description of the characteristics obtained.

In order to overcome the low levels of transformation due to the poor response to tissue culture and low regeneration rate, Molinier et al. (2002) used the ipt gene to induce transient expression of cytokinins. The latest attempt to improve in vitro regeneration was the overexpression of the developmental transcription factor growth-regulating factor 5 (GRF5) gene from Arabidopsis thaliana or its orthologous (Kong et al., 2020). This strategy significantly increased the frequency of shoots expressing green fluorescent protein (GFP) marker protein per explant. Nevertheless, transformation efficiency was not always enhanced, suggesting that this increase in transgenic shoot number is due to the proliferation of more shoots from the same transformed explants. This research opens an interesting opportunity to adjust the use of GRF5-induced regeneration and to improve the transgenesis protocol.

Regarding selection genes, neomycin phosphotransferase (nptII) gene is still the most widely used. However, the only reliable characteristic for the screening of transgenic shoots was the in vitro formation of roots and not the bleaching green tissues in presence of kanamycin (Radonic et al., 2006). There are only a few cases where other selection agents were used, such as the hygromycin antibiotic (hpt gene; Benzle et al., 2015; Zhang and Finer, 2016a) and the phosphinothricin herbicide, in its variants glufosinate, BASTA®, or bialaphos (bar gene; Escandon and Hahne, 1991; Neskorodov et al., 2010).

Zhang and Finer (2016b) developed another approach to improve sunflower transformation efficiency using a low inoculum of Agrobacterium at about 6×102CFUml−1 with a long co-culture period of 15days, which avoid the suppression of plant regeneration or activation of defense responses. This relatively low amounts of bacteria mimics the natural infestation of plants by Agrobacterium, which led to an average of three transformed shoots per explant (in a 20% of treated explants) while the use of a typical co-culture method did not produce transformed shoots. Nevertheless, this study was restricted to T0 plants and there is no information about the transgene stability or expression level obtained. A further analysis of this strategy must be considered.

Besides the previously mentioned difficulties in sunflower transformation, what it appears to be one of the causes to prevent the success in obtaining sunflower transgenic lines is the use of the constitutive CaMV35S promoter (Radonic, 2010). CaMV35S promoter (Benfey and Chua, 1990) is the most widely used sequence for gene expression during the genetic transformation of plant species, both monocotyledonous and dicotyledonous, regulating the expression of reporter, selection, or interest genes and it is present in different highly popular vectors like pCAMBIA, pPZP, pGWB, Gateway. However, despite the success in the use of this promoter, some studies described expression patterns different from that expected for a constitutive promoter. In the case of the Asteraceae family, the lack of β-glucuronidase activity under the regulation of this promoter was described in chrysanthemum (Annadana et al., 2001; Outchkourov et al., 2003). These difficulties led to the use of new alternative promoters to express genes in both leaf and flower (Annadana et al., 2002a,b; Outchkourov et al., 2003; Aida et al., 2004, 2005).

In A. thaliana, Yoo et al. (2005) described an effect in trans of the CaMV35S promoter, which affected and altered the expression pattern of tissue-specific transgenes, modifying the phenotype of transgenic plants. This interference disappeared when this promoter was replaced, suggesting that these effects were caused by the enhancer of the CaMV35S promoter. Subsequently, Zheng et al. (2007) described that the presence of the CaMV35S promoter transformed specific promoters AGL5 (ovarian-specific), PAB5 (early embryogenesis-specific), and AAP2 (reproductive and vascular tissue-specific) into constitutive ones. Also in arabidopsis, Gudynaite-Savitch et al. (2009) studied the interference of CaMV35S promoter regulating the selection gene, over specific promoters which lose their transcriptional specificity. This effect disappeared when the CaMV35S promoter was replaced or the distance among promoters was increased in the vector. Additionally, they found that this negative interaction was promoter dependent suggesting that it should be studied for each promoter combination.

Transgenic sunflower events expressing the β-glucuronidase reporter gene under the CaMV35S promoter showed low expression levels, even when using different selection genes (bar or nptII) in the same transformation vector (Radonic et al., 2006). In all cases, GUS staining was detected in a specific-tissue pattern in the trichomes of young leaves, being necessary the use of stereoscopic magnifying glasses. Additionally, the instability of the transgenes in T1 events was observed.

The replacement of CaMV35S promoter by the chrysanthemum rbcS1 (ribulose bisphosphate carboxylase small subunit) promoter improved transformation efficiency in sunflower, increasing the number of seedlings capable of rooting in kanamycin and, for the first time, a typical constitutive expression of the GUS reporter gene (Figure 1A) was observed in T1 plants (Radonic, 2010). This suggested that CaMV35S promoter was affecting in trans the expression of the selection gene regulated by the nos promoter, as mentioned in the preceding paragraphs. In addition, the seedlings obtained with the rbcS1 promoter presented a healthy appearance and most of them were able to develop abundant roots in selective medium (Figures 1B,C). Also, these shoots were successfully transferred to the greenhouse, producing bigger plants with larger flower heads and a significant increase in the number and size of achenes (Figures 1D–G).
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FIGURE 1. Comparison of transgenic sunflowers carrying constructions with either CaMV35S or rbcS1 promoters. GUS histochemical staining of leaves from rbcS1 promoter-GUS gene transgenic (left) and control (right) sunflower plants (A). In vitro root development in kanamycin with constructions carrying either CaMV35S (B) or rbcS1 (C) promoters. Sizes of achenes from transgenic sunflowers carrying constructions with either CaMV35S (D) or rbcS1 (E) promoters. Weight of achenes in mg *p<0.01 (t-test) (F) and number of achenes per floral chapter ***p<0.001 (Welch’s t-test) (G) from transgenic sunflowers carrying constructions with either CaMV35S or rbcS1 promoters. Source: Radonic (2010).


Most studies in sunflower transformation use CaMV35S or 2XCaMV35S promoter to direct the expression of the gene of interest or the marker gene, and even recently, 2XCaMV35S promoter was used to obtain plants with improved salinity tolerance (Mushke et al., 2019). There are some exceptions: The petunia FBP1 promoter used to control the HAM59 MAD-box gene (Shulga et al., 2015), and scp1 and supermas promoters overexpressing the wheat OXO gene (Hu et al., 2003). About this last research, it must be highlighted that homozygous T4 plants were evaluated. This is remarkable because most sunflower transformation studies show results obtained in T0 and T1 generations. This could be due to difficulties in obtaining plants in successive progeny (T2 or further), possibly because of transgene instability caused by the use of the CaMV35S promoter. Information provided by T0 is very limited as the obtained plants are generally chimeras; then, it is possible that inflorescences are not transformed, producing non-GM descendants.

The only study that showed a stabilized T4 sunflower transgenic line carrying the CaMV35S promoter was Singareddy et al. (2018). They reached this generation with five events, although they transformed 24,328 explants. These authors experienced the problems mentioned in the previous paragraphs as they described that only 20 plants that reached maturity in T0 produced seeds that germinated successfully, while other plants produced one or two seeds either filled or vain.



LETTUCE

Contrary to sunflower, lettuce is very amenable to different in vitro culture techniques (Doerschug and Miller, 1967; Michelmore and Eash, 1986). Consequently, effective lettuce transformation protocols were early established (Michelmore et al., 1987) by both callus induction and shoot regeneration using different genotypes showing their tissue culture responsiveness (Curtis et al., 1994). Since then, many articles were published on lettuce transgenesis, many of which were revised in previous publications (Davey et al., 2007; Song et al., 2014). Thus, this work will focus on technical progress achieved on lettuce transformation during the last decade.

In addition to its responsiveness to tissue culture and genetic transformation, lettuce has characteristics that makes it a model species: it has a short life cycle, which allows a rapid recovery of complete plants, molecules of interest, and transgenic progeny, it is an autogamous plant with a completely sequenced diploid genome (Reyes-Chin-Wo et al., 2017), which facilitates the obtaining of homozygous transgenic lines, and it can be cultured and grown at chamber, in hydroponics, in the greenhouse or in the field, allowing an easy scaling-up or -down of its production. As a model species, lettuce has been widely used for the characterization of endogenous genes, like 9-cis-epoxycarotenoid dioxygenase 4 (NCED4; Huo et al., 2013), small rubber particle protein genes LsSRPP4 and LsSRPP8 (Chakrabarty et al., 2014) and cisprenyltransferase-like 2 (CPTL2; Qu et al., 2015), or foreign genes, such as heat shock protein gene AtHSP17.8 (Kim et al., 2013) and glycine-rich protein gene AtGRDP2 (Ortega-Amaro et al., 2015) from arabidopsis or the C3HC4-type RING zinc finger gene CaRZFP1 from pepper (Kesawat et al., 2018). Lettuce is a particularly interesting model system in functional genomics studies within the Asteraceae family (Moschen et al., 2014), as it is phylogenetically related with these species. For example, lettuce has been used to study the tissue specificity of the sunflower HaAP10 promoter, which directed GUS expression in lettuce seeds (Zavallo, 2011).

Furthermore, lettuce is one of the most used species in molecular farming strategies, because it grows quickly under greenhouse conditions and can produce a high amount of green biomass that can be consumed fresh or lyophilized. This make lettuce tissues promising vehicles for biopharmaceutical production, for example, in the production of plant-based oral vaccines, which are considered alternatives or supplements to standard injection vaccines, with the possibility to simplify vaccination procedures. One example is the obtaining of lettuce plants expressing a small surface antigen of hepatitis B virus (S-HBsAg), which progressed toward the use of lettuce tissues for oral vaccination in mice (Pniewski et al., 2011), or the development of lettuce plants expressing a double Shiga toxin 2e (Stx2e) from enterohemorrhagic Escherichia coli and the oral vaccination of piglets to induce protection against pig edema disease (Matsui et al., 2011; Hamabata et al., 2019).

Moreover, lettuce has the potential to ameliorate genetic or infectious diseases through RNA interference (RNAi) approaches. Its endogenous molecular machinery was exploited to express artificial microRNAs (amiRNAs) against HBsAg and the administration of a lettuce decoction in HBsAg−/+ transgenic mice inhibited the expression of this gene (Zhang et al., 2019). Lettuce was also used to produce amiRNAs against complement 3 (C3) and coagulation factor 7 (CF7) mouse mRNAs, two proteins whose excessive production can cause blood clots (Kakeshpour et al., 2019).

A specialty of molecular farming is the use of transplastomic technology, which facilitates the expression of molecules of interest, by expressing 10,000 copies of transgene per cell. It also has the advantage that plastid DNA is absent in pollen, avoiding foreign gene escapes into the environment. Successful examples of lettuce transplastomic platforms are the production of therapeutic human proteins Thioredoxin 1 (Lim et al., 2011) and Granulocyte Colony-Stimulating factor (Tabar et al., 2013) or the production of a Dengue virus tetra-epitope peptide (Maldaner et al., 2013). Also, there is a study showing efficient expression of coagulation factor IX for hemophilia treatment (Su et al., 2015). Another example is the expression of the poliovirus capsid protein (VP1) fused with the Cholera non-toxic B subunit (CTB) in lettuce chloroplasts for the development of a virus-free oral polio booster vaccine (Daniell et al., 2019) or the production of codon optimized Pro-insulin-like growth factor-1 (Pro-IGF-1) fused with the CTB transmucosal carrier or cell penetrating transduction domain (PTD), for treatment of musculoskeletal diseases (Park et al., 2020).

However, there are cases in which transplastomic lettuce plants were unable to produce the desired protein. For example, expression of an immunogenic protein against the influenza virus chloroplast was attempted without success, although northern blot analyses demonstrated transgene expression, the heterologous protein was not identified (Lelivelt et al., 2005). Another example is the rhBMP2 gene, which encodes a human protein participating in bone and cartilage regeneration, that was introduced in two regions of the lettuce chloroplast genome, but although the presence of steady-state mRNA was confirmed, it was not possible to detect BMP2 proteins in leaves (Queiroz et al., 2019). However, BMP was reported to be a difficult-to-produce protein in several expression systems including E. coli, Pichia pastoris, insect, and mammalian cells because of the impairment of protein folding and post-translational modifications (Ceresoli et al., 2016).

The development of a stable transformation system in lettuce allowed the introduction of many genes toward crop breeding. Recent studies on biotic stress-resistance improvement include transgenic plants expressing antimicrobial peptides, like rabbit defensin NP-1, which demonstrated antimicrobial activity against Bacillus subtilis and Pseudomonas aeruginosa in in vitro assays using transgenic extracts (Song et al., 2017) or potato snakin-1 overexpressing plants which showed in vivo enhanced tolerance against necrotrophic fungi Sclerotinia sclerotiorum and Rhizoctonia solani (Darqui et al., 2018b).

The RNAi-based technology was also used to obtain mirafiori lettuce big-vein virus (MLBVV) resistant plants by the introduction of inverted repeats of the coat protein gene (Kawazu et al., 2016), plants expressing siRNAs that suppressed Highly Abundant Message #34 (HAM34) or Cellulose Synthase (CES1) Bremia lactucae genes, thus reducing B. lactucae growth and sporulation (Govindarajulu et al., 2015) or plants expressing dsRNAs targeting whitefly v-ATPase transcripts, to interfere with the insect life cycle (Ibrahim et al., 2017).

In relation to abiotic stress-resistance, the overexpression of arabidopsis heat shock protein AtHSP17.8 led to hypersensitivity to ABA and enhanced lettuce resistance against dehydration and high salinity stresses (Kim et al., 2013).

In recent years, advances were obtained in different aspects of lettuce transformation protocols. For example, improvements were made to optimize cell suspension culture conditions, including hormonal combinations, pH, temperature, and salt concentrations, of rol ABC- and rol C-transformed lines, in order to increase biomass for a large-scale production of secondary metabolites (Ismail et al., 2019).

Regarding selection methods, 75mg/L of kanamycin was the optimum threshold concentration to select kanamycin-resistant transgenic plantlets while avoiding escapes, when using the selection cassette pnos-nptII-tnos. Morphological responses of transgenic and non-transgenic seedlings to kanamycin were evaluated and lateral root development showed an early, qualitative and reliable association with nptII presence, as corroborated by PCR detection. This method allowed a simplified scaling-up of the production of multiple homozygous transgenic progeny lines in early generations, avoiding expensive and time-consuming molecular assays (Darqui et al., 2018a).

Also, a lettuce micropropagation protocol using axillary buds was developed to avoid the risk of somaclonal variation during the mass-scale production of transgenic lines carrying HBV surface antigens (Pniewski et al., 2017).

In addition, the relative ease achieved in lettuce transformation facilitated a rapid adoption of CRISPR-mediated gene editing. This is reflected in the rapid development of gene editing protocols by protoplasts transfection (Woo et al., 2015; Park et al., 2019) or by A. tumefaciens-mediated transformation (Bertier et al., 2018; Zhang et al., 2018; Luo et al., 2020; Yu et al., 2020). In most of these studies, development and/or hormonal regulation-related genes were knocked-out.

Although lettuce is amenable to plant transformation and tissue regeneration, the accomplishment in obtaining new varieties will depend not only on the effectiveness of the transformation protocols but also on the selected gene construct. Even though it seemed to be relatively easy to introduce foreign DNA into lettuce germplasm, transgenes are not always correctly expressed or inherited.

For example, as in sunflower, the CaMV35S promoter was the most traditionally used promoter for expression of genes in lettuce transformation. However, difficulties in the use of this genetic element were also detected. McCabe et al. (1999) observed that 97% of T0 plants transformed with the bar gene under the plastocyanin promoter from pea (petE)-transmitted herbicide resistance until the T3 generation, while only 2.5% of the T0 plants transformed with CaMV35S-bar transferred this phenotype to the third generation. In addition, miraculin expression under the ubiquitin promoter was higher and more stable than under the CaMV35S promoter (Hirai et al., 2011). Moreover, site-specific promoter methylation resulted in transgene silencing in CaMV35S-GFP plants (Okumura et al., 2015).

In view of this background reports, it was decided to use the rbcS1 promoter to drive the expression of the antimicrobial peptide Snakin-1 (Darqui et al., 2018b). This plant promoter from an Asteraceae species, which has shown to increase expression levels compared to the CaMV35S promoter in sunflower (Radonic, 2010), directed a stable expression in lettuce of snakin-1 in T4 progenies.



CONCLUSION

Different publications on sunflower and lettuce genetic transformation were reviewed in this work, and it is concluded that these Asteraceae species have certain specific characteristics of their own.

In the case of sunflower, despite the importance of this crop, the delay in its biotechnological improvement could be due to two main reasons: its poor response to tissue culture and its very low regeneration levels, for which it is still considered a recalcitrant species, and the extensive use of the CaMV35S promoter. We believe that the application of regeneration-promoting genes and the use of more suitable promoters will allow the obtaining of biotechnologically improved sunflower plants stably expressing the traits of interest through generations.

In lettuce, a highly responsive species to tissue culture, it is possible to regenerate and obtain fertile plants from numerous explants, even by protoplast regeneration. Moreover, nuclear and chloroplast genetic transformation has been successfully implemented to improve crop characteristics or to produce molecules of interest. This plasticity enabled the rapid implementation of CRISPR-mediated gene editing protocols. As in sunflower, it is advisable to avoid the use of the CaMV35S promoter in genetic transformation.

Although Arabidopsis and tobacco are commonly used as model species, evidence shows that genetic constructs that work successfully in these species may present difficulties in the Asteraceae species mentioned in this review. This situation indicates the advantage of using lettuce as a model plant, as was previously discussed. The advancement of sunflower and lettuce biotechnological improvement will also depend on the search and implementation of appropriate regulatory elements for these species.

It will be possible to continue advancing in the genetic transformation and gene editing of these plant species taking into account all these considerations.
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Transgenic technology is increasingly used in forest-tree breeding to overcome the disadvantages of traditional breeding methods, such as a long breeding cycle, complex cultivation environment, and complicated procedures. By introducing exogenous DNA, genes tightly related or contributed to ideal traits—including insect, disease, and herbicide resistance—were transferred into diverse forest trees, and genetically modified (GM) trees including poplars were cultivated. It is beneficial to develop new varieties of GM trees of high quality and promote the genetic improvement of forests. However, the low transformation efficiency has hampered the cultivation of GM trees and the identification of the molecular genetic mechanism in forest trees compared to annual herbaceous plants such as Oryza sativa. In this study, we reviewed advances in transgenic technology of forest trees, including the principles, advantages and disadvantages of diverse genetic transformation methods, and their application for trait improvement. The review provides insight into the establishment and improvement of genetic transformation systems for forest tree species. Challenges and perspectives pertaining to the genetic transformation of forest trees are also discussed.
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INTRODUCTION

As important plant materials, forest trees are crucial for ecological preservation, climate regulation, building materials, road greening, and energy supply (Trumbore et al., 2015). However, breeding forest trees take a long time, and advanced-generation breeding populations are needed due to their long life span. Molecular breeding methods based on genetic transformation facilitate breeding and overcome the disadvantages of directional improvement, breeding, and the difficulty of distant hybridization and inter-specific hybridization that characterizes traditional breeding (Fang and Han, 2019). Furthermore, two or more traits can be simultaneously improved in genetically modified (GM) trees, enabling the improvement of the adaptability and productivity of forest trees (Martínez-Gómez, 2019). Genetic transformation is complicated by the complexity and diversity of forest genomes. Compared to annual crops, transgenic research on forestry trees started late and efficient transformation systems for many tree species have not been successfully established. Thus, it is important and indispensable to understand the parameters of genetic transformation of forest trees and elucidate challenges in transgenic technology, accelerating the application of GM trees for sustainable development.

To date, transgenic investigation of trees has focused on the transformation efficiency using marker genes, the regeneration of the transgenic plant tissues into complete plants, the introduction of introducing exogenous genes into receptor genomes, and gene function and regulation mechanism (Yu et al., 2021). Genetic engineering has been successfully applied to forest trees including Populus, used as a model plant for gene function research based on the establishment of a complete genetic transformation system (Zhou Y. et al., 2020; Guo et al., 2021). To generate GM forest trees, the most widely used transgenic method involves Agrobacterium tumefaciens-mediated. Gene gun-mediated, pollen tube pathway, and protoplast transformation methods can also be used. Mobile genetic techniques, such as clustered regularly interspaced short palindromic repeats (CRISPR)-associated (CRISPR-Cas) systems, have recently been applied to forest tree breeding (Shivram et al., 2021). Transgenic technology has been used to modify insect, herbicide, abiotic stress, disease resistance, wood properties, flowering regulation, and phytoremediation (Liao and An, 2013; Ding et al., 2016; Xu and Zhai, 2021; Yu et al., 2021).

In this study, we reviewed the advantages and disadvantages of diverse genetic transformation methods and their application to forest trees for enhancing insect, disease, and abiotic-stress resistance. Also, the challenges in transgenic engineering of forest trees are presented, and potential future work is discussed. This review provides insight into the establishment and improvement of genetic transformation systems for forest tree species.



ADVANCEMENTS IN TRANSGENIC TECHNOLOGIES FOR FOREST TREES


Agrobacterium tumefaciens-Mediated Transformation

Agrobacterium tumefaciens-mediated transformation is the most commonly used method of genetic transformation of forest trees. A. tumefaciens could deliver DNA molecules into plant cells for integration of exogenous genes into the host genome (Chilton et al., 1977). A. tumefaciens-mediated genetic transformation of plants is a rare example of naturally occurring trans-kingdom DNA transfer (Lacroix and Citovsky, 2013). A. tumefaciens-mediated genetic transformation system has been widely applied in poplars, such as Populus tomentosa, Populus alba × Populus glandulosa, Populus simonii × Populus nigra, and Cinnamomum camphora (Table 1) (Du et al., 2008; Li et al., 2020a,b; Ma et al., 2020; Guo et al., 2021). Furthermore, it has also been successfully established in some other forest trees, such as Betula platyphylla, Eucalyptus urophylla, and Juglans (Wang, 2015; Li et al., 2021a; Zhong et al., 2021).


TABLE 1. Transgenic plants successfully obtained by Agrobacterium tumefaciens transformation.
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Due to its simplicity and high repetition rate, leaf disk transformation is the most widely used method for plant transforming using A. tumefaciens. The transformation receptor, infection and coculture time, of genetic transformation might differ among forest tree species (Table 2). However, as explants, young leaves (top 3–5 leaves of tissue culture plantlets) are amenable to genetic transformation, and the infection and coculture times depend on the secondary metabolites produced by plants. Additionally, bacterial density in the logarithmic growth phase (optical density at 600 nm = 0.6–0.8) is suitable for the genetic transformation of most forest trees. Moreover, callus induction from plant organs and infection with A. tumefaciens can be conducted to generate transgenic plants. The stability of callus germination can be tested by using beta-glucuronidase (GUS)-labeled vectors to infect calli of Hevea brasiliensis (Lardet et al., 2011). A large number of transgenic plants can be produced in a relatively short period by A. tumefaciens-mediated transformation, contributing to the acquisition and rapid renewal of transgenic trees.


TABLE 2. Infection time and coculture time of different trees.
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Agrobacterium tumefaciens-mediated transformation is simple, economical, and efficient. It is also important for investigating gene function and the cultivation of transgenic plants. However, A. tumefaciens infection is limited to certain species and genotypes. A. tumefaciens residues may form crown galls, resulting in the yield reduction of transgenic plants (Guo et al., 2019). Further consideration should be given to the field applications of A. tumefaciens-mediated transgenic trees.



Gene Gun-Mediated Transformation

The principle of the gene gun method is to use accelerators to transfer particles coated with exogenous genes into receptor cells, tissues, or organs so that the exogenous genes can be integrated into the receptor genome and expressed (Zhang et al., 2013). This method is mainly applied to crops and some fruit trees such as wheat, corn, bean, and citrus (Ozyigit and Yucebilgili Kurtoglu, 2020). Compared to A. tumefaciens-mediated transformation, the gene gun method is not limited by genotype (Ozyigit and Yucebilgili Kurtoglu, 2020). The applications of gene gun-mediated transformation in forest trees are listed in Table 3; gene gun technology has considerable potential in forest tree research.


TABLE 3. Gene gun-mediated transformation in different tree species.
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The efficiency of gene gun-mediated transformation is affected by receptor types, culture conditions, and transformation parameters (Wang B. et al., 2018). The transformation efficiency of plant cells or tissues with strong regeneration ability and strong physiological activity is high. For example, a highly efficient transformation system involving particle bombardment of the callus of date palm was reported (Mousavi et al., 2014). Gene gun transformation is also unrestricted in terms of the materials and cells to which it can be applied. The gene gun method could overcome the drawbacks of A. tumefaciens-mediated transformation and improve transformation efficiency. For example, the drought-related genes JERF36, ZxZF, AREB, and GST were cotransformed into Populus euramericana by particle bombardment to generate transgenic poplar with drought tolerance (Cui, 2012). However, gene gun-mediated transformation has low transformation efficiency, inserts multiple gene copies, and can inactivate or silence the transformed genes. Additionally, the exogenous genes are expressed unstably and easily lost on bombardment. There is an increased likelihood of non-transformants or chimerism, possibly leading to abnormal gene expression and coinhibition.



Pollen Tube Pathway

The pollen tube pathway uses pollen tubes naturally formed after plant pollination to carry out genetic transformation and typically comprises three steps, namely, foreign gene injection into the pollen tube, integration into the plant genome, and selection of transgenic plants (Wang M. et al., 2018). Compared to other transformation methods, the pollen tube pathway undergoes a short period of application in transgenic plants, and there are few reports of its use in forest trees, so further research should be needed in this field. The pollen tube method was used to introduce the total DNA of P. alba into Populus liaoningensis sp. nov × Populus deltoids cv. “N001,” and the phenotypic characteristics of the donor poplar were evident in four transgenic lines (Zhao, 2016). Intriguingly, Ve gene transfer into the walnut genome by the pollen tube pathway resulted in a lower malformed fruit rate than stigma-cutting addition or microinjection (Hou et al., 2004). The method has been applied in crops, e.g., Oryza sativa, and Glycine max, but in few forest tree species (Guo and Zhou, 2018; Zhang H. et al., 2021; Table 4).


TABLE 4. Application of pollen tube passage method in forest trees.
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Although the pollen tube pathway is less frequently used than A. tumefaciens-mediated transformation, it overcomes the genotype restriction of the latter. For example, the genetic transformation of cotton is restricted by genotype, and transgenic cotton lines can be generated by the pollen tube pathway to enhance insect and herbicide resistance (Showalter et al., 2009). This has the advantage of simplicity and is also inexpensive but has low transformation efficiency (Zhang, 2010; Cui et al., 2013; Wang M. et al., 2018). However, the method is limited by flowering time and is not applicable to gymnosperms, as it is dependent on naturally formed pollen tubes (Jian et al., 2012).



Protoplast Transformation

Genetic transformation of protoplasts refers to the transfer of exogenous genes into plants, using protoplasts as receptors to generate transgenic plants with stable expression of exogenous genes. Protoplasts, as single-cell systems, are not (or less) affected by the surrounding cells and microenvironment. Compared to protoplast transformation in annual herbaceous plants, such as Arabidopsis thaliana, tobacco, and O. sativa (Jiang et al., 2006; Sun et al., 2013; Zhao et al., 2014), the separation and regeneration of protoplasts in forest trees is difficult, although advances have been made (Table 5). For example, protoplasts were isolated from petals and leaves of Camellia sinensis (Liu et al., 2017; Peng et al., 2018; Ye et al., 2021); however, large-scale analysis is still under way. Intriguingly, the addition of aminophosphoric acid inhibitors degraded the cell wall, as verified in elm (Chang et al., 2018b). Additionally, green fluorescent protein (GFP) was transformed into Elaeis guineensis protoplast by a polyethylene glycol (PEG)-mediated method, and a protoplast transformation system of this species was established for the first time (Masani et al., 2014).


TABLE 5. Protoplast transformation in different tree species.
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Protoplasts can be extracted from almost all organs and tissues and show intrinsic developmental and spatial characteristics. The regenerated plants develop from single-cell systems, which are easy to purify and stable. Therefore, the introduction of exogenous genes into protoplasts has advantages compared to other exosomes. PEG-mediated transformation, shock perforation transformation, liposome-mediated transformation, and A. tumefaciens coculture transformation are commonly used to construct protoplast-based genetic transformation systems (Zhao and Chen, 2004). The PEG-mediated method is the most widely used type of protoplast transformation and can be combined with the electroshock method to improve transformation efficiency (Lenaghan and Neal Stewart, 2019). Since there is no cell wall, this method overcomes the obstacles of poor hybrid compatibility and low cell-transformation efficiency. In addition, protoplasts can be isolated from uniform cell suspension cultures, mainly from calli. A system for protoplast regeneration to whole plants has been established in A. thaliana, which showed that WUS and DRN were necessary for protoplast regeneration and greatly facilitated this process (Xu et al., 2021). Cell-wall regeneration is a key step in protoplast regeneration to whole plants (Zhang Q. et al., 2021). Early screening of molecular targets by protoplasts enabled the establishment of efficient and automatic protoplast isolation, transformation, and screening methods in crops. However, protoplast separation and regeneration in forest trees are more difficult than in annual crops and have not been well-developed, hampering the development and application of protoplast transformation in forest trees.



Instantaneous Transformation

Instantaneous genetic transformation enables the investigation of gene function and comparison of genetic constructs of recombined genes (Canto, 2016). Instantaneous transformation can be mediated by particle bombardment, PEG, plant virus vector, and A. tumefaciens. Due to the cost of particle bombardment equipment, the low success rate of protoplast culture, and scarcity of viral vectors, A. tumefaciens-mediated instantaneous transformation is typically used (Li et al., 2020c).

Leaf osmosis is the most commonly used instantaneous gene expression method in A. tumefaciens infection. For example, a method was established to reduce individual differences in the instantaneous transformation of Camptotheca acuminata (Wang B. et al., 2018). The transcription factor LoNAC18 was transferred into larch by A. tumefaciens instantaneous transformation, demonstrating that LoNAC18 is involved in the regulation of PEG-mediated simulated drought stress in larch (Zhang et al., 2020). Besides leaves, it could also be used in stems and roots. An instantaneous transformation system was established for vacuum osmotic infection of poplar stem segments, enabling identification of the functions of genes involved in vascular tissue differentiation and regulation of xylem development (Li et al., 2021b). Instantaneous transformation of roots has been applied in medicinal plants and soybeans, but there are few reports in forest trees (Meng et al., 2019; Xia et al., 2020; Table 6). Intriguingly, a simple and efficient A. tumefaciens-mediated instantaneous gene expression system was developed for diverse trees—including birch, poplar, and Tamarix—in which the whole plantlet, leaf, and stem are used as explants for instantaneous expression (Zheng et al., 2012). As genetic information on forest trees accumulates, the instantaneous transformation will enable the exploration of metabolic pathways and subcellular localization of forest tree genes. Therefore, considering the low transformation efficiency and non-availability of genetic transform systems, it is necessary to improve A. tumefaciens-mediated instantaneous transformation of forest trees for transgenic research.


TABLE 6. Application of instantaneous transformation in forest trees.
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Virus-induced gene silencing (VIGS) is a transcription suppression technique that facilitates the functional analysis of genes. VIGS has been applied in diverse plants, including herbs and fruit trees (Dommes et al., 2019) but few forest trees (Cui and Wang, 2017; Dommes et al., 2019). VIGS technology based on tobacco rattle virus (TRV) was successfully applied in Populus euphratica, Populus canescens (Shen et al., 2015), H. brasiliensis (Li et al., 2021c), and Olea europaea (Koudounas et al., 2020). Since VIGS can rapidly reduce the expression of target genes, it facilitates molecular function research in plants, including forest trees. Therefore, it is necessary to determine the optimal conditions for VIGS to silence target genes in forest trees, including the viral vector, ambient temperature, plant age or development stages, and inoculation method (Shi et al., 2021). Overall, VIGS enables gene function analysis of trees.



Comparison of Transformation Methods

Agrobacterium tumefaciens-mediated transformation is affected by genotype and secondary metabolites. It is difficult to establish the A. tumefaciens-mediated genetic transformation system in some plants, but the method is important for investigating gene function in forest trees. In dicotyledonous plants, A. tumefaciens-mediated transformation is the first choice due to its high transformation efficiency. The gene gun method compensates for the genotype limitation of A. tumefaciens-mediated transformation. Additionally, gene gun-mediated transformation is important for research on gymnosperms such as Pinus, but its application is limited by cost. The pollen tube pathway and protoplast transformation methods may be preferred for some forest trees. Instantaneous transformation enables the establishment of stable genetic transformation systems and expression of the genes of Populus, Pinus, and other forest trees in tobacco or other easily transformed plants. For most investigations of gene function, A. tumefaciens-mediated transformation is used for multiple forest trees. However, consideration should be given to other methods, particularly transformation from scratch in forest trees because A. tumefaciens residues can lead to crown gall development and yield reduction (Stanton, 2018).




TRAIT IMPROVEMENT OF FOREST TREES


Insect Resistance

Multiple insect-resistant genes—including Bacillus thuringiensis (Bt), protease inhibitor (PI), Androctonus australis hector insect toxin (AaIT), and chitinase genes—have been identified and applied in trees (Ren et al., 2021). Among them, Bt is the most widely used in insect resistance. Stable transfer of Bt into forest trees was first reported in transgenic poplar (McCown et al., 1991). Intriguingly, the simultaneous application of two Bt genes expanded the scope of insect resistance in transgenic forest trees (Wang et al., 2012; Dong et al., 2015). Consequently, means of enhancing forest tree resistance to insects by transforming two or more Bt genes warrant further research.

Overexpression of PI genes, including serine protease inhibitors (SPIs) and Kunitz trypsin inhibitor (KTI), resulted in insect death and prevented resistance development (Major and Constabel, 2008; Clemente et al., 2019). Bivalent resistance genes (CryIAc and API) were introduced into poplar, and the mortality rate of larvae was 60–80% (Li et al., 2007). In addition, genetic transformation with PI and Bt genes enhanced the insect resistance of transgenic plants. Transgenic poplar with API and dual Bt genes were toxic to Lepidoptera and Coleoptera and showed greater insect resistance than plants transformed with a single Bt gene (Wang G. et al., 2018).

The GM improvement of insect resistance has been realized in diverse forest trees, including Populus (Ren et al., 2021), Eucalyptus (Shao et al., 2002), Picea (Hammerbacher et al., 2014), Ulmus (Newhouse et al., 2007), Pinus (Grace et al., 2005), and Tsuga (Merkle et al., 2014). Transgenic forest trees were first used commercially in China (Chang et al., 2018a). Exogenous genes were expressed stably in 8- and 10-year-old transgenic poplar trees, and there was no significant developmental difference between 10-year-old transgenic and non-transgenic poplars (Ren et al., 2017). The current investigations suggested that the additive effect existed in transgenic forest trees with the same or different kinds of insect-resistant genes, which presented broad-spectrum insect resistance. The stability of exogenous insect resistance genes in transgenic forest trees was verified in 10-year-old transgenic poplars. However, the stability and effectiveness of insect resistance require validation in transgenic forest trees as perennials. Additionally, whether insects will develop tolerance warrants further investigation.



Herbicide Resistance

It is necessary to control weeds during the early stages of tree growth. Mechanical herbicides are inefficient and costly and affect the normal growth and development of forest trees. Therefore, it is preferable to cultivate herbicide-resistant tree varieties. Bialaphos resistance (bar) is the most widely used herbicide resistance selective marker gene; it is derived from the soil bacterium Streptomyces hygroscopicus and induces resistance to phosphate-based broad-spectrum herbicides, such as Liberty Basta, and Finale (Lebedev et al., 2016). Bar has been inserted into diverse species and hybrids of P. alba, Eucalyptus, Picea abies, oak, and various conifers (Brukhin et al., 2000; Confalonieri et al., 2000; Harcourt et al., 2000; Bishop-Hurley et al., 2001; Zhang et al., 2005; Álvarez et al., 2009). These investigations indicated the broad application of bar in herbicide-resistant transgenic trees.

In addition, glutathione S-transferase (GST) genes encoding specific herbicide resistance to acetylchloroaniline were introduced into poplar hybrids, enhancing herbicide resistance (Gullner et al., 2001). The poplar clones INRA 353-38 (Populus tremula × Populus tremuloides) and 717-1B4 (P. tremula × P. alba) transformed with bar, and the male sterility gene BARNASE showed stable herbicide resistance within 8 years (Li et al., 2008). The selection of herbicide-resistant trees provides an alternative to non-chemical weed control. In future, gene-editing technology may be used to improve the herbicide resistance of forest trees.



Disease Resistance

Disease resistance genes are mainly used in the molecular breeding of forest trees to improve plant antiviral and antibacterial defenses. Trichosanthin (TCS), a broad-spectrum antiviral gene, was transformed into Paulownia by A. tumefaciens-mediated method, and transgenic Paulownia lines with strong disease resistance were screened out (Liu et al., 2011). HbLFG1, a negative regulator of plant immunity, promoted infection by Erysiphe quercicola of H. brasiliensis (Li et al., 2021d). Poplar is threatened by Melampsora species, which cause poplar leaf rusts. Overexpression of A. thaliana GALACTINOL SYNTHASE3 (AtGolS) and Cucumber sativus RAFFINOSE SYNTHASE (CsRFS) in hybrid poplar (P. alba × Populus grandidentata) increased susceptibility to Melampsora aecidiodes infection (La Mantia et al., 2018). Additionally, constitutive overexpression of PtrWRKY18 and PtrWRKY35 in poplar activated disease-related genes and increased the resistance of poplar to Melampsora, suggesting functional redundancy (Jiang et al., 2017). Besides, miRNA can promote plant disease resistance by participating in hormone signaling and regulating resistance (R) genes. In transgenic poplar, miR472a positively regulates resistance to Colletotrichum gloeosporioides infection by targeting NBS-LRR and negatively regulates resistance to Cytospora chrysosperma infection (Su et al., 2018). At present, there are many studies on miRNA and disease resistance in rice, potato, and other crops, but there are few reports in forest trees (Natarajan et al., 2018; Zhang et al., 2018). Further investigation of the roles of miRNAs in pathogen infection of trees is needed.

Studies of tree disease resistance and genetic engineering have promoted the breeding and improvement of tree varieties. Future studies should focus on the regulatory networks of tree responses to pathogens to reduce disease susceptibility.



Resistance to Abiotic Stress

Plant abiotic stresses include cold, freezing, drought, salt, nutrient deficiency, and heavy metals (Gong et al., 2020). Investigation of gene function in response to abiotic stress could improve the environments of trees and so, expand their ranges in specific ecosystems and increase species richness (Xu and Zhai, 2021). Therefore, breeding new varieties of trees with strong resistance to stress is warranted.

Tree genetic engineering research has focused on salt and drought tolerance. Overexpression of WOX11/12A and ThNAC12 in poplar increased salt tolerance, reactive oxygen species (ROS) scavenging, and the antioxidant enzyme activity of transgenic plants (Wang et al., 2021a,b). Interference with FDL expression enhanced the drought resistance of transgenic poplar (Yu et al., 2019). The K+/Na+ homeostasis of root cells and tolerance to salt stress were improved in transgenic poplar overexpressing JERF36s (Ding et al., 2020). These studies provided insight into the mechanism of salt tolerance improvement in plants and will facilitate breeding strategies to improve salt tolerance. The introduction of BpMBF1 into poplar significantly improved cold resistance (Wang, 2020). Instantaneous overexpression of JrGRAS2 in walnut enhanced the tolerance to high temperature (Yang et al., 2018). Overexpression of PsnICE1 significantly enhanced the cold stress tolerance and antioxidant enzyme activity of transgenic poplars (Wang et al., 2021d).

Many other adverse environmental conditions also affect plant growth. The transcriptomic profiles of poplar under stresses suggest candidate genes of breeding (Yao et al., 2018; Chen et al., 2020), enabling investigation of plant regulatory networks. The correlations among stress response regulatory signals need further investigation.



Wood Property Improvement

Wood structure and quality are critical traits for genetic improvement. Lignin content can be reduced by introducing genes that inhibit key enzymes in the lignin synthesis pathway. Downregulation of coumaroyl shikimate 3′-hydroxylase (C3′H), cinnamate 4-hydroxylase (C4H), and 4-coumarate-CoA ligase gene (4CL) reduces the lignin content in transgenic hybrid eucalyptus (Eucalyptus urophylla × Eucalyptus grandis) (Sykes et al., 2015). Cell-specific downregulation of 4CL decreased the lignin content of transgenic poplars (Cao et al., 2020). In transgenic poplars with suppressed C3H and hydroxycinnamoyl transferase (HCT), the fiber cell diameter, vessel molecular diameter, and cell wall thickness were smaller, leading to decreased lignin content (Zhou et al., 2018). Therefore, suppression of lignin biosynthesis-related genes in transgenic forest trees decreased the lignin content, thus improving wood properties and biomass utilization.

Overexpression of GAlactUronosylTransferase12 (GAUT12) in poplar increased xylan and galacturonic acid production and decreased growth (Biswal et al., 2018b). Accordingly, downregulation of GAUT12 significantly improved saccharification efficiency and promoted the growth of transgenic poplars (Biswal et al., 2015). In addition, downregulation of GAUT4 by RNA interference (RNAi) decreased the homogalacturonan (HG) and rhamnogalacturonan II (RG-II) contents and increased the biomass yield (Biswal et al., 2018a). Therefore, the GAUT gene family negatively regulates plant growth by regulating xylan biosynthesis. The suppression of ACAULIS5 expression reduced the stem cytokinin level in hybrid aspen (P. tremula × P. tremuloides) and reduced secondary stem growth (Milhinhos et al., 2020). In P. tomentosa, PtSS3 is important in sucrose metabolism and growth and participates in wood formation (Li et al., 2020a). Brassinosteroid (BR) signaling plays an important role in secondary growth and wood formation. The BR signaling pathway affects xylem development synergetic with PdC3H17, a positive regulator of auxin-mediated xylem formation (Tang et al., 2020). However, to overcome the influence of the environment and obtain stable traits during the growth of transgenic plants, further improvement of the technology and accumulation of genes related to wood properties is needed.



Flowering Regulation

Plants undergo the transition from infancy to reproductive maturity before flowering. Furthermore, trees experience a longer vegetative period than crops, prolonging the breeding cycle (Liao and An, 2013). However, genetic engineering can shorten infancy and alter flowering time in forest trees. FLOWERING LOCUS T (FT) is a floral hormone that affects plant flowering, growth, and development (Wigge, 2011). Overexpression of FT-induced flowering of Eucalyptus, and early flowering trees were found to be vigorous, showing a high branching phenotype (Klocko et al., 2016).

Transformation of poplars with HSP:AtFT and PsEND1:barnase-barstar vectors resulted in disturbed pollen development and the formation of male-sterile plants (Briones et al., 2020). Additionally, LEAFY (LFY) is necessary for the induction of flower organ-recognition genes. It endows root explant cells with the fate of flowers and allows callus to form flowers and flower organs without producing leaves (Wagner et al., 2004). In sweetgum, RNAi was used to inhibit LEAFY gene expression, generating sterile transgenic plants (Qiao et al., 2007). A vector with the RNAi-LFY cassette was transferred into P. alba, which markedly altered flower morphology and led to female flower sterility (Klocko et al., 2021). However, in asexual forest trees, sterility associated with LFY expression inhibition can alleviate the gene flow of seeds and pollen, although the effects on tree shape and wood production are unclear (Klocko et al., 2021). However, the use of LFY suppressor genes could be costly, and further research is needed.



Clustered Regularly Interspaced Short Palindromic Repeats -Cas and RNA Interference Application

RNA-based approaches, including RNAi and CRISPR system, enable highly targeted modifications to enhance yield and stress resistance. These methods are typically based on A. tumefaciens-mediated genetic transformation. In RNAi, small interfering RNAs downregulate target gene expression without affecting the expression of other genes and are important for plant improvement (Rajput et al., 2021). GM agroforestry poplars obtained by RNAi exhibited reduced plantation isoprene emissions without compromising woody biomass production (Monson et al., 2020). Transgenic poplars carrying PTRARF2.1-RNAi showed severe leaf phenotypes, such as irregular shape and small size, and stimulated expression of auxin-response genes (Fu et al., 2019). In addition, RNAi allows the targeting of specific plant pathogens to control plant diseases (Kuo and Falk, 2020). By silencing CYP33C9 by RNAi in vitro, the feeding, reproduction, oviposition, hatchability, and pathogenicity of Bursaphelenchus xylophilus nematode were inhibited (Qiu et al., 2019). The effects of RNAi should be studied and applied in other tree species.

The CRISPR system for precision breeding has been applied in poplar, Eucalyptus, and other forest tree species (Müller et al., 2020; Elorriaga et al., 2021). For example, the knockout of CSE by CRISPR-Cas9 improved lignocellulosic biomass without growth retardation in GM poplar (Jang et al., 2021). Knockout of the root growth transcription factor PDNF-YB21 by CRISPR-Cas repressed the root growth and drought resistance in poplar (Zhou Y. et al., 2020). These studies aimed to improve sustainable production, induce DNA-free targeted mutations, and alter plant architecture, sex, and floral development. CRISPR-Cas technology does not introduce exogenous genes into the genomes of forest trees and so, has higher biosafety than other transgenic techniques. CRISPR-Cas is the most promising gene-editing technology developed to date (Bewg et al., 2018).




PERSPECTIVES

Genetic engineering can improve the traits of forest trees, shorten the breeding period, and enable the cultivation of new varieties with high commercial value by introducing exogenous genes (Figure 1). Genetic transformation also enables the exploration of gene function in forest trees. However, there are many difficulties and problems to overcome in forest trees. One of them is the genetic transformation of vectors with multiple foreign genes. The introduction of multiple exogenous genes concurrently could improve the traits of forest trees, but the construction of vectors carrying multiple genes is more difficult and some may not play the expected roles in transgenic trees. For example, transgenic poplar with two insect-resistance genes (Cry1Ac and Cry3A) and two salt-tolerant genes (mtlD and BADH) did not show improved salt tolerance (Zhou X. et al., 2020). Additionally, the balance between the expression of exogenous genes and growth/development requires investigation—whether increased resistance weakens other traits in transgenic forest trees is unclear.


[image: image]

FIGURE 1. Relationships among genetic transformation receptors, methods, and applications. Numbers represent different gene types. (1) Bt, API, etc., (2) Bar, aroA, GST, etc., (3) 4CL, C3H, C4H, etc., (4) TCS, PPV, WRKY, etc., (5) MBF, BADH, etc., (6) FT, LFY, etc., (7) GAUT, BAK, RGL, etc., (8) Bt, etc., (9) GERF, AREB, etc., (10) Bar, etc., (11) AFP, etc., (12) hph, etc., (13) FLA, etc., (14) DREBRB, ALDH21, etc., (15) SAG, etc., and (16) pBI121, etc.


Due to the uncertainty over insertion sites, genetic transformation inevitably generates chimerism, for instance, in stems and young leaves. For example, in peach (Prunus persica), A. tumefaciens-mediated transformation is inefficient, with a low level of correspondence between transformed and regenerative cells, and a high rate of chimerism in the buds produced during transformation (Ricci et al., 2020). Although chimeras enhance the cultivation of some ornamental plants, the purification and stable inheritance of target types can be problematic. Conversely, the protoplast is a single-cell system that can develop into a complete plant, enabling stable inheritance of traits. Several genes enhance protoplast regeneration, in particular, callus formation, which might promote the use of protoplast-mediated gene transformation (Xu et al., 2021). A strict screening system is needed for protoplast transformation, identifying transgenic plants with improvements in the desired traits.

Genetic engineering is controversial due to the potential for harm to the environment. The long-term stability of transgenic forest trees needs to be investigated, and the environmental impact of GM trees is still debated. A 5-year field trial showed no effect of Bt transgenic 741 poplar on arthropods or soil bacterial diversity (Zuo et al., 2018). A robust biosafety framework is necessary, with precautions followed for domesticated trees. An international group of researchers in silviculture, forest tree breeding, forest biotechnology, and environmental risk assessment examined how the environmental risk assessment paradigm used for genetic engineering crop plants could be applied to the genetic engineering of trees for plantation. It is also important to differentiate between environmental risk assessment for confined field trials of genetic engineering trees and unconfined or commercial-scale release (Häggman et al., 2013).

It is important to establish a rapid and reliable transformation system for forest trees, considering their long growth cycle and low transformation efficiency. Multi-omics techniques and modern biotechnology will facilitate the molecular breeding of forest trees. Transgenic research on trees will improve transformation efficiency and enable the safety evaluation of transgenic plants for commercial application. Leveraging the genetic transformation of forest trees for ecosystem restoration, energy supply, and sustainable production is a major challenge.
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Citrus are among the most prevailing fruit crops produced worldwide. The implementation of effective and reliable breeding programs is essential for coping with the increasing demands of satisfactory yield and quality of the fruit as well as to deal with the negative impact of fast-spreading diseases. Conventional methods are time-consuming and of difficult application because of inherent factors of citrus biology, such as their prolonged juvenile period and a complex reproductive stage, sometimes presenting infertility, self-incompatibility, parthenocarpy, or polyembryony. Moreover, certain desirable traits are absent from cultivated or wild citrus genotypes. All these features are challenging for the incorporation of the desirable traits. In this regard, genetic engineering technologies offer a series of alternative approaches that allow overcoming the difficulties of conventional breeding programs. This review gives a detailed overview of the currently used strategies for the development of genetically modified citrus. We describe different aspects regarding genotype varieties used, including elite cultivars or extensively used scions and rootstocks. Furthermore, we discuss technical aspects of citrus genetic transformation procedures via Agrobacterium, regular physical methods, and magnetofection. Finally, we describe the selection of explants considering young and mature tissues, protoplast isolation, etc. We also address current protocols and novel approaches for improving the in vitro regeneration process, which is an important bottleneck for citrus genetic transformation. This review also explores alternative emerging transformation strategies applied to citrus species such as transient and tissue localized transformation. New breeding technologies, including cisgenesis, intragenesis, and genome editing by clustered regularly interspaced short palindromic repeats (CRISPR), are also discussed. Other relevant aspects comprising new promoters and reporter genes, marker-free systems, and strategies for induction of early flowering, are also addressed. We provided a future perspective on the use of current and new technologies in citrus and its potential impact on regulatory processes.

Keywords: citrus transgenic plants, in vitro regeneration, transformation methods, CRISPR in citrus, reporter and selection markers, cisgenesis and intragenesis, citrus promoters, citrus biotechnology


INTRODUCTION

The genus Citrus of the Rutaceae family is one of the most important commercial woody fruit crops from tropical and subtropical areas of the world with a total global production of 124.246 million tons in 2016.1 In 2019, fruit production was 157 million tons worldwide.2 Apart from the fresh fruit and its juice, pectin and essential oils are also important commercialized products of citrus (Fisher and Phillips, 2008). Commercially, several species fall under the term citrus, including lemons, limes, mandarins, satsumas, clementines, common mandarins and tangerines, oranges, grapefruits, and pummelos (Zhong and Nicolosi, 2020). The non-existence of genetic diversity in many commercially cultivated crops (because of monoculture) has made them more susceptible to biotic and abiotic stresses (Esquinas-Alcázar, 2005; Keneni et al., 2012). Citrus trees are susceptible to many pathogens including nematodes, fungi, oomycetes, bacteria, spiroplasmas, phytoplasmas, viruses, and viroids, and the main abiotic stresses affecting these trees are acid, alkaline, and salty soils, flooding and drought, freezing, and high temperatures.

Citrus trees have complex reproductive biology. The apomixis present in citrus, which means that adventitious embryos initiate directly from maternal nucellar cells, limits the development of less vigorous zygotic embryos. They also have long juvenile periods and require at least 5 years for the start of the flowering phase in subtropical areas, and usually, several years more to achieve fully mature characteristics. The complex taxonomic relationships among cultivar groups are another difficulty and one of the reasons for the low-level impact of conventional breeding in citrus genetic improvement (Gmitter and Talon, 2008). Genetic transformation offers an excellent strategy for the genetic enhancement of citrus since it is based on the introduction of specific traits into known genotypes without altering their elite genetic background. Biotechnological tools have assisted in the fast germplasm improvement of current cultivars (Peña and Navarro, 2000) and the development of new varieties.

This review provides insights into the most relevant aspects of genetic transformation of citrus species including explant selection, biological and physical methods for transformation, and dependence on the genotype. We explore the possibilities for the promoter, selection, and reporter systems, and discuss novel and emerging technologies aimed to get more acceptable biotechnological products with no integration of exogenous DNA (“DNA-free”), using cisgenesis, intragenesis, and gene-editing.



OVERVIEW

The genus Citrus belongs to the subfamily Aurantoidea. Historically, within this subfamily there have been three genera of economic importance, namely Fortunella, Poncirus, and Citrus; however, more recently, it has been suggested they all belong to Citrus (Mabberley, 2004). Considering an evolutionary perspective, the four taxa identified as the ancestors of most of the cultivated citrus are Citrus medica L. (citron), Citrus reticulata Blanco (mandarin), Citrus maxima (Burm.) Merr. (pummelo), and Citrus micrantha Wester (papeda) (Wu et al., 2018; Ahmed et al., 2019). The secondary species, which result from successive natural hybridizations between the four fundamental species, are Citrus sinensis (L.) Osb. (sweet orange), Citrus aurantium L. (sour orange), Citrus paradisi Macf. (grapefruit), Citrus limon (L.) Burm. (lemon), Citrus jambhiri Lush (rough lemon), and Citrus aurantifolia (Christm.) Swing. (lime) (Wu et al., 2018; Ahmed et al., 2019). Finally, modern commercial cultivars come from artificial hybridizations: the rootstocks Carrizo and Troyer citrange hybrids (sweet orange × Poncirus trifoliata) and Swingle citrumelo (grapefruit × P. trifoliata) (Peña et al., 2008).

Although Poncirus and Citrus genera are the most amenable for in vitro regeneration (Vardi et al., 1982; Kobayashi et al., 1983), all species, hybrids, and economically important cultivars show a high degree of genotype-dependent variability in the efficiency of genetic transformation and regeneration (Bond and Roose, 1998).



AGROBACTERIUM-BASED TRANSFORMATION METHODS ON CITRUS

Citrus crops are not naturally susceptible to Agrobacterium tumefaciens. Although citrus are generally recalcitrant to Agrobacterium-mediated transformation, researchers have successfully achieved the recovery of transgenic plants for many genotypes (Peña et al., 2008). In general, the transformation efficiencies achieved using Agrobacterium can range from 0 to 45% for most citrus cultivars (Febres et al., 2011). The most common disarmed Agrobacterium strains used for the transformation of citrus species and relatives are the octopine strain LBA4404 (Kaneyoshi et al., 1994; Ali et al., 2012) the nopaline strain C58 (Bond and Roose, 1998), and the agropine strains EHA101 or EHA105 (Moore et al., 1992; Peña and Navarro, 2020). A. tumefaciens A281 (the oncogenic ancestor of EHA105) produced the earliest and the highest frequency of tumor formation either in epicotyls or stem segments of Pineapple sweet orange, Mexican lime, Clemenules clementine, Carrizo citrange, P. trifoliata, Fino lemon, Cleopatra mandarin, Citrus macrophylla, sour orange and Mediterranean mandarin (Cervera et al., 1998a,2005; Fagoaga et al., 2005; Peña et al., 2008). Successful transformation of embryogenic calli from Ponkan mandarin and Valencia sweet orange has been also attainable using strain EHA105 (Li et al., 2002; Peña et al., 2008). Transformation efficiency from different strains is mainly attributable to Ti plasmids and specifically to the vir region present on them. The study of Ghorbel et al. (2001) have added extra copies of virG genes from pTiBo542 (Ti plasmid contained in EHA105) to strain C58, which resulted in a significant increment in transformation frequencies of C58 in several citrus genotypes.

Optimizing A. tumefaciens-explant co-cultivation conditions is always essential to enhance citrus transformation efficiency. The main parameters to adjust are bacterial inoculation and co-cultivation time, bacterial concentration, medium composition, and light-darkness conditions (Febres et al., 2011). The Agrobacterium inoculation times range between 5 min (Molinari et al., 2004) and 20 min (Yang et al., 2000; Almeida et al., 2003a). However, incubation periods greater than 10 min have led to an increased number of shoot escapes and a reduction in transformation efficiency (Costa et al., 2002). The bacterial inoculum concentration varies between 4 × 107 (Peña et al., 1995b; Yu et al., 2002) and 5 × 108 cfu/ml (Kaneyoshi et al., 1994; Bond and Roose, 1998; Luth and Moore, 1999) depending on the citrus cultivar. A very low amount of bacteria reduces transformation efficiency but an excess stresses the plant cells (Costa et al., 2002; Yu et al., 2002). The co-cultivation time is usually 2 or 3 days, with an increase in the transformation efficiency with longer co-cultivation periods (Cervera et al., 1998b). Co-cultivation periods of more than 5 days, however, often lead to an overgrowth of Agrobacterium, which decreases the regeneration efficiency. Finally, optimal co-cultivation temperature varies between 19°C (Li et al., 2002, 2003) and 28°C (Luth and Moore, 1999).

Callus cells derived from cambium tissues are the most competent for regeneration (Peña et al., 2004a). Treatments favoring the development of such callus tissue as co-cultivation in a culture medium rich in auxins and incubation of the explants in darkness for the first 2–4 weeks after bacterial inoculation, greatly increased transformation frequencies (Cervera et al., 1998b). The auxin 2,4 dichlorophenoxyacetic acid (2,4-D) in co-cultivation medium led to the highest effects allowing de-differentiation of citrus cells and taking them to a competent state for stable transformation in many cultivars including sour orange, sweet orange, lime, and Troyer citrange (Ghorbel et al., 2000; Peña et al., 2004a,b; Rai, 2006).

Some reports have discussed the need for a pre-culturing step (Spencer and Towers, 1991; Costa et al., 2002). This step, however, has been replaced for the addition of acetosyringone to the bacterial inoculum and the co-cultivation medium, thus promoting transcription of A. tumefaciens virulence genes (Kaneyoshi et al., 1994; Cervera et al., 1998a).



PHYSICAL-BASED TRANSFORMATION METHODS ON CITRUS


Biolistic for the Transformation of Citrus Epicotyl Explants

Different methods have been adapted from the original publication by Sanford et al. (1987) to the biolistic-mediated transformation of plant cells. For citrus species, the study of Yao et al. (1996) have reported transformation of tangelo using non-differentiated embryonic callus and therefore demonstrated the integration of transgenes in this species. The study of Bespalhok Filho et al. (2003) performed epicotyl bombardment with GUS as the reporter gene, observing expression in meristematic cambial tissue of Carrizo citrange. In all cases, plant regeneration represented a challenge, since citrus explants are recalcitrant to produce roots, and consequently, to obtain a plant comparable to those established in greenhouses or orchards.

The work of Wu et al. (2016) has described the transformation of epicotyls in Carrizo citrange. In this method, epicotyl explants were bombarded at their apical region with microprojectiles coated with the DNA of interest. The DNA enters the cells, where it is expected to enter the nucleus and can be stably inserted into the genome. Callus formation was developed via tissue culture to obtain regenerated plantlets, which are finally grafted to generate a complete plant. The steps of the biolistic transformation protocol are illustrated in Figure 1.
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FIGURE 1. Bombardment and regeneration of Citrus explants. (A) Germinated seedlings in vitro; (B) Cut of epicotyls. (C) Arrangement of epicotyls in a plastic ring for bombardment. (D,E) Callus in apical regions of the explants produced in the dark after transformation. (F) Photosynthetic somatic embryos with apical dominance were produced after light exposure.


Elongated epicotyl stems are adapted to photoperiod and then used as explants for bombardment with gold or tungsten particles coated with DNA. The decision of using linear or circular DNA (plasmid) will depend on the strategy. For example, if the intention is to induce homologous recombination, the DNA should be linearized (Tomas et al., 1995; Cabrera-Ponce et al., 1997). Otherwise, a circular DNA, either in its supercoiled or relaxed form, can be efficiently transformed. The bombardment of microparticles for citrus tissue has been assayed with pressure from 900 to 2,000 psi but in general, citrus stems bear resistance to the accelerated particle impact. However, the transformation of apical stem tissues improves transformation efficiency. After bombardment, visible photosynthetic tissue emerges from the stem ends as well as from the middle portion of the stem, although in a lower proportion. In a period of 2 months, the embryos can be dissected for further heterografting. The regeneration of plants with a radicular system is a technical challenge. For this reason, grafting of the plantlet onto a vigorous rootstock is advisable. Enhanced transformation efficiency and reduction of escapes were achieved by Wu et al. (2019), with a biolistic strategy based on phosphomannose isomerase (PMI) and mannose selection (see section “Selection Markers, New Reporter Genes, and Marker-Free Systems for Citrus Transformation” for selection markers).



Magnetofection of Pollen With DNA-Functionalized Nanoparticles

Pollen magnetofection is a new technique that has been used to produce transgenic seeds without in vitro plant regeneration. This technique was successfully applied to cotton and tomato pollen-based transformation (Zhao et al., 2017; Zhang et al., 2019; Marcelino-Perez et al., 2021) and consists in the generation of nanoparticles and their functionalization to DNA or RNA encoding for the trait of interest, to generate magnetic nanoparticles (MNPs) which are then introduced into pollen through the application of a magnetic field. This goal is technically efficient since MNP-DNA/RNA complexes interact via electrostatic attractions. Specifically, 1 to 10 million pollen particles can be mixed with the loaded MNPs and placed on a magnetic plate, where they can enter into the pollen via its natural pores. Pollen must be used immediately to pollinate emasculated flowers. It should be considered that pollen viability is measured in hours; therefore, the treated pollen should be used immediately. Seeds obtained through pollination with magnetofected pollen can enclose the transgene of interest. Indeed, exogenous DNA is integrated into the plant genome and is inherited in a Mendelian manner.

Pollen magnetofection could be applied to citrus, thus facilitating the generation of genetically modified plants. Moreover, this technique is potentially useful for gene editing as well. Despite the accessibility in introducing this technique for citrus transformation, a series of considerations must be taken (Xoconostle-Cázares, personal communication). Plants should come from certified orchards and should be maintained in a biosafety greenhouse with full irrigation, fertilization, and a light/dark regime of 18:6 h. Flowering can be naturally or artificially induced and production from 20 to 100 flowers can be achieved in a period of 3 months. C. aurantifolia (Mexican lime) grown in tropical orchards, can produce flowers seven to eight times in a year, while C. sinensis (sweet orange) can flower up to three times in the same period. In a regular magnetofection experiment, 100 flowers can be pollinated. After approximately 3 months, mature fruits would be ready for harvesting. The surface of mature fruits should be smooth. The harvesting of mature fruits will allow the recovery of mature transformed seeds, which can be lately germinated in a seedling nursery at 30°C. Plantlets emerging from the nursery can be then transferred to individual pots for further analyses. An average of five positive plantlets carrying out the transgene in a regular experiment of one hundred pollinated flowers is expected. The transformation efficiency could be influenced by fruit quality. Transgenic plants should be maintained under biosafety conditions.



Polyethylene Glycol-Based Transformation and Electroporation

An alternative strategy for incorporating DNA into plant citrus cells is the transformation of protoplasts. The use of protoplasts, either for cell fusion or for DNA uptake, is a widely employed technology with great potential in the field of citrus genetic improvement (Grosser and Gmitter, 1990, 2011). One of the methods for protoplast transformation is stimulation with polyethylene glycol (PEG), a treatment that induces the agglutination of protoplasts and subsequent incorporation of DNA (or other macromolecules) via endocytosis (Kobayashi and Uchimiya, 1989; Vardi et al., 1990).

In the pioneering early protocols, antibiotic resistance genes were the selection markers of choice. Later, PEG-mediated citrus transformation included the expression of green fluorescent protein (GFP) in order to identify the transformed calli to be subsequently cultured in somatic embryogenesis induction media (Fleming et al., 2000; Olivares-Fuster et al., 2003; Guo and Grosser, 2004; Omar et al., 2007). PEG-mediated transformation is also particularly useful for citrus varieties that offer difficulties for genetic transformation via Agrobacterium, like mandarin hybrids (Dutt et al., 2018a; Omar et al., 2018). This strategy has been recently employed for inducing biallelic and homozygous mutations via genome editing of embryonic protoplast cells (Huang et al., 2020). DNA can also be introduced into protoplasts by electroporation through destabilization of plasma membranes and the formation of pores. This strategy has been employed for citrus genetic transformation of Ponkan mandarin (Hidaka and Omura, 1993) and Hamlin sweet orange (Niedz et al., 2003).




IN VITRO REGENERATIONS OF TRANSGENIC CITRUS PLANTS

Regeneration competence is the first limitation for the production of transgenic plants and many recalcitrant species actually have very low or null regeneration frequencies (Peña et al., 2004a). García-Luis et al. (1999) have proven that citrus genotypes, culture conditions, and medium composition determine the regeneration pathway (García-Luis et al., 1999; Bordón et al., 2000; Moreira-Dias et al., 2000).

Regeneration of whole transgenic citrus plants has been achieved through either organogenesis (direct or indirect) or somatic embryogenesis (Chiancone and Germanà, 2012). In vitro plant organogenesis from epicotyl and internodal stem segments is the chosen strategy which has been applied to several citrus genotypes, including Carrizo citrange, Troyer citrange, sweet orange, Mexican lime, grapefruit, Swingle citrumelo, and P. trifoliata (Peña et al., 2008). The effects of different factors, such as explant orientation, polarity, and cut surface contact with the medium as well as growth regulators treatments, were assessed in different studies in order to improve in vitro regeneration efficiency (Maggon and Deo Singh, 1995; Ghorbel et al., 1998; Pérez-Molphe-Balch and Ochoa-Alejo, 1998; Germanà et al., 2008). Somatic embryogenesis has been used for regeneration of a few transformed species including C. sinensis and C. reticulata (Li et al., 2002; Peña et al., 2008) by using different types of explants such as protoplasts and embryogenic calli (Niedz et al., 1995; Li et al., 2003). The interest in somatic embryogenesis is based on the high regeneration efficiency obtained and in the rare occurrence of somaclonal variation (Henry, 1998).

The culture media used for regeneration by either organogenesis or embryogenesis should contain a series of components to facilitate the formation of calli or buds from transformed explants, but with the minimum of escapes. For that reason, regeneration media normally contain an antibiotic agent for selection (see section “Selection Markers, New Reporter Genes, and Marker-Free Systems for Citrus Transformation” for marker selection), since only a few cells put in contact with the transformation vector are effectively transformed. Peña et al. (1995a,b, 1997) proposed the cultivation of explants in darkness for 2–4 weeks in regeneration/selection medium after co-cultivation with A. tumefaciens for the generation of a higher number of transformed buds (Domínguez et al., 2004; Peña et al., 2004b). Moreover, Moreira-Dias et al. (2000) showed that the addition of the cytokinin 6-benzylaminopurine (BAP) was a requisite for optimal shoot regeneration from Troyer citrange explants, while the influence of auxins appeared to be non-significant. The authors reported no callus and very few bud formations at the apical end of the explants in the absence of BAP and that most of the calli remained quiescent without becoming a shoot. Peña et al. (2004b) also demonstrated that co-cultivation in a BAP-supplemented media promoted a faster differentiation response and multiple bud formation in experiments of indirect organogenesis of Carrizo citrange.

The rooting of shoots and embryos is the most challenging step of citrus transgenic production, strikingly reducing transformation efficiencies. P. trifoliata, grapefruit, and Swingle citrumelo have been successfully rooted in naphthalene-acetic acid (NAA) supplemented media (Kaneyoshi et al., 1994; Luth and Moore, 1999; Molinari et al., 2004). C. macrophylla, Cleopatra mandarin, sour orange, and Mexican lime have been also efficiently rooted in medium supplemented with indole-3-butyric acid (IBA) (Tallón et al., 2012). The use of micrografting or shoot tip grafting to recover plants from transformed shoots or buds, however, has become a routine procedure, with important increases in transformation efficiencies (Peña et al., 1995a,b). This technique involves placement of the shoot tip explant onto a decapitated rootstock, which is generally an etiolated Troyer citrange epicotyl (Figure 2; Navarro et al., 1975; Peña and Navarro, 2000). The regenerated shoot apical end has to be in contact with the vascular ring of the rootstock. Grafted shoots should have previously tested positive for reporter marker activity (GFP or β-D-glucuronidase, GUS, Figure 3), denoting the transgenic nature of the explant. Micrografted shoots or buds are then cultured in a liquid nutrient medium for proper growing. Subsequently, a new grafting of the in vitro-grown plantlets on vigorous rootstocks in the greenhouse allows rapid acclimatization (Peña et al., 2008).
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FIGURE 2. Shoot tip grafting procedure. (A) Decapitated etiolated epicotyls to be used as rootstocks. (B) Micrografting of a transformed shoot using a stereoscopic microscope. INSET: shoot detached from the internodal segment. (C) In vitro growing of the grafted plantlet.
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FIGURE 3. Reporter expression of transformed citrus explants. (A,B) GFP expression of transgenic C. sinensis shoots (green). Red shoot and internodal segments are non-transgenic tissue. (C) GUS expression in a disk section from transgenic shoot base. (D) GUS positive (blue) and negative (green) leaves coming from transformed explants. (E) GUS expression in a disk section from a chimera shoot.


The micrografting methodology has been efficiently used for whole plant generation from shoots derived from organogenesis as well as from germinated somatic embryos (Niedz et al., 2003; Olivares-Fuster et al., 2003). Some of the different citrus genotypes in which this technique was applied include C. sinensis, P. trifoliata, C. aurantifolia, C. aurantium, and grapefruit (Kobayashi et al., 1996; Bond and Roose, 1998; la Malfa et al., 2000; Wong et al., 2001; Januzzi Mendes et al., 2002; Yu et al., 2002; Almeida et al., 2003a,b; Boscariol et al., 2003; Iwanami et al., 2004; Endo et al., 2005; Fagoaga et al., 2005).



GENOTYPE DEPENDENCE OF CITRUS TRANSFORMATION

The efficiency of genetic transformation and regeneration highly depends on the genotype of all cultivated natural or hybrid species of the genus Citrus and its relatives (Bond and Roose, 1998). As well as for P. trifoliata (Kaneyoshi et al., 1994), the studies by Peña et al. (1995a), Cervera et al. (1998b), and Yu et al. (2002) have developed highly efficient methods for the transformation of modern commercial hybrid cultivars, such as Carrizo and Troyer citrange rootstocks using A. tumefaciens followed by in vitro regeneration and shoot tip grafting.

Other pieces of research have reported biolistic transformations (Wu et al., 2016) and transformation of mature tissues of several varieties including hybrids such as US-942 (C. reticulata × P. trifoliata) and Flying Dragon (Marutani-Hert et al., 2012). Other commercial hybrids currently used, such as swingle citrumelo and tangelo (C. reticulata × C. paradise), are also susceptible to Agrobacterium-mediated transformation (Molinari et al., 2004; De Oliveira et al., 2009).

Among the natural hybrids or secondary species, sweet orange has been extensively studied, and numerous protocols were published mainly based on the Agrobacterium-mediated methodology (Peña et al., 1995c; Bond and Roose, 1998; Yu et al., 2002; Li et al., 2003; Cervera et al., 2005; De Oliveira et al., 2009; Fávero et al., 2012), protoplast transformation (Fleming et al., 2000) and embryogenic suspension cells (Dutt and Grosser, 2010). For sour orange, Gutiérrez-E et al. (1997), as well as Ghorbel et al. (2000), developed an efficient transformation strategy, also based on Agrobacterium co-cultivation. Another natural hybrid used as rootstock is rough lemon, which was genetically transformed by Savita et al. (2011) and Ali et al. (2012). Other crops, such as Mexican lime (Peña et al., 1997; Pérez-Molphe-Balch and Ochoa-Alejo, 1998; Domínguez et al., 2000; De Oliveira et al., 2015), Femminello siracusano lemon (C. limon (L.) Burm. F) (Gentile et al., 2007) and grapefruit (Yang et al., 2000; Costa et al., 2002; Jia et al., 2017) have been efficiently transformed and regenerated.

Agrobacterium-mediated conventional transformation methods, using either juvenile or mature tissue explants showed low efficiency in mandarins and clementines (Cervera et al., 1998b). However, some more recent pieces of research have reported optimized methods (Li et al., 2002; Khawale et al., 2006; Cervera et al., 2008) and alternative strategies based on the use of cell suspensions and protoplast transformation (Dutt et al., 2018a).

To date, several biotechnological developments have been reported for different citrus species and varieties (see detailed information in Table 1).


TABLE 1. Main biotechnological developments in citrus or relative species.
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TYPES OF CITRUS EXPLANTS USED FOR GENETIC TRANSFORMATION

A variety of explants, such as internodal stem segments, epicotyls, cotyledons, leaf segments, protoplasts, and embryogenic calli from different citrus species and relatives, have been assessed for Agrobacterium-mediated transformation (Moore et al., 1992; Almeida et al., 2003a; Kayim et al., 2004; Khawale et al., 2006; Omar et al., 2007; Chen et al., 2008; De Oliveira et al., 2009, 2015; Ballester et al., 2010; Duan et al., 2010; Fu et al., 2011a,b; Ali et al., 2012). All of them have their intrinsic advantages and drawbacks.

The first report of citrus transformed material was of callus tissue formed from primary explants (Grinblat, 1972; Chatuverdi and Mitra, 1974; Barlass and Skene, 1982; Edriss and Burger, 1984). The addition of growth regulators, mainly the cytokinin BAP, has shown a good response for this kind of explants. However, embryogenic calli lose their regeneration capacity when they are sub-cultured for long periods.

Juvenile internodal stems explants are one of the most prevalent and efficient starting materials for citrus transformation (Orbović and Grosser, 2015). The availability of this kind of explants and the higher regeneration and transformation frequencies are the major advantages over the use of mature tissue explants. The generation of plants using this material, however, would take more than 10 years to flower and fruit, which drastically prolongs the time required to analyze newly introduced traits. The optimization of transformation techniques that bypass the juvenile stage could reduce the time and costs involved in evaluating transgenic new traits (Almeida et al., 2003a; Cervera et al., 2005, 2008). Mature citrus tissue explants help to reduce flowering time but suffer from a considerable decline in regeneration frequency (50–70% less) and transformation potential, therefore it is necessary to carefully select material and adjust tissue culture conditions and media composition (Von Aderkas and Bonga, 2000). As of today, mature materials from sweet orange (Cervera et al., 1998a,2005), sour orange (Ghorbel et al., 2000), lime, and some mandarin genotypes have been successfully transformed and regenerated. A selection of stem pieces from the first flushes of propagated adult buds was the choice for transforming mature tissue. In this regard, transgenic sweet orange plants regenerated from mature tissues flowered and produced fruits 14 months after transferring to the greenhouse (Cervera et al., 2005).

The study of Kaneyoshi et al. (1994) have established the first efficient protocol for the transformation of in vitro seedling material and applied it to the generation of transgenic P. trifoliata plants. By using 1 cm long etiolated epicotyl segments from 20-day-old grown in vitro as starting material for transformation, they demonstrated that these kinds of explants were highly responsive to shoot regeneration, with the extra advantage of not requiring explant disinfection steps. Peña et al. (1995b) used a similar protocol to transform Carrizo citrange and Gutiérrez-E et al. (1997) to transform bitter orange (C. aurantium) and Key lime (C. aurantifolia). Similar protocols were applied to transform epicotyl segments from C. sinensis commercially important cultivars including Washington navel, Valencia, Hamlin, Pera, and Natal (Bond and Roose, 1998; Luth and Moore, 1999; Boscariol et al., 2003), Original protocol from Kaneyoshi et al. (1994) suffered different modifications including longitudinal cuttings of the epicotyl segments (in two halves) to enhance regeneration and transformation frequency (Yu et al., 2002) or cutting of transversally thin layers of about 1–2 mm (Le et al., 1999). All the changed conditions only reduced transformation efficiency compared with the use of 1 cm long explants probably due to Agrobacterium overgrowth and toxicity of such small explants (Molinari et al., 2004). Lately, Costa et al. (2002) and Febres et al. (2003), efficiently transformed C. paradisi cv. Duncan and De Oliveira et al. (2015) also established a similar protocol using 30-day-old epicotyls for the transformation of Mexican lime.

Leaf explants have been also tested for genetic transformation either for direct organogenesis or going through an intermediate process of callus formation (Moore et al., 1992; Khan et al., 2009; Ali et al., 2012). Abundant and rapid accessibility to leaf disks from germinating seedlings and a lower risk of contamination make them a considerable option as starting material for Agrobacterium-mediated transformation. Mature leaf transformation allows introducing new traits without losing the clonal fidelity compared with epicotyls (Sandal et al., 2007). Moore et al. (1992) used citrus leaf disks as explants and compared their organogenic potential with stem segments. They reported that shoot production was much more effective when stems were used as explants compared with leaf segments, probably because organogenesis occurs with higher efficiency from stems (Almeida et al., 2003a).

Sweet orange was the first woody crop in which plant protoplasts were used for regeneration processes (Vardi et al., 1982; Kobayashi et al., 1983). Nowadays, protoplasts are used as starting material for most citrus species and relatives and were applied to produce somatic hybrid plants from more than 150 parental combinations (Grosser and Gmitter, 1990), thus contributing to germplasm expansion and improvement (Grosser et al., 1996, 1998a,b). It is well-known, that protoplast generation is a time-consuming and labor-intensive methodology but the use of this kind of culture as explants has a series of advantages. Protoplast transformation can circumvent the use of antibiotic-resistance genes and antibiotic selection, thus eliminating some public perception problems (Fleming et al., 2000). This system could subsequently be extended to other polyembryonic citrus cultivars, including seedless sweet oranges, lemons, or satsuma mandarins.

Among the citrus species, juvenile tissues from mandarin hybrids, including epicotyls, are the most difficult to infect and transform with A. tumefaciens (Cervera et al., 1998b), which results in low genetic transformation efficiency (Dutt et al., 2010). Direct incorporation of DNA into protoplasts using electroporation (Niedz et al., 2003) or PEG-mediated DNA uptake (Fleming et al., 2000; Omar et al., 2007) is an alternative to bypass Agrobacterium-mediated transformation problems in those genotypes. A clear example is the PEG-mediated transformation of W. Murcott tangor using protoplasts, which allows a considerable increment in the transformation efficiency compared with the conventional epicotyl-mediated Agrobacterium process (Dutt et al., 2018a). The use of protoplasts has been recently taken into consideration again, regarding their amenability for gene editing, with or without the use of DNA molecules, which minimizes the possibility of foreign DNA integration (Huang et al., 2020).



SELECTION MARKERS, NEW REPORTER GENES, AND MARKER-FREE SYSTEMS FOR CITRUS TRANSFORMATION

Most of the in vitro citrus regeneration and transformation protocols need selectable marker genes (antibiotic or herbicide resistance) such as the nptII (Neomycin Phosphotransferase II) gene, in combination with kanamycin as a selective agent (reviewed in Peña et al., 2004a). Concomitant to the use of nptII, the product of expression of the uidA gene (GUS), has been widely applied as a co-expressed reporter gene to facilitate the selection of positive transformants (Moore et al., 1992; Peña et al., 1997; Cervera et al., 1998c; Domínguez et al., 2000). GUS has been extensively employed as a reporter gene for citrus genetic transformation (Moore et al., 1992; Peña et al., 1995b,1997; Gutiérrez-E et al., 1997). Its adequate use is important to avoid escapes and the incidence of chimeras (Gutiérrez-E et al., 1997; Yu et al., 2002; Figure 3E). However, Domínguez et al. (2002) have demonstrated that the detection of a high frequency of transformants was possible without nptII/uidA selection. Indeed, once the regeneration of the positive transformants, which are detected by PCR-mediated analysis of regenerated roots, is achieved, antibiotic resistance is no longer necessary. But, in the case of nptII and uidA genes, other than remaining stably integrated into the genome for long term, they do not produce negative effects on crop characteristics (Pons et al., 2012).

To find other selectable marker genes suitable for citrus genetic transformation, Costa et al. (2002) have developed a protocol for grapefruit transformation based on the use of hygromycin as a selective agent. The hpt gene codes for a hygromycin phosphotransferase that, like the protein product of nptII, detoxifies aminoglycoside antibiotics by phosphorylation. Hygromycin selection, however, faces difficulties regarding the screening of transgenic tissues, because of the generation of escapes and chimeras (Padilla and Burgos, 2010). Resistance to phosphinotricine (Basta, Bialaphos, or glufosinate) for transgenic callus selection has been employed in ponkan embryogenic calli overexpressing bar gene (Li et al., 2002). Later on, Zhang Y. Y. et al. (2017) developed a transformation approach for pummelo (C. maxima) based on in planta A. tumefaciens infection and subsequent selective culture using hygromycin, Basta or kanamycin resistance. After PCR-based screening of regenerated shoots, efficiencies achieved were 20.41, 19.37, and 3.21% respectively. Recently, the study of Merritt et al. (2021) reported glyphosate-resistant Duncan grapefruit plants, obtained by inducing native EPSPS mutations.

The use of selectable marker genes for resistance to antibiotics and or herbicides has been a matter of public constraint (Miki and McHugh, 2004) and in some cases has been shown to reduce regeneration capacity (Moore et al., 1992). Therefore, researchers developed alternative methods for screening and selecting transformed tissues. In this regard, GFP and its enhanced derivatives (EGFP) have been extensively employed as reporter genes for the selection of transgenic plant tissues (Chiu et al., 1996; Stewart, 2001) in Agrobacterium-mediated transformation (Ghorbel et al., 1999; Fleming et al., 2000; Yu et al., 2002; Cervera et al., 2008), in protoplast transformation (Guo and Grosser, 2004; Omar and Grosser, 2008), for biolistic assays (Wu et al., 2016) and gene editing (Huang et al., 2020). A novel reporter system based on the measurement of increased anthocyanin accumulation by overexpression of Ruby and VvMYBA1 transcription factors has been used to detect Agrobacterium-mediated Mexican-lime transformed explants (Dutt et al., 2016) or by overexpressing VvMYBA1 in protoplasts, under the control of embryo-specific Dc3 promoter (Dutt et al., 2018b).

Numerous alternative methods have been developed in order to replace the selection systems based on antibiotics resistance. The PMI system (PMI/mannose) is a positive selection strategy based on the expression of the manA gene from Escherichia coli, which is able to metabolize mannose to fructose-6-phosphate. When the only carbon source for explants in the selective culture is mannose, the positive transgenic tissues will be capable of growing, whereas non-transformed tissues will have growth arrest due to carbon starvation (Wang et al., 2000). Boscariol et al. (2003) have used this system for the selection of transformed sweet orange tissues coming from Agrobacterium-mediated transformation of epicotyl segments and achieved transformation efficiencies of 3–23% depending on the variety used. Subsequently, Ballester et al. (2008) achieved higher or similar transformation rates for citrange (30%) and sweet orange (13%) using in vitro-germinated seedlings as a source of epicotyl segments. The PMI/mannose positive selection system combined with EGFP based monitoring of transformed tissues allowed early elimination of escapes in Carrizo explants (Dutt et al., 2010). In biolistic assays, this alternative system has been successfully applied in Carrizo citrange, with efficiencies of 1.9% positive shoots per shot (Wu et al., 2019).

Concomitantly to the use of alternative selection methods that do not rely on antibiotic resistance genes, the possibility of removing the marker gene once the transgenic plants have been recovered is suitable for woody species, where seedless propagation is usually observed, and long juvenility increase time periods required for getting segregation results on transgenic progenies. The multi-auto-transformation (MAT) vector system enables the production of marker-free transgenic plants by a combination of a positive selection mediated by the isopentenyl transferase (ipt) gene and a site-specific DNA recombination tool (Sugita et al., 1999). The enzyme ipt is involved in the production of cytokinins that induce cell division and the overproduction of transgenic shoots. The second component of the MAT system is a site-specific recombinase (R/RS) that removes DNA sequences located between RS recognition sites after transformation. The RS sites flank the ipt marker and the R recombinase transgenes, to facilitate the elimination of the selection marker system after cell transformation. In citrus, the system has been successfully applied in sweet orange, but not in citrange, where a high proportion of chimeras and erroneous sequence recombination occurred (Ballester et al., 2007). The addition of an indolacetamide-hydrolase and tryptophan-monooxygenase (iaaM/H) marker gene and an inducible promoter for controlling the site-specific recombinase R rendered higher efficiency rates (Ballester et al., 2008). Zou et al. (2013) reported the use of other marker-free transformation systems in citrus, based on the expression of Cre/loxP site-recombination coupled to the ipt selectable marker gene. The GFP reporter gene was inserted outside the loxP sequences with the aim of monitoring the rate of transformation and deletion efficiencies. The results obtained demonstrated that Cre/loxP-mediated excision was highly effective and accurate for Jincheng sweet orange. Marker-free transgenic Tarocco blood orange overexpressing antibacterial peptide gene AATCB, which conferred enhanced resistance to citrus canker, was obtained by using a Cre/loxP mediated recombination system combined with ipt positive selection. Transformation efficiency achieved was 21.4% (Peng et al., 2015). Recently, Peng et al. (2021a) described a similar strategy to confer citrus canker resistance but by co-transformation and sequential re-transformation of Tarocco blood orange with the same AATCB gene and another antimicrobial peptide, PR1aCB. They also used Cre/loxP-mediated site-specific recombination system and ipt selection to get marker-free plants and confirmed that double transformants showed enhanced citrus canker resistance.



PROMOTER SEQUENCES USED FOR CITRUS TRANSGENE EXPRESSION

The type of promoter used in the chimeric gene construct for plant transformation is essential to achieve adequate temporal or spatial regulated expression of the desired trait. Although the number of promoter sequences is rather limited, the selection of an adequate promoter is not a trivial issue (reviewed in Smirnova and Kochetov, 2020). Different promoters derived from virus, bacteria, or plant species have been employed for citrus genetic transformation. Table 2 displays a list of promoter sequences used in citrus, considering the species of origin and the regulated gene.


TABLE 2. Promoters used in citrus genetic transformation.
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Over the last years, a lot of work has been done to increase the availability of promoters and other regulatory sequences, including the development of synthetic promoters for citrus genetic transformation and its application to new breeding techniques (reviewed in Ali and Kim, 2019).



EARLY FLOWERING INDUCTION TO REDUCE THE JUVENILE PHASE OF TRANSGENIC CITRUS

Long juvenile phases (often more than 5 years) are a major constraint to the success of transformation methods based on juvenile tissue explants and of conventional breeding programs. The development and commercial release of new varieties by traditional breeding may require a complete process that can range from 25 to 30 years (Caruso et al., 2020). The discovery of novel genes implicated in citrus precocious flowering is relevant for the improvement of interesting traits, either by transgenesis or by conventional breeding. Some strategies to reduce the long juvenile periods in citrus trees rely on the basis of the knowledge related to flowering pathways in Arabidopsis thaliana.

The first successful approach in citrus plants that was conducted to reduce generation periods consisted of the constitutive overexpression of Arabidopsis LEAFY (LFY) or APETALA1 (AP1) genes in juvenile seedlings (Peña et al., 2001). Both genes are involved in the induction of flowering and their individual expression induced early flowering and fruiting in transgenic citrange rootstocks. AP1, however, was more efficient than LFY, because LFY also induced abnormalities in the vegetative growth. Flowering Locus T (FT) citrus orthologue, CiFT, was ectopically overexpressed in P. trifoliata (Endo et al., 2005) with subsequent shortening of the juvenile period, but again, the vegetative growth and plant architecture were aberrant. Velázquez et al. (2016) developed a viral vector-based tool to induce early flowering: the Citrus Leaf Blotch Virus (CLBV) carrying AtFT or CiFT genes. Within 4–6 months of vector inoculation in different genotypes, flowering was initiated with no other phenotypic abnormalities. Furthermore, Soares et al. (2021) reported a novel strategy to induce precocious flowering by overexpressing the Citrus clementina (CcFT3) orthologue under the control of AtSUC2 phloem-specific promoter in Carrizo citrange rootstocks. This strategy led to plants with normal morphology that flowered 16 months after transformation and, when juvenile scions were grafted, earlier flowering was also induced.

Other alternatives have been employed to reduce the pleiotropic effects derived from constitutive overexpression of early flowering genes. For instance, Sinn et al. (2021) developed transgenic grapefruits expressing P. trifoliata FT1 (PtFT1) as a translational fusion with a single-chain variable fragment antibody. The reduced FT activity rendered transgenic FT chimeras with precocious flowering.

The huge amount of genomic data available for citrus species and phylogenetically related genus would make the discovery of new genes involved in precocious flowering possible. This is the case for Mini-citrus (Fortunella hindsii), wild citrus-related species with dwarf height and early flowering (juvenile period of around 8 months) (Zhu et al., 2019). The discovery of new candidate genes for transgenic or gene editing approaches would speed up the implementation of biotechnological improvements in citrus species (Shimizu, 2020; Rao et al., 2021).



NOVEL STRATEGIES FOR TRANSIENT AND STABLE TRANSFORMATION OF CITRUS

Generation of stably transformed citrus plants requires arduous and time-consuming procedures, as is the case for most woody species. As mentioned before, the success depends on genotype-associated transformation efficiencies and needs long periods for in vitro regeneration of positive events. Also, the principal characteristics of the candidate genes to introduce before conducting stable transformation of the plants should be previously analyzed. For that purpose, transient gene expression is a useful tool to study the function, subcellular expression patterns, and localization of the genes of interest. This method also allows characterizing novel genes and regulatory sequences in a fast and simple manner (Jones et al., 2009).

In citrus, the study of Figueiredo et al. (2011) has determined the function and subcellular localization of a type III effector AvrGf1 from Xanthomonas citri pv. citri by Agrobacterium-mediated transient expression (agroinfiltration) in grapefruit leaves. In addition, it has been suggested that a X. citri pv. citri treatment before agroinfiltration could significantly enhance transient expression in recalcitrant citrus leaves from different varieties (Jia and Wang, 2014b). The constraints for this pre-treatment are related to the possible side effects derived from the presence of pathogenic bacteria that could interfere with the functional characterization of the gene of interest. Li et al. (2017) have analyzed different factors influencing transient expression efficiency in citrus. They suggested composition of infiltration buffer adequate for an enhanced level of transient expression: 10 mmol L–1 2-(N-morpholino) ethanesulfonic acid (MES), pH 5.6, 10 mmol L–1 MgCl2, and 150 μmol L–1 Acetosyringone. The bacterial suspension density most suitable for transient expression was OD600 = 0.8. The optimal conditions of other parameters, such as temperature, leaf developmental stages, and dependence on genotypes, were also determined. A recent study has shown that an agroinfiltration procedure using a microneedle roller to create abundant little wounds in the leaf surface increased the gene expression efficiency (Acanda et al., 2021). Strategies for transient gene expression based on particle bombardment have been also developed. A held-gene gun system was used for transient transformation of thin epicotyl explants of Carrizo citrange and sweet orange (Bespalhok Filho et al., 2003) as well as for citrus leaves (Levy et al., 2018). The latter system is applicable to a wide variety of genotypes but not all laboratories have the required device. Another novel methodology for transient citrus fruit transgene expression based on fruit immersion in an Agrobacterium suspension and subsequent vacuum infiltration has been reported by Zhang et al. (2021).

A localized expression is a rapid tool allowing testing the correct expression of a transgene. In this regard, Guerra-Lupián et al. (2018) have developed a method for localized expression in stems of Mexican lime by using A. tumefaciens and expression vectors coding for reporter genes and antimicrobial peptides targeted to the vascular tissues (López-Buenfil et al., 2017; Guerra-Lupián et al., 2018). Stem transformation with A. tumefaciens carrying the transgene constructs requires a slight scraping of the corky surface with a scalpel, in order to expose the photosynthetic tissue, and then it is incubated with the bacteria to favor the transformation process (Figure 4). In some instances, the appearance of thick photosynthetic tissue is observed in the injury performed with the scalpel; in general, the scar is lignified and becomes indistinguishable over time (López-Buenfil et al., 2017). Molecular detection in the site of the transformation for evaluation of transgene expression can produce data that are difficult to interpret since Agrobacterium cells can be viable for weeks at the site of inoculation. However, it has been possible to detect reporter gene products systemically, in distant tissue. This fact is very interesting because informational molecules can be mobilized via phloem at long distances in the plant, without having to generate genetically modified plants.
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FIGURE 4. Localized expression procedure. (A) Exposition of photosynthetic tissue by scraping made with a scalpel. (B) Soaking of a cotton swab with Agrobacterium culture. (C) Wrapping of plant tissue. (D) Treated plant, covered with plastic.


The alternative methodology to achieve stable transgene expression by agroinoculation of axillary meristems is very useful to bypass the complexity and time-consuming procedures required for regenerating a whole plant from a single cell. He et al. (2011) have developed transgenic Jincheng orange and Newhall navel orange overexpressing antibacterial Shiva A and Cecropin B proteins by Agrobacterium-transformation of in vitro micrografted mature axillary buds. The transgenic plants subsequently regenerated showed resistance to X. citri pv citri.

An interesting new in planta transformation approach developed by Zhang Y. Y. et al. (2017) consists of an Agrobacterium co-culture with decapitated pummelo seedlings, selective-culture, and dark treatment for inducing bud formation. This strategy resulted in transgene integration with transformation efficiencies of 20.41% when using hygromycin as the selection marker and of 19.37 and 3.21% when using Basta and Kanamycin, respectively.

Other relevant tools for the expression or silencing of citrus genes are the viral-based expression vectors (Folimonov et al., 2007). Citrus Tristeza Virus (CTV)-based engineered constructs expressed the GFP reporter gene for more than 4 years (Folimonov et al., 2007). CTV showed stable expression of transgenes placed within the 3′ region of its genome (El-Mohtar and Dawson, 2014). Velázquez et al. (2016) have reported the use of CLBV for inducing early flowering of juvenile citrus plants, by transient expression of citrus Flowering Locus T gene (CiFT). This viral vector displayed a series of advantages, such as the absence of plant genome integration or recombination, the scarce range of symptoms expressed in most citrus cultivars, its systemic distribution in the plant, and its safety for field trials, because it is not transmissible by insects.



EMERGING TECHNOLOGIES: CIS AND INTRAGENESIS, TRANS-GRAFTING AND GENE EDITING IN CITRUS

In citrus species, as well as in other woody fruit species, breeding programs based on transformation methods using Agrobacterium or biolistic strategies, have been successful in the precise insertion of foreign DNA for the improvement of desired traits without altering the genetic background. However, the presence of genes from other species, the use of selectable markers, and regulatory sequences coming from viruses or bacteria raised considerable public concerns. In this regard, a series of new breeding technologies (NBTs) was developed to modify existing DNA sequences in a plant or to modulate the patterns of endogenous gene expression and were successfully implemented for woody fruit plants in recent years (reviewed in Limera et al., 2017; Poles et al., 2020). Cis and intragenesis, trans-grafting, and gene editing techniques will be considered within this category. Although their application for citrus genetic improvement is still limited, some examples can be mentioned.

Cisgenic and intragenic plants are genetically modified organisms bearing DNA sequences from the species itself (extra copies) or from a closely related species that can be crossed conventionally, in contrast to transgenesis, where genetic material can be mixed between species. In the case of cisgenesis, the natural complete variant includes the promoter, introns, and terminator sequences in the same orientation as the native gene (Lusser and Davies, 2013). In intragenesis, the introduced DNA sequence can be a combination of genes and regulatory sequences (chimeric gene rearrangements) that will lead to different functional versions (Rommens et al., 2007). Recently, several citrus genes that control traits of interest have been cloned and characterized as novel targets for cis and intragenesis approaches. Between them CsSAMT1 (Salicylic acid Carboxyl Methyltransferase 1), which confers tolerance to HLB; CsMADS5, a fruit ripening-associated transcription factor, that positively regulates carotenoid biosynthesis in citrus; a CsMYB96 transcription factor, which enhances citrus fruit resistance against fungal pathogens; CiMADS43, a MADS-Box gene involved in citrus flowering and leaf development and CiNPR4, an NPR1-like gene that enhanced resistance of transgenic citrus plants to HLB (Li et al., 2020; Khan et al., 2021; Lu et al., 2021; Peng et al., 2021b; Zeng et al., 2021; Zhang et al., 2021; Zou et al., 2021).

Cis and intragenic citrus plants must be transformed with citrus-derived DNA sequences. For that purpose, in the case of the Agrobacterium transformation method, a suitable transformation vector system that carries citrus-derived complete T-DNA sequences is desirable. Plant-derived transfer DNA (P-DNA) was already developed to replace bacterial vector T-DNA backbone with a plant DNA sequence (Rommens, 2004). For citrus genetic transformation, An et al. (2013) have developed an intragenic vector system by adding a T-DNA-like sequence from C. clementina, in the correct orientation and with a series of restriction sites for cloning the gene of interest. The empty vector was used to transform A. thaliana and Duncan grapefruit leading to the recovery of positive events under non-selective conditions (3 and 0.67% transformation efficiencies for both species, respectively).

In citrus, the use of reporter genes based on the production of anthocyanin (Dutt et al., 2016, 2018b; Huang et al., 2019) and systems to remove selectable markers have shown positive results (Sugita et al., 1999; Zou et al., 2013). Merritt et al. (2021) developed a citrus DNA glyphosate resistant-selection system by transforming Duncan grapefruit with a glyphosate-resistant mutated version of citrus EPSPS enzyme (TIPS EPSPS). They showed that a glyphosate treatment did not inhibit bud formation and rendered a 40% increment in transformation efficiency. A third requirement is that the native target gene must be linked to a suitable regulatory sequence. For that purpose, several citrus-derived promoters are being characterized (Erpen et al., 2018; Dasgupta et al., 2020; Bezerra et al., 2021).

Trans-grafting is a relevant practice in citrus biotechnological breeding that combines genetic engineering with traditional grafting practices. This method consists of grafting a non-genetically modified scion onto a transgenic rootstock (Kaiser and Dalton, 2001; Haroldsen et al., 2012). Thus, in trans-grafted plants, mobile transgene products can move across the phloem from the transgenic rootstock to the non-transgenic scion, so that the latter can acquire the beneficial trait with no-genetic modification of the final products, for example as in fruits (Song et al., 2015). In citrus crops, non-transgenic scions susceptible to HLB bacterial disease were grafted onto transgenic rootstocks overexpressing a microbial peptide and the resulting plants showed lower rates of infection compared with non-transgrafted plants (Bergey et al., 2015). De Francesco et al. (2020) trans-grafted a transgenic sweet orange interstock overexpressing a hairpin CP-mRNA and observed tolerance to citrus psorosis virus in the non-transgenic scion.

New genome engineering technologies offer encouraging alternatives to create mutations in the citrus genome. For example, the recently developed clustered regularly interspaced short palindromic repeats (CRISPR)-associated Cas9 genome editing tool has been successfully applied to citrus species. The efficacy of the CRISPR/Cas9 technique in citrus plants was first studied by targeting the phytoene desaturase (PDS) gene (Jia and Wang, 2014a). The disruption of this gene impairs chlorophyll and carotenoid production resulting in albino or mosaic phenotypes that can be observed visually to estimate the efficacy of the genome modification system (Qin et al., 2007). The study of Jia and Wang (2014a) first reported PDS editing in C. sinensis plants, with a very low editing efficiency of about 3.5%. The work of Zhang F. et al. (2017) has lately developed a higher efficient CRISPR system to edit PDS that relies on (1) Cas9 driven by the Arabidopsis YAO-promoter instead of 35S, and (2) a bifunctional selectable marker used to identify transgenic citrus plants with high expression of Cas9. They obtained albino phenotypes consistent with high mutation frequencies of up to 75% (Zhang F. et al., 2017). The authors also reported that most of the mutations obtained in their study were identified as indels that resulted in a frameshift.

On the other hand, the study of Jia et al. (2017) recently reported editing of the CsLOB1 (C. sinensis Lateral Organ Boundaries) gene. CsLOB1 is a susceptibility gene for citrus canker disease and is induced by the pathogenicity factor PthA4 from X. citri pv. citri. PthA4 binds to the EBEPthA4-CsLOBP to induce CsLOB1 gene expression (Hu et al., 2014). CsLOB1 was targeted for edition both in its promoter and coding sequences, in Valencia sweet orange (C. sinensis) and Duncan grapefruit (C. paradisi Macf.) (Jia et al., 2016, 2017; Peng et al., 2017). The efficiency of recovering mutant plants spanned from 23 to 67% and the transgenic lines with higher mutation rates became resistant to citrus canker. In addition, the generation of homozygous and biallelic canker-resistant Pummelo (C. maxima) plants in the T0 generation was reported (Jia and Wang, 2020). CRISPR edition of CsWRKY22 gene, a marker gene for pathogen-triggered immunity in C. sinensis also reduces susceptibility to X. citri subsp. citri in Wanjincheng orange (Wang et al., 2019).

The LOB1 promoter was also edited in Duncan grapefruit using SaCas9 from Staphylococcus aureus (Jia et al., 2016) instead of the commonly used SpCas9 from Streptococcus pyogenes. SaCas9 (Ran et al., 2015) is a 1053 aa nuclease, much smaller than SpCas9 (1368 aa), that allows easier handling and target cell transformation. No off-targets were observed when using SaCas9 in citrus gene editing neither in transgenic edited tobacco (Kaya et al., 2016). CRISPR-Cas12a from Prevotella and Francisella (a class II/type V CRISPR nuclease), has been also employed to edit PDS or CsLOB1 genes in Duncan grapefruit (Jia et al., 2019) and has been proposed as an alternative system reported having fewer off-targets in relation to Cas9 (Kim et al., 2016; Kleinstiver et al., 2016). The work of Dutt et al. (2020) have recently reported the edition of the PDS gene in C. sinensis plants using embryogenic callus as explants instead of epicotyls. They employed two different constructs: one where the gRNAs were driven by the Arabidopsis U6–26 pol III promoter and another with the RNA processing ability of the Csy4 bacterial endoribonuclease to express several gRNAs (Čermák et al., 2017). All the generated transgenic embryos were completely albino, and no variegated phenotype was observed, which demonstrates a high editing efficiency (Dutt et al., 2020). The embryogenic cell culture mediated transformation system allows a larger population of transformed plants compared with the epicotyl explant mediated system. Furthermore, seedless citrus cultivars and epicotyl transformation recalcitrant cultivars can be easily transformed with this system.



PERSPECTIVES

Citrus improvement requires a continuing effort for success. Emerging biotechnologies are providing the research community with new tools that can increase the speed and efficiency of the process. Public perception of transgenic citrus, however, is an actual concern and should be taken into consideration. Even though it could be argued that pathogen-resistant transgenic citrus could improve sustainability by reducing pesticide applications (Caserta et al., 2019), they nevertheless bring other concerns. Some of them are the effect of the modified plants on the environment, the risk of transgene dissemination by pollen, the potential damage to local production and small growers, who cannot adopt the new technology, and potential risks to human health due to the consumption of transgenic citrus fruits, among others.

The expression of genes from citrus origin to obtain cisgenic or intragenic varieties is a promising strategy, considering the issues around the public perception of transgenic plants and the need to address the reduction of the regulation (Holme et al., 2013). When the genetic sequences to be introduced originate in closely related species, instead of phylogenetically distant ones, regulatory processes become easier to achieve. Furthermore, the application of CRISPR/Cas technologies has the potential of generating non-transgenic-edited citrus plants, thus falling within a different regulatory framework (Lema, 2019). In many cases, the result of editing genetic sequences is comparable to that obtained by conventional mutagenesis, if there are no leftovers of Cas9 and gRNA (guide RNA) sequences inserted in the genome. To move toward those alternatives, it is necessary to modify current transformation methods for citrus editing. Promising strategies may include the use of Cas9-ribonucleoprotein complexes for the transitory transformation of either protoplast with PEG or callus explants by biolistic, eluding transgene integration in the plant genome. Therefore, the edited plant can be classified as non-transgenic according to the Cartagena Protocol on Biosafety (Lema, 2019).
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Modern maize exhibits a significantly different phenotype than its wild progenitor teosinte despite many genetic similarities. Of the many subspecies of Zea mays identified as teosinte, Zea mays ssp. parviglumis is the most closely related to domesticated maize. Understanding teosinte genes and their regulations can provide great insights into the maize domestication process and facilitate breeding for future crop improvement. However, a protocol of genetic transformation, which is essential for gene functional analyses, is not available in teosinte. In this study, we report the establishment of a robust callus induction and regeneration protocol using whorl segments of seedlings germinated from mature seeds of Zea parviglumis. We also report, for the first time, the production of fertile, transgenic teosinte plants using the particle bombardment. Using herbicide resistance genes such as mutant acetolactate synthase (Als) or bialaphos resistance (bar) as selectable markers, we achieved an average transformation frequency of 4.17% (percentage of independent transgenic events in total bombarded explants that produced callus). Expression of visual marker genes of red fluorescent protein tdTomato and β-glucuronidase (gus) could be detected in bombarded callus culture and in T1 and T2 progeny plants. The protocol established in this work provides a major enabling technology for research toward the understanding of this important plant in crop domestication.

Keywords: embryogenic callus, gene gun, genetic transformation, growth media, herbicide resistance, mature seed, Zea parviglumis


INTRODUCTION

Maize is the most important grain crop for both humans and animals. It is widely believed that the ancestor of modern maize (Zea mays ssp. mays) is the Mesoamerican plant teosinte. There are many different subspecies of Zea mays but data from genetic studies have provided strong evidence that the subspecies Zea mays ssp. parviglumis (hereafter Zea parviglumis) is the wild ancestor of domesticated maize (Doebley, 1990; Matsuoka et al., 2002). There are great interests in tracing the ancestry from this ancient grass to the modern crop using genetics, genomics and genome editing technologies. To this end, the ability to achieve genetic transformation of teosinte is essential.

Limited literature exists on teosinte in vitro culture. There is no report on protocols for genetic transformation of any teosinte subspecies. Cure and Mott (1978) performed callus culture in Zea mays ssp. mexicana using growth medium with synthetic auxin 2,4-dichlorophenoxyacetic acid (2,4-D). They were unable to get regenerated shoots on hormone-free media (Cure and Mott, 1978). One group published two manuscripts in 1984, reporting the production of embryogenic callus from field grown seedling leaf pieces (Prioli et al., 1984; Sondahl et al., 1984) or immature embryos (Sondahl et al., 1984) using MS salts containing 2,4-D in Zea mays ssp. diploperennis (hereafter Zea diploperennis). This group was successful in regenerating many fertile plants from these callus cultures by removal of the 2,4-D from the growth media (Prioli et al., 1984; Sondahl et al., 1984). Swedlund and Locy (1988) also reported the establishment of embryogenic callus using both immature embryos and immature leaf tissue of Zea diploperennis on MS/sucrose-based growth media containing 2,4-D. These callus cultures were maintained for up to 2years after callus induction was initiated. They were able to regenerate plants from the 2-year-old callus culture on rooting media containing kinetin and examined the cellular and morphological changes. They stated that “regenerated plants did not differ in chromosome numbers or general morphology from the original plants placed in culture” (Swedlund and Locy, 1988). Zale et al. (2008) described in vitro multishoot propagation in Zea diploperennis. They found that laterally cut shoots collected from the field could be propagated into clonal plants rapidly when placed onto growth medium containing 5μM 6-benzylamino purine (BAP) to induce multishoot formation from meristematic regions (Zale et al., 2008).

The first successful Zea transformation was biolistic-mediated maize transformation that was reported in 1990 (Gordon-Kamm et al., 1990). In this landmark work, immature embryos from a hybrid progeny of maize A188×B73 were used first to initiate friable, embryogenic type II callus culture in growth media containing auxin dicamba or 2,4-D. The callus culture was then developed to cell suspension culture in liquid MS medium with the auxin. The suspension culture was bombarded using a plasmid DNA carrying the herbicide bialaphos resistance (bar) gene or co-bombarded using two plasmid DNAs, one carrying the bar gene and the another carrying β-glucuronidase (gus) gene. Transformed calli were selected from the suspension culture containing the herbicide bialaphos. Over 50 herbicide-resistant independent callus events were regenerated and brought to maturity for progeny analysis.

While the first fertile transgenic maize was produced by the biolistic method, the current most popular approach for maize transformation is the Agrobacterium-mediated protocol. The target explant for the Agrobacterium-mediated method is maize immature embryos, which are from young ears harvested 10–14days after pollination. While maize is naturally recalcitrant to Agrobacterium tumefaciens, a wide range of maize genotypes can now be transformed using Agrobacterium-mediated method thanks to the development of super binary vectors and morphogenic regulator genes (Ishida et al., 1996; Zhao et al., 2002; Lowe et al., 2016; Masters et al., 2020).

The aim of this work was to develop a regenerable tissue culture system for teosinte Zea parviglumis, the hypothetical ancestor of modern maize. More importantly, this work is intended to establish a genetic transformation protocol that can be used to perform genome editing. Because teosinte has small ears with only 5–12 kernels that are protected by a hard casing (Doebley, 2004), it is difficult to obtain large quantities of kernels and use their immature embryos for tissue culture and transformation, as is typically done for maize. On the other hand, maize mature seeds have been used for transformation. Sidorov et al. (2006) demonstrated that an embryogenic callus culture could be initiated from mature seedlings that were germinated on MS-based medium containing 10mg/L auxin picloram and 3mg/L BAP. They described that the callus pieces were typically produced from leaf coleoptilar node area, which contains meristematic cells and axillary buds. The callus culture was transformed using Agrobacterium-mediated protocol. Transgenic plants were successfully produced using either neomycin phosphotransferase II or glyphosate as selective agents (Sidorov et al., 2006). Using morphogenic regulators Baby boom and Wuschel genes, Lowe et al. (2016) showed that maize mature seed or leaf segments from seedlings could be used as explants for transformation.

In this study, we describe a robust callus culture and regeneration system initiated from mature seed-derived leaf explants. Using embryogenic callus culture, we successfully generated the first fertile, transgenic teosinte (Zea parviglumis) plants using the particle bombardment. This work marks a major step forward toward the understanding of this important plant through genome editing and genetic modification.



MATERIALS AND METHODS


Plant Material and Media

Zea mays ssp. parviglumis (teosinte) seeds Ames 21785 and Ames 21789 were obtained from the USDA Agricultural Research Service seed repository.1 Bulk amount of Zea parviglumis seeds can be purchased from a private retailer Restoration Seeds.2 Culture media used in this work are listed in Supplementary Table S1.



Seed Sterilization and Explant Preparation

Teosinte seeds (Figure 1A) were sterilized twice following the protocol described by Martinez and Wang (2009) before being placed on germination media (Martinez and Wang, 2009). About 10–50 seeds were submerged in 50ml of seed sterilization solution (Supplementary Table S1) in an Erlenmeyer flask with a stir bar. The flask was placed on a stir plate set to 220rpm. The sterilization of the seeds was carried out at room temperature (RT, 22–25°C) for 20min. The seeds were then rinsed three times with autoclaved deionized water (dH2O) to remove any residual bleach.

[image: Figure 1]

FIGURE 1. Generation of embryogenic callus from the leaf tissue of teosinte seedlings. (A) A teosinte seed with the hard casing intact; (B) A “naked” seed with the casing removed; (C) Naked teosinte seeds placed on growth medium for germination; (D) Germination of teosinte seeds on ½ MS growth medium (14days after sowing); (E) Germination of teosinte seeds on MSVS34-P2.2 growth medium (14days after sowing); (F) Illustration of cutting the leaf segment and placement on callus induction growth medium; (G) Whorl segment explant (indicated by red circle) collected from seedling germinated on MSVS34-P2.2 medium; (H) Callus forming from leaf pieces of plant grown on MSVS34-P2.2 (14days after callus induction). Leaf pieces are oriented from the base of the plant to the top; (I) Embryogenic callus capable of regeneration into a full plant (30days after callus induction); (J) Non-embryogenic callus that will not regenerate into teosinte plants (30days after callus induction).


The sterilized seeds remained in sterile water for 5–18h at RT to soften its hard casing. Once softened, the casing was mechanically removed using a pair of clean nail clippers. The “naked” seeds (Figure 1B) were then sterilized using the same sterilization and rinse procedure as described above.

The “naked” teosinte seeds were germinated in a 25×100mm Petri dish containing germination media ½ MS or MSVS34-P2.2 (Supplementary Table S1) with seven seeds per plate (Figure 1C). The Petri dishes were left unwrapped and placed in a clean transparent plastic container [10cm (H)×30cm (L)×18cm (W)] with lid and incubated in a biological incubator at 28°C with 16/8h (day/night) photoperiod and 100–200μmol/m2/s light intensity measured using a LI-250A Light Meter (LI-COR Biosciences, Lincoln, Nebraska, United States). The teosinte plants were allowed to grow for 1–3weeks until they reached a height of ~5–9cm. If needed, the lids of Petri dishes were removed to allow plantlets to grow upright in the covered plastic container.

To prepare whorl segments (WSs) for callus culture, teosinte plantlets of appropriate sizes (Figures 1D,E) were harvested. Inside a laminar flow hood the germinated seedlings were cut to collect the WSs (Figure 1G) using a Number 10 Royal Tek surgical blade. The first cut was a lateral incision along the length of the plant creating two long segments (Figure 1F). Holding the two pieces together at the top of the plant using a pair of forceps, 1mm cuts were made perpendicular to the first cut. The 1mm pieces of leaf tissue were then evenly spaced onto callus induction media MSW57 or 605B (Supplementary Table S1, Figure 1F). The plates were left unwrapped, placed in a clean plastic box with lid as described above, and incubated at 28°C in the dark.



Callus Induction, Maintenance, and Regeneration

Callus formation and subsequent growth occurred over the next 6–8weeks. WS pieces that began to form embryogenic callus were subcultured onto fresh callus induction media every 2–3weeks. Four to six weeks after callus induction, embryogenic teosinte calli were moved to maturation growth medium (13329iaa, Supplementary Table S1) containing BAP and indole-3-acetic acid (IAA) to promote shoot formation. Callus tissues on maturation media were cultured in the dark at 28°C. After 14days in the dark, the calli were moved into the light [16/8h (day/night), 100–200μmol/m2/s] at 28°C for 7–21days.

For rooting step, callus pieces with developing shoots were placed on rooting medium (272iba, Supplementary Table S1) with indole-3-butyric acid (IBA) to induce root growth. To prevent overgrowth, the calli were placed evenly on the rooting plates with no more than eight pieces per plate. The rooting process was carried out under light [16/8h (day/night), 100–200μmol/m2/s] at 28°C for 14–28days (subculture every 2weeks when needed). During the rooting step, callus with healthy and vigorously growing shoots were closely monitored. To encourage root formation, any excessive callus materials associated with these growing shoots were removed.

Once roots were established, healthy plants were transferred to soil. Excess growth medium associated with the roots was removed and roots were rinsed and cleaned with water. Plantlets were carefully separated using forceps and surgical blades. Rooted plants were transferred into 3 sq. in (19cm2) plastic insert (1801 deep inserts, T.O. Plastic, Clearwater, MN, United States) containing pre-wetted soil mix (Sungro® Professional Growing Mix Sunshine® Mix #1). The inserts were placed in a tray (27cm×54cm) and covered with a clear plastic humidity dome. The plants were grown in a growth chamber at 28°C with 12/12h (day/night) photoperiod and 250–320μmol/m2/s light intensity (~1.7m below the lights) for 7days. Developing plants were transplanted into one gallon (3.8L) plastic pots until maturation. Tassels began to form 8–12weeks after being placed in soil. To prevent cross-pollination, tassels were removed and stored separately in a beaker of water away from the silks of the teosinte. Plants were fertilized with Peters Excel 15-5-15 fertilizer as needed.



Constructs for Biolistic Transformation

Plasmid pKL2155 (Figure 2A; Supplementary Figure S1) and pAHC25 (Christensen and Quail, 1996; Figure 2B) were used for bombardment experiments. The plasmid pKL2155 (9,492bp) was designed in this work. The construct carries a mutant acetolactate synthase (Als) gene (Okuzaki et al., 2007) driven by sorghum Als gene (SbAls) promoter as selectable marker gene and a recombinant red fluorescent protein tdTomato gene (Shaner et al., 2004) driven by a double 35S promoter (Omirulleh et al., 1993) as a scorable marker gene (Figure 2A; Supplementary Figure S1). pKL2155 was constructed using Gibson assembly (Gibson et al., 2009). First, four different fragments were PCR amplified using primers, plasmid DNA templates (Supplementary Table S2a), and 2× Phusion High-fidelity DNA polymerase master mix (Thermo Fisher Scientific, MA, United States). For each fragment, 0.5μM primers and 5–10ng of plasmid DNA template were used for a 50μl reaction volume. Detailed thermocycling conditions are as follows: initial denaturation at 98°C for 30s, 35cycles of 10s at 98°C, 30s at 52.1–62.8°C, 30–75s at 72°C, and followed by final extension at 72°C for 5min. Annealing temperature and extension time varied depending on the fragment to be amplified (Supplementary Table S2a). PCR products were resolved on 1% agarose gel and corresponding DNA fragments were purified using the QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany) according to the manufacturer’s instruction. Amplified DNA fragments and the linear pJET1.2 DNA (Thermo Fisher Scientific, Waltham, MA, United States) were assembled using the HiFi DNA assembly master mix (New England Biolabs, Ipswich, MA, United States) according to the manufacturer’s protocol. Two microliters of the assembly mix were used for Escherichia coli (DH5α) transformation as described by Fronger and Hall (2007).
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FIGURE 2. Schematic illustration of the plasmid DNA constructs used for teosinte transformation. (A) pKL2155, 9,492bp. PSbAls-Als-TSbPepC1, the sorghum acetolactate synthase gene promoter driving the mutant acetolactate synthase gene with sorghum PepC1 gene terminator; 2xP35S-tdTomato-Tnos, 2x CaMV 35S promoter driving tdTomato with Agrobacterium nopaline synthase gene (nos) terminator; (B) pAHC25 (Christensen and Quail, 1996), 9,618bp. PZmUbi-gus-Tnos, maize ubiquitin gene promoter (PZmUbi) driving β-glucuronidase gene with the nos terminator; PZmUbi-bar-Tnos, PZmUbi driving bialaphos resistance bar gene with the nos terminator; ColE1/pUC, high copy number origin of replication from Escherichia coli; AmpR, ampicillin resistance β-lactamase gene cassette.


The plasmid pAHC25 is a 9,618bp in size and contains a selectable marker gene, bar, and a scorable marker gene, gus. Both genes are driven by separate maize ubiquitin promoters (Christensen and Quail, 1996).

Plasmid DNA was isolated and purified using QIAprep Spin Miniprep Kit (Qiagen GmbH, Hilden, Germany) per manufacture instruction.



Preparation and Performing of Particle Bombardment

Two different methods were used for coating of gold particles with DNA for biolistic transformation. The spermidine/CaCl2 method was based on the procedure for biolistic transformation of maize immature embryo as described previously (Wang et al., 2020). Briefly, in an Eppendorf tube, 1.5mg surface-sterilized 0.6μm gold particles were mixed with 2–3μg of plasmid DNA, CaCl2 and spermidine. After coating, the gold/DNA complex was pelleted, washed by 100% ethanol (Decon 200 Proof Pure Ethanol Alcohol, Decon Labs Inc., King of Prussia, PA) and resuspended in 110μl of 100% ice-cold ethanol. For each shot, 10μl of gold/DNA suspension was aliquoted onto the center of each macrocarrier and allowed to air-dry prior to the bombardment. Typically, each bombarded plate received ~150μg of gold particles and 200–300ng of plasmid DNA in this work.

The majority of the bombardment experiments described in this work used a transfection reagent TransIT®-2020 (Mirus Bio LLC, Madison, WI, United States) for coating DNA onto the gold particles following the protocol described in Miller et al. (2021) with modifications (Miller et al., 2021). Specifically, 1.5mg of surface-sterilized 0.6μm gold particles were homogenously suspended in 90μl of dH2O using an Ultrasonic Cleaner (Lab Safety Supply HB-3818B sonicator, Grainger, Lake Forest, IL, United States). Three μg of plasmid DNA (300ng/μl in dH2O) was added to the gold suspension and mixed by vortexing for 10s on high setting. Next, 1μl of TransIT-2020 (ratio 0.33μl TransIT-2020 per μg DNA) was added and the tube was vortexed on high for 15s. The Eppendorf tube was then vortexed in the upright position for 10min on low setting to allow contents to settle to the bottom of the tube. The Eppendorf tube was centrifuged at 9,391×g for 1min to pellet the gold. Using a pipette, the supernatant was removed without disrupting the gold/DNA pellet. Finally, 110μl of 100% ice-cold ethanol were added and the tube was then sonicated for 5s to ensure the homogenous suspension of gold/DNA. Ten microliter of gold/DNA were dispensed onto each macrocarrier and allowed to air-dry prior to the bombardment. Similar to spermidine/CaCl2 coating method, each bombarded plate using the TransIT-2020 coating received ~150μg of gold particles and 300ng of plasmid DNA in this work.

For pre-bombardment osmotic treatment, approximately 1g of embryogenic callus derived from multiple leaf pieces of a single plant was placed onto the center of a MSW57 osmotic plate (Supplementary Table S1) in a circle ~2.5cm2 in diameter. The plates were incubated in the dark at 28°C for 4 to 24h prior to the bombardment. Bombardment of teosinte callus pieces was carried out directly on the MSW57 osmotic plates using the Biolistic PDS-1000/HE particle delivery system (Bio-Rad) inside a sterile flow hood as described (Wang et al., 2020). The specific parameters were 6cm target distance, 650psi rupture discs, and 26.5mmHg vacuum pressure.



Selection and Regeneration of Transformed Callus

Bombarded calli were immediately moved from MSW57 osmotic medium onto fresh callus induction medium without any selective reagent (Supplementary Table S1) and incubated in the dark at 28°C. Seven to eleven days after the bombardment, the calli were moved onto callus induction medium with appropriate selection agent.

Teosinte callus bombarded with pKL2155 were cultured on callus induction medium containing 0.2mg/L of ethametsulfuron (EMS) after the resting stage. After the first round of selection, dead calli were discarded and the healthy ones were subcultured onto fresh selection media. Selection on callus induction media with 0.2mg/L EMS continued for 4–6weeks. Healthy EMS resistant calli were transferred onto maturation medium 11329iaa (Supplementary Table S1) containing the selective reagent 0.2mg/L EMS. Callus tissues on maturation media were cultured at 28°C in the dark. After 14days in the dark the maturation plates culturing EMS resistant calli were placed under the light [16/8h (day/night), 100–200μmole/m2/s] at 28°C for another 7–21days.

Teosinte tissues bombarded with pAHC25 were moved to MSW57 containing 2mg/L of bialaphos. Two weeks after the selection, healthy proliferating calli were moved onto callus induction medium containing 5mg/L of bialaphos. An optional third subculture to callus induction medium containing 5mg/L of bialaphos was used to increase the size of the transgenic calli if needed.

Developing shoots were placed on rooting medium 272iba (Supplementary Table S1) with either 0.2mg/L of EMS (for pKL2155) or 2mg/L bialaphos (for pAHC25) for root development. Rooted putative transgenic plants were acclimated and brought to maturity in a growth chamber as described in the section “Callus Induction, Maintenance and Regeneration” above.



PCR Analysis

Genomic DNA was extracted from ~2cm2 clippings of teosinte leaf tissue using the protocol described in Edwards et al. (1991). PCR analysis of the genomic DNA was used to detect the presence or absence the transgenes in regenerated T0 teosinte plants and the progenies using the primers and conditions listed in Supplementary Tables S3a,b.



Transgene Copy Number Estimation by Quantitative PCR Analysis

Genomic DNAs were extracted from teosinte leaf materials as described by Richards et al. (1994). A teosinte single copy gene, ZvMEK1, an ortholog of maize ZmMEK1 (Hufford et al., 2021), was selected as a reference gene for the transgene copy number estimation. To generate standard curves, a 3,797bp plasmid (pKL2347) containing fragments of the reference gene ZvMEK1 (261bp), gus gene (263bp) and SbAls promoter (299bp) was constructed using Gibson assembly (Gibson et al., 2009). These fragments were amplified by PCR using the primers listed in Supplementary Table S2b and the Q5 master mix (New England Biolabs, Ipswich, MA, United States). PCR products were purified using the QIAquick PCR purification kit (Qiagen GmbH, Hilden, Germany) and assembled with the linearized pJET1.2 DNA (Thermo Fisher Scientific, Waltham, MA, United States) using the HiFi DNA assembly master mix (New England Biolabs, Ipswich, MA, United States) according to the manufacturer’s instruction.

Transgene quantification was carried out using TaqMan PCR. Quantitative PCR (qPCR) primers and probes were designed using the PrimerQuest™ Tool (IDT, Coralville, IA, United States), and the probes with compatible dyes (HEX for ZvMEK1; FAM for gus and SbAls promoter) and double quenchers (ZEN/Iowa Black™ FQ) were synthesized by IDT (Coralville, IA, United States). Each qPCR was performed in a 20μl reaction volume with the following ingredients (final concentration): 0.5μM ZvMEK1 primer pair, 0.5μM gus or SbAls promoter primer pairs, 0.25μM probe for ZvMEK1, 0.25μM probe for gus or SbAls promoter, 0.01pg–1ng pKL2347 plasmid DNA (2.57×103–2.57×108 copies) or 10–20ng of teosinte genomic DNA, and 1×PrimeTime™ Gene Expression Master Mix (IDT, Coralville, IA, United States). Real-time PCR was carried in an Mx3005p qPCR system (Agilent, Santa Clara, CA) using the fast-cycling condition as instructed by the manufacturer: 3min at 95°C for polymerase activation followed by 40cycles of amplification with 5s at 95°C for denaturation and 30s at 60°C for annealing/extension. All reactions were performed with four technical replicates. Transgene copy numbers were estimated using the standard curves generated by the pKL2347 DNA copy numbers and the qPCR cycle threshold values (Ct). The amplification efficiencies were 98% for the SbAls primers (r2=0.999), 107% for the gus primers (r2=0.999), and 98–107% for the ZvMEK1 primers (r2=0.999). Because the single copy reference gene has two alleles in the genome, a single copy transgene would have a 1:2 ratio of gus or SbAls promoter to ZvMEK1.



Southern Blot Hybridization Analysis

Genomic DNA was extracted from leaf tissue of T0 and T1 plants using cetyltrimethylammonium bromide (CTAB) method (Murray and Thompson, 1980). Fifteen micrograms of gDNAs were digested with SacI enzyme and separated on a 0.9% (w/v) agarose gel by electrophoresis. The DNAs were transferred to and cross-linked to a membrane (BrightStar Plus; Thermo Fisher Scientific, Waltham, MA, United States). The membrane was prehybridized using Church’s buffer (Church and Gilbert, 1984) for 4h at 65°C. The probe was designed to detect the gus gene. It was amplified by PCR from the plasmid pACH25 using primers Gus-F (TTG GGC AGG CCA GCG TAT CGT) and Gus-R (ATC ACG CAG TTC AAC GCT GAC). The 421bp product was purified and subsequently labeled with 32P-dCTP using the Prime-it II kit (Agilent Technologies, Santa Clara, CA, United States). The labeled probe was purified (Illustra Probequant columns, VWR, Radnor, PA, United States) and incubated with the DNA membrane overnight at 65°C. The membrane washing and film development were done following standard protocols (Green and Sambrook, 2012).



Seed Germination for Progeny Analysis

Teosinte seeds do not readily germinate after harvest (Mondrus-Engle, 1981). To germinate naturally aged seeds (minimum 3months after harvest in this work) for progeny analysis, seeds were sterilized and the hard casing were removed as described above in “Seed sterilization and explant preparation.” A sterile 100mm×25mm Petri dish was lined with one piece of 7cm or 12cm diameter Whatman filter paper in the flow hood. Autoclaved distilled water was used to wet the filter paper, with a 1ml pipette. The sterile “naked” seeds were placed on the pre-wetted filter paper. The petri dish was wrapped with a porous tape and incubated at 26°C in the dark for 4–7days until sprouting. The germination is monitored daily. To prevent drying of the germinating seedlings, additional sterile water was added, as needed, to the filter paper to keep it moistened constantly. The sprouts with established roots and shoots were planted into soil as described above in “Callus induction, maintenance, and regeneration.”

To accelerate germination of freshly harvested and delicate teosinte seeds produced from tissue culture plants grown in a confined growth chamber, germination was carried out in vitro without surface sterilization using bleach or ethanol. The seeds were soaked in a filter-sterilized gibberellic acid (GA3) solution (1mg/L), at 26°C for 24h on the lab bench under ambient lighting. The hard casing of seed was aseptically removed. The “naked” seeds were placed, embryo axis up, in a ½ MS germination medium (Supplementary Table S1) supplemented with 1mg/L GA3. The plates were incubated in a biological incubator at 28°C with 16/8h (day/night) photoperiod and 100–200μmol/m2/s light intensity. The germination could be observed as early as 10days after the GA3 treatment.



Phenotyping

Callus tissue and the T1 seeds of pKL2155 were screened for tdTomato gene expression using fluorescent microscope (Olympus SZH10 stereo microscope with Texas red filter, EX 535–585nm, EM 605–690nm) or using a NIGHTSEA dual fluorescent protein flashlight and filter glasses (NIGHTSEA LLC, Lexington, MA, United States).

Putative transgenic T0, T1, and T2 plants generated from the bombardment of pAHC25 were phenotyped using GUS stain as described (Jefferson et al., 1987).

pAHC25 transgenic T2 progeny was tested for herbicide resistance using the protocol described previously (Frame et al., 2006). For screening of glufosinate tolerance, fully expanded leaves from 2-week-old teosinte seedlings were used. Glufosinate solution (150mg/L glufosinate plus 0.1% Tween 20; freshly prepared from the herbicide Liberty®, BASF, Ludwigshafer, Germany) was applied onto one-third of the leaf surface (from tip of the leaf). Q-tips soaked with the glufosinate solution were used to gently rub both sides of the leaves to ensure the herbicide contact and penetration. Plants were assessed for damage 2days after the leaf painting.



Statistical Analysis

Statistical analysis for plant regeneration using different germination and callus induction media was conducted using a z-score test for two independent proportions.3 Pairwise comparisons were made for all six combinations among the four different treatments.




RESULTS


Establishing Embryogenic Callus Culture From in vitro Grown Seedlings

An efficient regeneration protocol is a pre-requisite for establishing a genetic transformation protocol using a tissue culture system. To overcome the limited production of immature embryos in teosinte plants, we used seedlings germinated from mature seeds as an alternative starting material. Unlike maize, teosinte is resistant to inbreeding. As a result, the seed accessions exist as populations (Fukunaga et al., 2005). Therefore, it is expected that the seed germination and callus initiation rates may differ between plants. In this study, we chose to use seed accessions Ames 21785 and Ames 21789 acquired from USDA Agricultural Research Service seed repository and Zea parviglumis seeds from Restoration Seeds (Talent, OR, United States). We chose the Restoration Seeds (RS) for its bulk quantity needed in the experiments.

To ensure uniform seed germination and to minimize contamination in vitro, the hard casing covering teosinte seed was removed. Twice disinfected (before and after removal of the casing) “naked” seeds were then placed on germination media (Figures 1A–C). Two types of germination media were evaluated (Supplementary Table S1). The ½ MS medium was a simple MS/sucrose-based medium, and MSVS34-P2.2 was MS-based medium supplemented with maltose and growth hormones cytokinin (BAP) and auxin (picloram). MSVS34-P2.2 was modified based on MSVS34 medium used by Sidorov et al. (2006) for maize seedling-derived callus (Sidorov et al., 2006).

The “naked” teosinte seeds could be germinated from both media. Table 1 shows typical germination rates for RS seeds, with 75.7% on ½ MS and 65.7% on MSVS34-P2.2. Because of the presence of picloram, plants germinated from the MSVS34-P2.2 medium grew abnormally with curled and stunted shoots (Figure 1E) when compared with the plants from the ½ MS medium (Figure 1D).



TABLE 1. Summary of plant regeneration using different germination and callus induction media.
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Teosinte seedlings were first dissected to 2–3cm-long whorl segments (Figures 1F,G). Each WS was considered as an explant. Then the segments were cut into 1mm pieces and placed on callus induction media (Supplementary Table S1). To test and track the degrees of callus initiation ability, these pieces were arranged on the media according to their anatomical positions on the segment (Figures 1F,H). Two to three weeks after the initiation, calli were readily formed from pieces that contain shoot apical meristematic region of the first node of the teosinte seedling (Figure 1H and Supplementary Figure S2A). While not all pieces derived from the same plants formed callus, most of RS seedlings tested on both media produced various callus cultures as embryogenic callus (Figure 1I, Supplementary Figure S2B) and non-embryogenic callus (Figure 1J, Supplementary Figure S2B). The callus induction frequency was calculated as percentage of callus-producing WSs in total dissected WSs used in the experiment (Table 1).



Optimizing Callus Regeneration Frequency

To improve regeneration ability of callus culture, we compared two different callus induction media MSW57 (Sidorov et al., 2006) and 605B (modified from Masters et al., 2020). Both were MS/sucrose-based media supplemented with silver nitrate and auxin (picloram in MSW57 and dicamba in 605B, Supplementary Table S1). Leaf nodal pieces from seedlings germinated in ½ MS or MSVS34-P2.2 were divided equally and placed on either MSW57 or 605B for callus induction (Figure 3). As shown in Table 1, greater than 90% of callus induction could be achieved for all four treatments. The callus generated on each growth medium was morphologically consistent, displaying a range of phenotypes including type I (Figure 1I, Supplementary Figure S2B), pre-type II embryogenic callus and watery, loose-structured non-embryogenic callus (Figure 1J, Supplementary Figure S2B). Both MSW57 and 605B callus induction media performed well regardless of germination media, generating callus in >90% of the WSs placed on each medium. However, the regeneration rates were different between seedlings germinated on MSVS34-P2.2 (50 and 70%) vs. ½ MS (0 and 18%). Statistical analysis using two-tailed z-test of difference in proportion indicated that regeneration rates of treatments 3 and 4 were significantly higher than that of treatment 1 (p<0.01, Table 1 and Supplementary Table S4). This suggests that using MSVS34-P2.2 as a germination medium can result in higher plant regeneration rates with either MSW57 (treatment 3) or 605B (treatment 4) as callus induction media (Table 1 and Supplementary Table S4). The regeneration rates of treatments 2 and 4 were significantly different at the level of p<0.05, but not at p<0.01. The regeneration rate differences between treatments 2 and 3 as well as treatments 3 and 4 were not significant (Supplementary Table S4). Here, regeneration rate was measured as the number of rooted shoots divided by the total number of WSs used for callus initiation.
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FIGURE 3. Effects of germination and callus induction media on teosinte callus induction and regeneration. Disinfected, “naked” teosinte seeds germinated on ½ MS medium (A) or MSVS34-P2.2 medium (H); (B–D) leaf pieces from ½ MS germinated seedlings were cultured on callus induction medium (MSW57), maturation medium (13329iaa), and rooting medium (272iba); (E–G) leaf pieces from ½ MS germinated seedlings were cultured on callus induction medium (605B), maturation medium (13329iaa), and rooting medium (272iba); (I–K) leaf pieces from MSVS34-P2.2 germinated seedlings were cultured on callus induction medium (MSW57), maturation medium (13329iaa), and rooting medium (272iba); (L–N) leaf pieces from MSVS34-P2.2 germinated seedlings were cultured on callus induction medium (605B), maturation medium (13329iaa), and rooting medium (272iba). Approximate ages of the plant materials were: under the labels of Germination (A,H), 21days after sowing; Callus Induction (B,E,I,L), 43days after callus induction; Maturation (C,F,J,M), 21days after placing on Maturation medium; and Rooting (D,G,K,N), 12days after placing on rooting medium.


Plants regenerated from the experiments were moved to soil and brought to maturity. Fertile seeds were successfully recovered from regenerated plants. A portion of the regenerated teosinte plants displayed a tassel-ear phenotype, but seeds could be recovered from these plants. These results showed that the inclusion of auxin in germination medium plays critical role in plant regeneration in teosinte.

The embryogenic callus (Figure 1I) forming from WS pieces was often lighter in color and more dense than non-embryogenic callus (Figure 1J), which was often watery and darker. Callus cultures of similar appearance and derived from the same plant did not always maintain the same ability to regenerate into fertile plants. Supplementary Figure S3A shows regeneration ability from two callus lines that were derived from two pieces originated from one single WS. Initially, both pieces produced vigorously growing calli consisting of both embryogenic and non-embryogenic types. Interestingly, these two morphologically similar callus lines displayed markedly different regeneration ability.

Teosinte callus could retain its regeneration competency for several months, but the rates diminished with age of the cultures. For example, in one experiment we observed that callus of Ames 21785 retained 100% regenerability after 8months but less than 50% of the callus could be regenerated after 15months (Supplementary Figure S3B).

Our methods included a 3-week treatment on maturation medium (13329iaa, Supplementary Table S1) when the callus cultures were transitioned from dark to light for shoot induction. The inclusion of this step was essential to ensure the formation of shoots, whereas in the absence of this step no plants were recovered from the callus culture (Supplementary Figure S3B).



Biolistic-Mediated Teosinte Transformation

Before starting our transformation experiments, we conducted experiments to create kill curves using the selective reagents on non-transformed callus tissues. We tested two selective reagents (bialaphos for the bar gene, and EMS for the Als gene) that are commonly used in maize transformation and determined the efficacy of each reagent in teosinte. Our results showed that 5mg/L of bialaphos and 0.2mg/L of EMS were sufficient to arrest callus growth in teosinte (Supplementary Figure S4).

Two plasmid DNA constructs, pKL2155 (Figure 2A, Supplementary Figure S1) or pAHC25 (Christensen and Quail, 1996; Figure 2B) were used for bombarding teosinte embryogenic callus cultures. Callus chosen for the bombardment experiments were healthy and proliferate actively with some embryogenic sectors (Figure 1I). The callus cultures were treated in osmotic containing medium prior to the bombardment (Supplementary Table S1; Wang et al., 2020). Majority of the experiments used a transfection reagent TransIT®-2020 for DNA/gold particle coating (Miller et al., 2021). Transient transformation comparison has shown that DNA/gold microprojectiles coated using TransIT®-2020 performed equally well compared to that coated using the traditional spermidine/CaCl2 reagents (Supplementary Figure S5). Because TransIT®-2020 coated DNA/gold suspension formed less aggregates, it was easier to handle during the microprojectile loading process.

Table 2 summarizes 10 independent bombardment experiments carried out within a 5-month period. All the experiments were performed using embryogenic callus culture generated from teosinte RS seedlings. Each experiment used bulked callus pieces derived from several WSs (ranged from 1 WS in Exp #3 and #7, and 15 WSs in Exp #6). The age of callus cultures ranged from 34days (Exp #6) to 104days (Exp #1). The bombardment used pKL2155 plasmid, which contains the tdTomato gene for visual screening and the herbicide-resistant Als gene for transgenic plant selection. Transient tdTomato expression could be visualized 4days after the bombardment on most callus tissues (Figures 4A,B). Four to six weeks after incubating the callus on selection (callus induction media containing 0.2mg/L EMS), proliferating calli could be identified. Some resistant callus pieces displayed strong red fluorescence (Figures 4D–I). The expression of the tdTomato gene on callus tissue was strong; the red fluorescence could be visualized readily by using a hand-held NIGHTSEA BlueStar flashlight and filter glasses (NIGHTSEA LLC, Lexington, MA, United States).



TABLE 2. Summary of 10 biolistic transformation experiments using RS callus culture and pRK2155.
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FIGURE 4. Embryogenic callus at different stages after particle gun bombardment. Embryogenic callus at 4days after bombardment with pKL2155 under a bright field (A) and under red fluorescent filter (B) showing transient expression of the tdTomato gene; a stable pAHC25 callus event expressing the gus gene (C); a pKL2155 callus event expressing the tdTomato gene, 63days (D–F) and 154days (G–I) post bombardment under bright field (D,G), red fluorescent filter (E,H), and merged (F,I). Images were taken using Olympus SZH10 stereo microscope with Texas red filter (EX 535–585nm, EM 605–690nm).


A total of five EMS resistant callus pieces were generated and regenerated (Table 2). They were derived from four independent bombardment experiments. A total of 49 rooted plants were produced from these five events (Figures 5A,B and Supplementary Table S3c). PCR analyses were performed on 27 T0 plants that survived in soil using three different pairs of primers (Supplementary Tables S3a,b). All 27 plants were tested positive for at least one transgene from pKL2155 (Figure 6A, Supplementary Figure S6 and Supplementary Table S3c). Transformation frequency (TF) was calculated as the percentage of PCR confirmed T0 event of the total callus-producing WSs bombarded. TF of the four successful bombardment experiments ranged from 6.67% (Exp #6) to 50% (Exp #1). Note that in Exp #1, each plate was bombarded twice using the same parameters. Excluding Exp #1, average TF from nine independent experiments was 4.17%.
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FIGURE 5. Regeneration and growing of T0 plants. (A) Regenerating plants on a rooting medium containing selective agent 0.2mg/L of ethametsulfuron; (B) teosinte regenerated from embryogenic callus displays an independent shoot and root system; (C) regenerated T0 plants in a growth chamber; (D) “tassel-ear” on regenerated teosinte plant that has both male (stamens) and female (gynoecia) at the top of the plant.
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FIGURE 6. Molecular analysis of transgenic teosinte plants. (A) PCR results from genomic DNA extracted from pKL2155 transgenic T0 leaf tissue. Bands of 696bp indicate the tdTomato red fluorescent marker gene is present in the genomic DNA samples; MW, 1 Kb Plus DNA ladder; wt, wild-type non-transgenic teosinte; lanes 1–7, seven genomic DNA samples representing five independent pKL2155 events; pos, pKL2155 plasmid; neg, no DNA negative control; (B) Southern blot analysis of six T0 and two T1 transgenic plants derived from one pAHC25 event. Fifteen micrograms of genomic DNA were digested with SacI restriction enzyme, which cuts only once in the plasmid pAHC25. The membrane was hybridized with a 421bp, 32P-labeld gus probe. MW, 2-Log DNA Ladder; wt, wild-type teosinte; pos, wild-type teosinte genomic DNA spiked with pACH25 plasmid.


Quantitative PCR analysis was used to estimate the transgene copy numbers in the five T0 events. We selected a single copy ZvMEK1 gene, an ortholog of maize ZmMEK1 (Hufford et al., 2021), as the reference gene for the qPCR analysis. The qPCR analysis for pKL2155 events examined the transgene region containing the SbAls promoter. We chose to analyze the SbAls promoter region to avoid detecting endogenous Als gene in teosinte. Estimated transgene copy numbers in the five pKL2155 T0 events were low (Table 3). Two events (2155-B and 2155-E) have approximately one copy Als transgene; one event (2155-A) has two copies; two remaining events (2155-C and 2155-D) have less than one copy. The less than one copy number could be attributed to the possible mosaic nature of the transgene in these T0 plants.



TABLE 3. Transgene copy number analysis.*
[image: Table3]

qPCR analysis was also performed on four seedlings germinated from the 2,155-A event (Table 3), showing a similar copy number (1.49±0.73) in the T1 plants compared to its T0 parent (2155-A, 1.61±0.28). Transgene tdTomato expression in the progeny was monitored in the T1 seeds. Red fluorescence could be readily detected and visualized under a fluorescent microscope on the “naked” seed but not on the intact seed (Figure 7A).

[image: Figure 7]

FIGURE 7. Progeny analysis. (A) Images of intact (#1 and #3) and “naked” (#2 and #4) teosinte seeds of Bright field (left), RFP (center) and Overlay (right). “Naked” transgenic T1 seed of pKL2155 (#4) appears pink in Bright field. Seeds #1 and #2, wild-type teosinte; Seeds #3 and #4, transgenic event 2155-A T1 seeds. GUS assay performed on roots (B), intact “naked” seeds (C), half “naked” seed (D) and germinating shoot (E) of T2 transgenic teosinte of pAHC25 event. Blue color indicates the gus gene expression. (F) Herbicide leaf painting assay. Portion of the leaf surface was applied with 500mg/L glufosinate plus 0.1% Tween-20 using a Q-tip. Image was taken 2days after the herbicide-application. wt, wild-type teosinte seedling; T, herbicide resistant T2 transgenic seedling; N, herbicide sensitive T2 null segregant.


Bombardment experiments using pAHC25 were carried out using callus derived from Ames 21789 seedlings. Out of three bombardments, one GUS-positive event (Figure 4C) was produced. This event was self- or sib- pollinated in a growth chamber (Figures 5C,D). Southern blot hybridization analysis was performed on six T0 plants and two T1 plants (Figure 6B). Five of the six T0 plants showed two dominant bands hybridized with the 32P-labled gus probe, suggesting at least two transgene insertions in the genome (Figure 6B). The different patterned T0-1 plant did not survive the soil transfer; therefore, no further investigation was conducted.

qPCR analysis of the gus transgene was performed on four T2 plants of the pAHC25-1 event: two GUS-positive and two GUS-negative plants. It revealed that the two GUS-negative plants indeed did not have the transgene, whereas the two GUS-positive plants have ~4 transgene copies integrated in the teosinte genome (Table 3). This discrepancy likely reflects the zygosity of T0 vs. T2 transgenic plants. If the T2 plant was a homozygous for the transgene, its copy number is likely doubled compared to the T0 plant, which was a hemizygous for the transgene.

Phenotyping of the pAHC25-1 T1 progeny showed that 27 (77.1%) were GUS-positive and eight (22.9%) were GUS-negative. T2 progeny analysis of 19 seedlings showed 14 (73.7%) GUS-positive and five (26.3%) GUS-negative plants (Figures 7B–E). All GUS-positive plants showed resistant to herbicide glufosinate while the GUS-negative plants showed necrosis on the portion of the leaf surface where the herbicide was applied (Figure 7F).

Figure 8 presents a flowchart of our current transformation process used to produce embryogenic callus and transgenic T0 events. The process involves typical steps required for most biolistic-mediated transformation. Bombardment experiments can be conducted 6–8weeks after the initiation of the callus from whorl segments. Four to six weeks after the selection, herbicide-resistant embryogenic callus culture can be placed onto maturation media with selection agent for shoot induction. Once the cultures are moved to light, rooted plantlets can be produced within 3–4weeks. The entire process takes approximately 4–7months for obtaining transgenic plantlets from the day of seed germination.

[image: Figure 8]

FIGURE 8. Timeline and flowchart of biolistic-mediated DNA delivery in teosinte (Zea mays ssp. parviglumis). (A) Callus initiated from leaf pieces; (B) Shoots at the end of maturation; (C) Root forming plantlets. WS, whorl segment; EMS, ethametsulfuron.





DISCUSSION

This work represents the first documentation of the successful regeneration of teosinte (Zea parviglumis) from mature seed-derived shoot segments, and the production of fertile transgenic plants using the biolistic method. The total duration from seed to transgenic seed takes approximately 8–10months, similar to a typical maize transformation protocol using immature embryos (Wang et al., 2020). Ten independent bombardment experiments are reported in this work. Six experiments generated no transgenic plants. Out of four successful experiments, three had similar transformation frequency (TF), that is, 6.67, 8.33, and 9.09% (Table 2). In one of the four experiments (Exp #1), each plate was bombarded twice. This experiment gave a TF of 50%. It has been reported previously in other plants that more DNA delivery via bombardment could yield higher transformation frequencies (Lowe et al., 2009; Jackson et al., 2012). However, there were not enough experiments performed in this work to conclude that this high TF was due to more DNA delivery in plant cells.

Unlike maize, teosinte exists in populations; hence, plants in each accession perform differently under same conditions. We observed large variations in teosinte tissue culture responses and transformation competency from different plants. The large variation in TFs reported here could partially be due to the heterogenous nature of the seeds used in each experiment; some had higher regeneration ability and transformation competency, the ability to receive DNA and integrate transgene into the genome, than others.

Molecular analyses, including PCR and qPCR, were performed on five T0 events and one T1 event of pKL2155 transformants. Bringing large number of teosinte plants to maturity can be challenging when plant growth facility spaces are limited. When growing multiple transgenic maize plants of similar age in one confined growth room, one can cover the female flower and remove the male flower to minimize pollen cross-contamination occurring between transgenic plants. However, this practice does not apply for growing teosinte plants. Due to the nature of the plant, the best practice for producing teosinte seeds is to put a few clonal plants together in one small growth chamber and let the plants to cross-pollinate each other. Transgenic plants from different events cannot grow together to maturity in a confined room, because of high likelihood of cross-contamination between plants. In this work, we performed transgenic analysis in all T0 plants. We were able to perform genotyping and phenotyping on T1 and T2 progeny of one pAHC25 transgenic event, demonstrating the transmission of transgenes into its progeny. We were also able to perform analysis on T1 plants from one pKL2155 event (2155-A) that were freshly obtained from a recent germination experiment, showing the similar transgene copy numbers as its parent. The T1 seed of the event 2,155-A clearly showed the inheritance and expression of the transgene tdTomato. Based on this observation, and experiences from producing other transgenic maize and rice plants in our lab, we are confident that the other four pKL2155 events can pass the transgenes into their progenies.

Because of the non-uniform nature of the teosinte seeds, it is important to consider working with multiple embryogenic callus lines (callus derived from several different plants) to achieve genetic transformation. During early stage of this work, we often focused on one or two individual embryogenic callus lines that were bulked up for evaluating various bombardment parameters and DNA/gold coating procedures. While we were able to observe many transient events after bombardment and gained valuable insights using these unique “bulked callus” stock, we were unable to recover any stable transgenic events. Because we do not know what factors contribute to transformation competency, we prefer to collect callus materials generated from multiple plants for bombardment experiments. Compared to bulking up one single callus line, the collection of multiple callus line materials would allow us to conduct bombardment experiments on newly established callus lines sooner, within a few weeks of the callus initiation. This is similar to a protocol of biolistic-mediated transformation of rice (Banakar and Wang, 2020). Most importantly, this practice helps to avoid the uncertainty of using one particular callus line in obtaining transgenic events.

To ensure germination and avoid contamination, removing seed casing and using proper disinfection procedure is critical. In our experiments, any efforts to germinate teosinte seeds in vitro with intact seed casing were unsuccessful, either due to contamination or non-synchronous germination. Unlike maize, fresh teosinte seeds undergo a period of seed dormancy after harvesting. Lopez et al. (2011) determined the strength of seed dormancy by measuring the length of time from harvest until the seeds achieving >80% germination. Six levels of seed dormancy were categorized by Lopez et al. (2011), ranging from no dormancy (Level 0, seeds germinate immediately after the drying process) to very deep dormancy (Level 5, seeds germination reach only 50% 1year after harvesting). The teosinte seeds used in this work could reach 50% of germination 3months after harvest, likely fall into weak dormancy (Level 1) according to Lopez et al. (2011). To accelerate progeny analysis, we treated the freshly harvested T1 seeds with GA3 to break the dormancy (Mondrus-Engle, 1981), removed the hard casing, and germinated them in ½ MS+GA3 germination medium. This proved to be successful as we were able to achieve ~25% germination rate 2weeks after the GA3 treatment, obtaining some T1 seedlings needed for progeny analysis. Compared to seeds harvested in the field, seeds harvested from the growth chamber grown plants were relatively clean, required no sterilization treatment before being placed on the germination medium. To prevent contamination, it can also be considered to include anti-fungal or antibiotics into the germination media if necessary.

To our knowledge, this is the first report describing a robust protocol for establishing embryogenic callus culture from mature seed-derived leaf segment and regenerating fertile plants in teosinte, Zea parviglumis. Embryogenic callus culture production and regeneration have been reported in Zea diploperennis some 35years ago (Prioli et al., 1984; Sondahl et al., 1984; Swedlund and Locy, 1988). Auxins have been proven important in teosinte callus initiation and regeneration. All previous work on teosinte regeneration included 2,4-D in their culture media (Prioli et al., 1984; Sondahl et al., 1984; Swedlund and Locy, 1988). In our callus induction media, in addition to 2,4-D, auxins picloram (for MSW57) or dicamba (for 605B) was also included.

Multiple factors play important roles collectively for the success of our teosinte regeneration protocol. One major difference in our protocol compared to the previous publications is that we used explants generated from in vitro germinated teosinte seeds, instead of field grown seedling materials (Prioli et al., 1984; Sondahl et al., 1984; Swedlund and Locy, 1988). This practice allowed us to germinate seeds in artificial culture media containing growth hormones. Inspired by callus induction in seedlings derived from maize mature seeds (Sidorov et al., 2006), we compared callus production and regeneration frequencies from seeds germinated in ½ MS medium and MSVS34 which contains picloram and BAP. The explants collected from the growth hormones-primed seeds (i.e., MSVS34-P2.2) produced similar rates of callus culture as compared to that of from hormone-free medium (i.e., ½ MS) but resulted in much higher frequencies for fertile regenerants (Table 1).

Another important step in our teosinte regeneration protocol was the addition of a maturation step, in which callus pieces were subcultured onto medium supplemented with both BAP and IAA before moved to rooting medium. Without the maturation step, very few plants could be regenerated (Supplementary Figure S3B).

Using the callus induction and regeneration protocol described in this work, we could maintain the teosinte callus lines for at least 15months and regenerate fertile plants, although their abilities to regenerate diminished over time. In general, the transformation experiments should be performed using younger callus tissue as they are more vigorous in growth and regeneration. In our bombardment experiments, both 3-month-old and 1-month-old callus cultures produced transgenic events (Table 1).

Overall, the frequency of transformation was low (4.17%) which means there is more room for improvement. While we conducted comparison on effect of growth hormones on regeneration, our experimental designs were in broad strokes. Further experiments to optimize the growth media used in teosinte transformation have the potential to greatly enhance transformation frequency. For example, the two media (½ MS vs. MSVS34-P2.2) used for germination contained many different components other than auxins. Therefore, further detailed, and refined experiments will be needed to determine which components contribute most to the regeneration improvement. Additionally, there are many parameters and numerous variables in the bombardment process that could further be evaluated and improved.

The successful transformation of teosinte is an important advance in studying this proposed progenitor of modern maize. While the transformation frequency remains low, it is possible for researchers to introduce CRISPR reagents to teosinte cells for genome editing. We are now in a position to interrogate the teosinte genome and deepen our understanding for its role in maize domestication.
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Cannabis sativa L. produces unique phytocannabinoids, which are used for their pharmaceutical benefits. To date, there are no reports of in vivo engineering targeting the cannabinoid biosynthesis genes to greater elucidate the role each of these genes play in synthesis of these medically important compounds. Reported here is the first modulation of cannabinoid biosynthesis genes using RNAi via agroinfiltration. Vacuum infiltrated leaf segments of the Cannbio-2 C. sativa strain, transfected with different RNAi constructs corresponding to THCAS, CBDAS, and CBCAS gene sequences, showed significant downregulation of all cannabinoid biosynthesis genes using real-time quantitative PCR. Using RNAi, significant off-targeting occurs resulting in the downregulation of highly homologous transcripts. Significant (p < 0.05) downregulation was observed for THCAS (92%), CBDAS (97%), and CBCAS (70%) using pRNAi-GG-CBDAS-UNIVERSAL. Significant (p < 0.05) upregulation of CBCAS (76%) and non-significant upregulation of THCAS (13%) were observed when transfected with pRNAi-GG-CBCAS, suggesting the related gene’s ability to synthesize multiple cannabinoids. Using this approach, increased understanding of the relationship between cannabinoid biosynthesis genes can be further elucidated. This RNAi approach enables functional genomics screens for further reverse genetic studies as well as the development of designer cannabis strains with over-expression and/or downregulation of targeted cannabinoid biosynthesis genes. Functional genomics screens, such as these, will further provide insights into gene regulation of cannabinoid biosynthesis in Cannabis.

Keywords: Cannabis sativa, RNAi, cannabinoid biosynthesis genes, agrobacterium, post-transcriptional gene silencing, THCAS, CBDAS, CBCAS


INTRODUCTION

Cannabis sativa L. is one of the earliest domesticated and cultivated plants with records of its use in central Asia dating back more than 6,000 years (Li, 1973). Cannabis belongs to the Cannabaceae family and has been used for millennia for its source of bast fiber, seed oil, food, and psychoactive constituents for recreational and medicinal purposes (Touw, 1981). Cannabis produces more than 120 cannabinoids, which are unique secondary metabolites found only in cannabis (ElSohly et al., 2017). Cannabis contains a unique Cannabinoid biosynthesis pathway which produces biologically inactive compounds, such as Tetrahydrocannabinolic acid (THCA) and Cannabidiolic acid (CBDA; Matchett-Oates et al., 2021a) which when decarboxylated are converted to their biologically active forms Δ9-tetrahydrocannabinol (THC) and Cannabidiol (CBD) displaying psychoactive and non-psychoactive properties, respectively (Kogel et al., 2018). Other major cannabinoids of interest produced are cannabigerol (CBG), cannabichromene (CBC), cannabinol (CBN), and tetrahydrocannabivarin (THCV). The pharmacological effects of these cannabinoids have been of great interest due to the affinity these chemical compounds have for the endogenous cannabinoid system receptors (Movahedi et al., 2015). The use of medicinal cannabis in the treatment of conditions, including pain management (Campbell et al., 2001), cancer (Machado Rocha et al., 2008), multiple sclerosis (Rog et al., 2005), and epilepsy (Russo, 2017), has been widely reviewed. THC has been the primary cannabinoid studied in cannabis research since its discovery (Gaoni and Mechoulam, 1964), but now considerable interest exists in understanding the activity of the other major cannabinoids and their possible therapeutic properties. More specifically, the common precursor of all cannabinoids is CBG, which is enzymatically synthesized into the unique phytocannabinoids, giving cannabis its therapeutic potential (Borrelli et al., 2013).

The dioecious, wind pollination nature of cannabis has created a highly diverse genetic pool in which strains are generated in clandestine breeding efforts, creating a highly diverse population with high levels of sequence and copy number variations affecting the drug content (Weiblen et al., 2015; Matchett-Oates et al., 2021a). Cannabis can be classified into different chemotypes according to their CBD:THC ratio (Pacifico et al., 2006). THCA synthase (THCAS) and CBDA synthase (CBDAS) are the competing enzymes for the common precursor, cannabigerolic acid (CBGA), which determines the chemotype of cannabis plants. The loci containing these synthase genes have recently been resolved showing that as many as 13 synthase gene copies reside within chromosome 7 (Grassa et al., 2018). Further comparison of publicly available cannabis genomes shows that there is significant variation in total synthase gene copy number with sequence homology between all genes being greater than 90% (Grassa et al., 2021; Matchett-Oates et al., 2021a). It is this variation and tightly linked regions that makes the cannabinoid biosynthesis pathway complex to engineer with the intent to create novel designed chemotypes of cannabis for therapeutic uses. Such examples to engineer the cannabinoid pathway within yeast to produce cannabinoids are already possible (Luo et al., 2019), though the adaptation of this approach toward medical applications is still yet to be addressed.

Development of new cannabis strains for medicinal purposes through traditional breeding efforts is a lengthy and expensive process. The use of targeted gene silencing tools to accurately and efficiently knockdown targeted gene expression will enable the generation of novel cannabinoid profiles. The development of genetically modified plants raises public concern for their potential consequences on human health. An alternative when using RNAi is the application of exogeneous dsRNA to induce gene silencing without risking societal acceptance. However, the majority of studies regarding exogenous application of dsRNA is rarely applied under open-field conditions assessing the environmental factors affecting RNAi efficacy, with such practices currently unperformed using cannabis. The use of RNAi is not considered genetically modified through some regulatory agencies (Office of the Gene Technology Regulator, 2018), which can improve the end point consumers opinions regarding novel chemotypes developed using RNAi technologies. Through genome-wide association studies on THCAS and CBDAS loci, it has been shown that a cannabis variety with a functional THCAS but a non-functional CBDAS locus is possible (Welling et al., 2020). Conversely, a cannabis variety with a non-functional THCAS locus has not been discovered, indicating trace levels of THC will always be produced, such is the case with hemp. Using gene silencing tools, designer strains with high levels of CBD producing zero THC are possible, as are strains with elevated levels of CBG, which contains anti-cancer properties (Borrelli et al., 2014), through the knockdown of the downstream enzymatic processes of THCAS, CBDAS, and CBCAS. The use of environmental pressures applied through varying nutrient concentrations (Saloner and Bernstein, 2021; Shiponi and Bernstein, 2021) or light spectrum and lighting source (Magagnini et al., 2018; Namdar et al., 2019) has previously demonstrated significant modulation of secondary metabolites, up to 300% in some instances (Shiponi and Bernstein, 2021). While this ability to variably control cannabinoid content in cannabis using environmental conditions is significant, the synergistic effects of all cannabinoids either increasing or decreasing make this approach incapable of producing a complete knockdown/significant downregulation of specific cannabinoids to create novel chemotypes. The generation of stably transformed lines is a lengthy process, requiring protocol development for transformation and regeneration. Transient expression systems are widely used as a valuable tool for vector construct evaluation, all the while being fast and inexpensive with specific protocols in cannabis already developed (Schachtsiek et al., 2019; Deguchi et al., 2020) exploring dsRNA and virus-induced gene silencing mechanisms, with significantly downregulated targeted gene expression levels observed. RNAi transient gene suppression is a well-characterized method for reverse genetics and can allow for rapid screening of RNAi constructs for later stable transformation using Agrobacterium. Intron-containing hairpin RNA (ihpRNA) are used to induce degradation of targeted genes using RNAi mechanisms. The generation of small interfering RNA (siRNA), from dsRNA by Dicer-like proteins (DCLs), binds to the RNA-induced silencing complex (RISC), with one strand of the siRNA acting as a guide, targeting mRNA which share a complementary sequence (Majumdar et al., 2017). Once base pairing occurs, Argonaute (AGO) proteins cleave the target mRNA thus preventing transcription translation. This RNAi mechanism was first shown to be highly effective (Waterhouse et al., 1998) and has since been widely used for silencing endogenous and viral RNA in many plant species (Younis et al., 2014).

Limited reports of transient expression systems in cannabis exist. Recently, GFP has been transiently expressed in mesophyll protoplasts of cannabis with over 20% transformation efficiency (Matchett-Oates et al., 2021b). Agrobacterium-mediated transformation protocols have previously been used for the stable transformation of hairy roots cultures to express β-glucuronidase (GUS; Wahby et al., 2013) and expression of phosphomannose isomerase (PMI) in friable callus (Feeney and Punja, 2003). More recently, transient RNAi Agrobacterium-mediated transformation of cannabis has been reported (Schachtsiek et al., 2019). Virus-induced gene silencing, utilizing Cotton leaf crumple virus (CLCrV), showed transcriptional silencing in virus affecting genes. Optimization of variables involved in transient Agrobacterium-mediated transformation has also been explored using heterologous expression of GUS and GFP in multiple tissue types (Deguchi et al., 2020). To our knowledge, this article is the first to report the use of transient expression RNAi constructs in cannabis to silence the medically important cannabinoid biosynthesis genes. The interaction between the highly homologous genes and the ability to silence all related genes using a single construct is also described. Successful silencing of the conserved homologous biosynthesis genes enables us to unravel gene function and their relationships within this important biosynthetic pathway.



MATERIALS AND METHODS


Plant Material and Growth Conditions

All research was performed under Medicinal Cannabis Research Licence (RL011/18) and Permit (RL01118P4) issued through the Department of Health (DoH), Office of Drug Control (ODC) Australia.

Leaf material from the C. sativa cultivar “Cannbio-2” (1,1.8, THC,CBD) was used for transient expression experiments. Cannbio-2 plants were propagated in 9-L plastic pots using coco-coir and grown using hydroponics nutrients coco A+B (THC®, Australia) as per manufacturer’s recommended nutrient strength, in a controlled greenhouse environment at 25°C day time temperature, 20°C night time temperature, 50-60% humidity. Leaf explants were chosen from young, newly developing shoot apical meristems from the top half of the plant. Leaf explants were chosen from young, newly developing shoot apical meristems from the top half of the plant on approximately 2-month-old donor plants grown under high pressure sodium grow lights (Papillon, Holland), 500 μmol m−2 s−1, with a photoperiod of 18-h light and 8-h dark regime.



Identification of Candidate Genes, siRNA Design, and Gene Amplification

Sequence data of the endogenous THCAS, CBDAS, and CBCAS genes were accessed from the Cannbio-2 genome assembly (Braich et al., 2020; https://doi.org/10.46471/gigabyte.10; BioProject: PRJNA667278). THCAS, CBDAS, and CBCAS gene sequences were determined by BLAST querying the Cannbio-2 genome assembly with an e-value threshold set at <10−10. Exons from the gene sequences were predicted using FGENESH (Solovyev et al., 2006) and ExPASy (Gasteiger et al., 2003). Predicted gene sequences were viewed and aligned using Geneious Prime 2020.2.1 siRNAs from amplified gene sequences were predicted using pssRNAit,2 using the software’s recommended parameters, to generate a library of siRNA fragments within the chosen gene sequences (Supplementary Data). The number of predicted off-target sites within the Cannbio-2 cannabinoid biosynthesis genes was performed by BLASTn analysis of each siRNA sequence, recording the total number of exact sequence homology matches, with off-targeting determined as an exact sequence residing within a different biosynthesis gene set. In the instance of pRNAi-GG-CBDAS-UNIVERSAL an off-target is defined as an exact match that does not reside within the CBDAS-truncated#4 homolog.

Primers were designed, using Primer3 (Untergasser et al., 2012), in gene regions of sequence variance and homology, with products between ~250 and ~600 base pairs for siRNA generation in vivo (Supplementary Data). Each forward and reverse primer had the 5' adapter sequences “acca ggtctc aggag” and “acca ggtctc atcgt,” respectively. DNA fragments were PCR-amplified from Cannbio-2 genomic DNA, using Phusion polymerase (New England Biolabs, Ipswich, MA) with PCR cycling as follows: 98°C 30 s, 35 cycles of 98°C 10 s, 60°C 30 s, 72°C 30 s, and final extension 72°C 10 min.



Plasmid Construction, Agrobacterium Culture Conditions, and Vacuum Infiltration

For expression of siRNAs, pRNAi-GG vector was used within this study. pRNAi-GG was provided by The Arabidopsis Biological Resource Center (TAIR). The construction of the vectors containing gene sequences of interest was followed according to a previously published protocol (Yan et al., 2012). Briefly, 50 ng of purified PCR products was mixed with 200 ng of pRNAi-GG with 5 units of Bsal (New England Biolabs, Ipswich, MA) and 10 units of T4 Ligase (New England Biolabs, Ipswich, MA) in a total volume of 20 μl in T4 ligation buffer. Restriction-ligation was carried out at 37°C for 2 h followed by a final digestion at 50°C for 5 min and heat inactivation at 80°C for 5 min. E. coli DH5α competent cells were transformed with 5 μl of the mixture and plated on LB media containing 25 mg/L kanamycin and 5 mg/L chloramphenicol.

Recombinant bacterial colonies were PCR verified with primers flanking the PCR product insert, and bands were visualized using a TapeStation 2200 (Agilent, Santa Clara, CA) with colonies of expected band sizes sequence verified. Final constructs were labelled pRNAi-GG-THCAS, pRNAi-GG-CBDAS, pRNAi-GG-CBCAS, and pRNAi-GG-CBDAS-UNIVERSAL (Supplementary Data).

Recombinant Agrobacterium tumefaciens strains were generated via electroporation following a previously published protocol (Lin, 1995). Agrobacterium culture conditions and vacuum infiltration protocols were performed using a previously reported protocol (Deguchi et al., 2020) with slight modifications. In summary, for the expression of pRNAi-GG constructs, A. tumefaciens strain GV3101 was used for transient expression experiments. Recombinant A. tumefaciens were inoculated and grown in YM media (0.5 g/L K2HPO4, 0.2 g/L MgSO4-7H2O, 0.1 g/L NaCl, 10 g/L mannitol, 0.4 g/L yeast extract, PH 7; Sigma-Aldrich, St. Louis, MO) overnight at 220 rpm at 30°C. The culture was centrifuged at 4,000 g for 10 min and resuspended to an OD600 = 0.5 in infiltration media (10 mM MES, 1x MS and vitamins, 2% glucose, 200 μM acetosyringone, pH 5.6; Sigma-Aldrich, St. Louis, MO) and placed on a rotary shaker (Ratek, Australia) for 2 h prior to vacuum infiltration. Immediately before infiltration, 5 mM ascorbic acid, 0.05% (v/v) Pluronic F-68, and 0.015% (v/v) Silwet L-77 (Sigma-Aldrich, St. Louis, MO) was added to the A. tumefaciens culture.

Leaf segments (approx. 2 cm × 2 cm) were taken from young fully expanded leaves of ca. 2-month-old, donor Cannbio-2 plants and placed in a Petri dish (100 mm × 15 mm) containing A. tumefaciens suspension. The Petri dish was then placed in a desiccator (Tarsons, West Bengal, India) for 2 min at 400 mbar with vacuum pressure gently released. Vacuum was reapplied once more allowing thorough infiltration. Leaf material was washed with sterile water and transferred onto moist (ddH2O) filter paper (Whatman, Maidstone, United Kingdom) in a Petri dish and placed in a controlled environment room at 24°C with an 18 h photoperiod for 4 days.



Quantitative Real-Time PCR Analysis of Agroinfiltrated Leaf Segments

Seventy-two hours post-vacuum agroinfiltration, leaf segments were snap frozen in liquid nitrogen and total RNA was extracted following manufacturer’s instructions (RNeasy Plant Mini Kit, Qiagen, Hilden, Germany). cDNA synthesis and qPCR were carried out in one step with Luna Universal One-Step RT-qPCR Kit (New England Biolabs, Ipswich, MA) following manufacturer’s instructions. Quantitative PCR parameters used were as follows: 95°C for 60 s, 40 cycles at 95°C for 15 s, and 59°C for 15 s carried out with a CFX-96 Touch Real-Time PCR Detection System (Bio-Rad, Hercules, CA). Melting curves were measured, and gene expression levels were calculated from the cycle threshold according to the 2−ΔΔCt method (Livak and Schmittgen, 2001). Paired t test was performed (p = 0.05) to determine significance using RStudio (version 1.1.453, RStudio Inc., Boston, MA). The UBQ5 gene was used as an internal reference (Deguchi et al., 2020), with three biological replicates used for all qPCR experiments with two technical replicates. All primer sequences are listed in Supplementary Data.




RESULTS


Identification of Cannabinoid Genes and siRNAs Prediction

To establish RNAi in C. sativa, THCAS, CBDAS, and CBCAS gene sequences were determined by BLAST querying the Cannbio-2 genome sequence assembly with publicly available sequences (Table 1). Each cannabinoid biosynthesis gene, and accompanying homologs, were analyzed for functionality using FGENESH and ExPASy and subsequently BLASTn analyzed for homology to publicly available sequences and pairwise aligned using MUSCLE to create a phylogenetic tree (Figure 1) and a matrix with identity percentages of coding sequences (Table 2).



TABLE 1. Cannbio-2 analysis of cannabinoid biosynthesis genes with PCR amplification, copy number, and siRNA prediction information.
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FIGURE 1. Phylogenetic tree of coding sequence data from cannabinoid biosynthesis genes in Cannbio-2 displaying highly homologous nature of gene homologs.




TABLE 2. Identity matrix of cannabinoid biosynthesis genes coding sequences in Cannbio-2 global alignment.
[image: Table2]

Within the Cannbio-2 genome, a single functional copy of THCAS exists; however, CBDAS and CBCAS contain nine and three homologs/pseudogenes, respectively. Using FGENESH and ExPASy, two identical, full-length potentially functional CBDAS cannabinoid biosynthesis genes were discovered (CBDAS-like#1 and #2), and three homologs were identified containing several single nucleotide polymorphisms (SNPs) leading to differences in predicted protein translations (CBDAS-like#3-5), however full length and potentially functional, and four copies of CBDAS were found to be truncated when proteins were predicted (CBDAS-truncated#1-4). The coding sequences (CDS) of each CBDAS homologs were aligned, and non-truncated homologs are shown to be >86% homologous. The high levels of sequence similarity of the CBDAS homologs (Table 2) at the DNA level, and regardless of the size of the PCR insert for siRNA generation, sequence homology is too significant to identify one best-fit homolog for vector design, and thus, a single homolog of CBDAS was chosen, identified as CBDAS-like#1 within the Cannbio-2 genome (Supplementary Data), for pRNAi-GG-CBDAS vector construction.

Two full-length, potentially functional copies of CBCAS were found (CBCAS-like#1 and #2) having identical sequence homology, except for base pair 482, where a synonymous SNP occurs (T to C); however, this does not affect predicted translated proteins (Supplementary Data). A truncated CBCAS homolog was also discovered at only 969 bp designated CBCAS-truncated. CBCAS#2 was chosen within the Cannbio-2 genome for pRNAi-GG-CBCAS vector construction (Supplementary Data). A significantly smaller sequence (247 bp; Supplementary Data), homologous to the CBDAS-truncated#4 homolog, was chosen in a region of high homology from the sequence alignment of all cannabinoid synthesis genes CDS, however lower in homology (<90%) within the subset of CBDAS sequences, designated “CBDAS-UNIVERSAL” to determine whether a smaller gene sequence for RNAi containing lower homology could be more effective in gene silencing through off-targeting. A graphic representation for the alignment of cannabinoid biosynthesis genes, with the PCR products sizes, is shown in Figure 2.
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FIGURE 2. Graphical representation of gene CDS alignments used for PCR amplification for siRNA generation.


The gene sequences selected for RNAi were analyzed using pssRNAit to assess the degree of off-targeting to the identified cannabinoid gene sequences for each specific vector. Efficient gene silencing requires the formed siRNA to contain minimal off-targeting silencing effects. From the amplified THCAS sequence, 93 siRNA were predicted with 1,609 potential off-targets, CBDAS with 70 predicted siRNA and 1,609 potential off-targets, CBCAS with 95 predicted siRNA and 1,647 potential off-targets, and CBDAS-UNIVERSAL with 38 predicted siRNA with 630 potential off-targets (Table 1).

To filter out irrelevant off-target sites not residing within the cannabinoid genes, each siRNA was aligned to Cannbio-2 cannabinoid biosynthesis genes for sequence similarity to greater understand off-targeting potential within these highly homologous sequences. A total number of 369 exact targets for pRNAi-GG-THCAS exist within Cannbio-2 cannabinoid biosynthesis genes with 93 exact matches to THCAS and 276 off-targets existing within the other gene sets (Table 3). pRNAi-GG-CBDAS contained 447 total exact targets within all biosynthesis genes, with 381 targeting a minimum of 1 CBDAS homologs and containing considerably more off-targets tallying 64 sites not residing within CBDAS homologs (Table 3). pRNAi-GG-CBCAS contained a similar number of total targets, 428, with 276 targets within CBCAS homologs and contained substantially more off-targets, with 152 exact matches across other gene sets (Table 3). Within the pRNAi-GG-CBDAS-UNIVERSAL predicted siRNA, only 69 exact targets exist within all biosynthesis genes. A total of 38 siRNA sites exist within the predicted CBDAS-truncated#4 gene sequence, with the remaining 31 target sites residing within CBDAS homologs (Table 3).



TABLE 3. Off-targeting frequency in each cannabinoid gene from generated siRNA in each vector.
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Vector Construction, Generation of Recombinant Agrobacterium, and Vacuum Infiltration

To test the efficiency of silencing cannabinoid biosynthesis genes, recombinant expression vectors were made for the four target sequences. The vectors contained sense-antisense orientation separated by an intron and were cloned into an E. coli strain.

Eight recombinant colonies were chosen, for each treatment, for colony PCR using sequence-specific primers residing within the specific sequence and residing on the vector backbone. All clones showed the expected bands confirming the correct inserts, which were subsequently sequenced to confirm the correct sequences as expected.

Agrobacterium strain, GV3101, was chosen for Agrobacterium-mediated transient expression in leaf segments of Cannbio-2. Recombinant pRNAi-GG vectors were transformed into GV3101 with appropriate selection. Agroinfiltration was achieved using vacuum infiltration on the excised cannabis leaf segments optimized for use with Cannbio-2 leaf material.



Silencing of Cannabinoid Biosynthesis Genes

Leaf segments of C. sativa Cannbio-2 strain were infiltrated with recombinant A. tumefaciens and incubated in a climate-controlled environment. To investigate the extent of downregulation of the cannabinoid biosynthesis genes, quantification of the transcript levels of THCAS, CBDAS, and CBCAS was performed using qPCR. Each genes expression level was analyzed in three biological replicates and two technical replicates with gene primer pairs located upstream of the respective RNAi construct design.

Using the reference gene UBQ5 for normalization in all qPCR experiments, infiltrated leaf segments saw varying levels of downregulation in all cannabinoid biosynthesis genes, and in one instance, upregulation of THCAS and CBCAS in response to RNAi transient expression compared to leaf segments infiltrated with disarmed Agrobacterium as negative controls.

Agroinfiltration with pRNAi-GG-THCAS successfully downregulated THCAS, CBDAS, and CBCAS. From the qPCR data, pRNAi-GG-THCAS saw a 57% reduction in THCAS transcript levels (Figure 3A). Interestingly, using the THCAS gene sequence for RNAi, between the vectors, was ranked the 3rd most effective for downregulating the targeted gene. Off-targeting of this vector construct caused downregulation of CBDAS with a 71% reduction (non-significant, p = 0.48) in transcript levels making this, also, the 3rd most effective in downregulating CBDAS. The highly homologous sequence of CBCAS saw a more conserved reduction of 39% (non-significant, p = 0.45) in transcript levels, with the off-targeting effect of this vector ranking it also third in silencing CBCAS.
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FIGURE 3. Effect of different pRNAi-GG vectors on cannabinoid biosynthesis gene relative expression change. (A) Relative fold change post agroinfiltration with pRNAi-GG-THCAS. (B) Relative fold change post agroinfiltration with pRNAi-GG-CBDAS. (C) Relative fold change post agroinfiltration with pRNAi-GG-CBCAS. (D) Relative fold change post agroinfiltration with pRNAi-GG-CBDAS-UNIVERSAL. Significance is determined by paired t-test, (p < 0.05) is denoted by *. Error bars represented SE.


Agroinfiltration with pRNAi-GG-CBDAS downregulated the three cannabinoid biosynthesis genes more effectively, comparatively. The pRNAi-GG-CBDAS vector saw a significant (p < 0.05) reduction of CBDAS with 92% downregulation (Figure 3B), making it the second most effective vector for downregulation of CBDAS behind pRNAi-GG-CBDAS-UNIVERSAL. Significant (p < 0.05) off-target downregulation of THCAS was observed with a 77% reduction in transcript levels, making this more efficient in inadvertent downregulation of THCAS than using the gene-specific sequence of THCAS to produce siRNA. Increased downregulation of CBCAS was also observed, with a 53% reduction (non-significant, p = 0.07) in transcript levels compared to the control, making this vector the second most effective construct for silencing CBCAS.

Agroinfiltration with pRNAi-GG-CBCAS was least effective in silencing cannabinoid biosynthesis genes, which conversely saw non-significant upregulation of THCAS and CBCAS transcript levels (Figure 3C). pRNAi-GG-CBCAS saw a 39% downregulation (non-significant, p = 0.22) of CBDAS, making it the least effective vector for CBDAS silencing. Interestingly, off-targeting caused THCAS to be upregulated by 13% (non-significant, p = 0.42) compared to the control regardless of the >96% homology shared between the two genomic sequences. This increase makes this the least effective vector for THCAS silencing. CBCAS transcript levels were significantly (p < 0.05) upregulated 76% using the targets gene sequence, rendering it least effective of all vectors for gene silencing of CBCAS.

Agroinfiltration with pRNAi-GG-CBDAS-UNIVERSAL was significantly more efficient in downregulating THCAS, CBDAS, and CBCAS. The small construct, homologous to a highly conserved region of the aligned gene sequences, saw comparatively dramatic decreases of transcript levels compared to the other constructs (Figure 3D). A significant (p < 0.05) downregulation of THCAS, with a 92% reduction in transcript levels, was observed due to off-targeting, making this vector highly effective in targeting THCAS. A significant (p < 0.05) reduction in CBDAS was also observed, with a 97% reduction in transcript levels compared to the control. Like pRNAi-GG-CBDAS, pRNAi-GG-CBDAS-UNIVERSAL is most effective in silencing the targeted gene used to create the vector construct (CBDAS-truncated#4), also making this smaller construct the most effective in downregulating CBDAS. Significant (p < 0.05) reduction in CBCAS was also observed, with a 70% decrease in transcript levels compared to the control. This off-targeting effect makes this vector the most effective in silencing CBCAS compared to the other vectors.




DISCUSSION

Genetic transformation of cannabis has only recently been achieved using Agrobacterium (Schachtsiek et al., 2019; Deguchi et al., 2020). Induced RNA silencing by hairpin-loop RNAi constructs have previously been optimized through the exploration of variables involved in vacuum infiltration by measuring relative GUS expression (Deguchi et al., 2020). Building upon the approach developed by Deguchi et al. (2020), vacuum infiltration was achieved in leaf segments of Cannbio-2, a cultivar with a ratio 1:1.8 THC to CBD, to significantly reduce the relative expression of cannabinoid biosynthesis genes THCAS, CBDAS, and CBCAS. This work is the first successful downregulation of these cannabinoid biosynthetic genes, showing that the use of RNAi constructs with the gene sequences of each gene, respectfully, results in varying levels of suppression.

In this paper, the downregulation of cannabinoid biosynthesis genes was evaluated using vacuum agroinfiltration. Using the common Golden Gate Cloning method to construct RNAi vectors, with sense and antisense sequence inserts, downregulation of THCAS, CBDAS, and CBCAS was observed to varying effectiveness. In this study, it was hypothesized that using large (400–600 bp) RNAi constructs to silence-specific cannabinoid biosynthesis genes would result in a downregulation of the other highly homologous gene sequences due to siRNA off-targeting. Observing the relative transient expression levels of the targeted genes 4 days post-agroinfiltration with pRNAi-GG-THCAS saw a downregulation of 57, 71 and 39% of THCAS, CBDAS, and CBCAS, respectfully (Figure 3A). The siRNA generated using pRNA-GG-THCAS targeted substantially more regions within THCAS and CBCAS compared to CBDAS (Table 2). While the results were all non-significant due to the variance between treated samples, off-targeting is still prevalent as demonstrated by the ability to downregulate non-specific targets. This confirmation of the hypothesis can be explained by the highly homologous (>90%) gene sequences, which when amplified and used in RNAi, will produce siRNA (Table 1) that will have significant off-targeting. siRNA predicted from the amplified THCAS sequence were more effective in downregulating the CBDAS transcripts, comparatively, to THCAS and CBCAS, which are more highly sequence homologous (>96%) than CBDAS is to THCAS (92%). The most likely explanation for this increased downregulation of CBDAS would be the fact that Cannbio-2 contains 5 potentially functional copies. Within the Cannbio-2 genome (Braich et al., 2020), a fully functional CBDAS gene is absent due to assembly error within the retrotransposon regions in a hybrid genotype. Cannbio-2 does contain an identical CBDAS gene within the transcriptome (Braich et al., 2019; Cannbio_016865); however, this is not present within the genome. However, several full-length, potentially functional CBDAS homologs exist in which their function is yet to be determined. The increased copy number of CBDAS is due to the cannabinoid biosynthesis genes being arranged in tandem arrays in long terminal repeat retrotransposons on chromosome 7 (Grassa et al., 2021). The flanking long terminal repeats for CBDAS provide an explanation for the movement of the synthase cassette and possible illegitimate recombination resulting in increased synthase numbers. This increased copy numbers will greatly affect RNAi specificity and will result in a higher number of off-targeting sites.

pRNAi-GG-CBDAS agroinfiltration qPCR data show significant (p < 0.05) downregulation in CBDAS, with a reduction of 92% (Figure 3B). Increased downregulation, compared to pRNAi-GG-THCAS, was also observed for THCAS and CBCAS, with 77% (p = 0.03) and 53% (p = 0.07), respectfully. The presence of 3 CBCAS homologs results in a higher number of potential exact targets compared to THCAS (Table 3); however, downregulation is twice as effective in THCAS than CBCAS. Within the genomic sequences and alignment of these two genes and their high level of sequence similarity, it could be expected that the siRNA generated would not contain greater affinity for THCAS, but instead downregulate CBCAS further due to increased target sites. This, however, is not observed. The increased downregulation despite lower off-target site numbers could be due to the generation of more efficacious siRNAs, which regardless of off-targeting, demonstrate the capability of inhibiting transcription with target sequence variation.

Shorter PCR products for RNAi could also potentially explain higher siRNA efficacy in silencing cannabinoid biosynthesis genes compared to larger inserts. Support of this hypothesis is provided by the qPCR data from agroinfiltration of pRNAi-GG-CBDAS-UNIVERSAL, a 247 bp fragment, which produced significant (p < 0.05) reduction in THCAS, CBDAS, and CBCAS (Figure 3D). The smaller RNAi construct reduced THCAS, CBDAS, and CBCAS by 92, 97, and 70%, respectfully. Increased efficacy of shorter dsRNA fragments has previously been confirmed in potato (He et al., 2020), with evidence supporting shorter dsRNA length resulting in increased levels of insecticidal protection compared to the larger RNAi constructs investigated. On the contrary, within Arabidopsis plants expressing RNAi dsRNA constructs with varying length, there was no observed significant correlation between dsRNA length and reduction of Fusarium graminearum infection (Höfle et al., 2020). These studies suggest that within Cannabis the effect of dsRNA length and specific region of the gene targeted (e.g., earlier exons) could play a vital role in efficacy, though such assumptions require further investigation and testing.

An additional explanation for the higher efficacy of pRNAi-GG-CBDAS-UNIVERSAL is the concentration of more highly effective siRNA, within the shorter sequence, compared to larger fragments which could contain lower efficiency siRNAs. Despite the recent surge in cannabis genome sequencing efforts, the lack of detailed genome sequence annotations and tools to correctly assess the potential for off-targeting of predicted siRNA to the highly homologous cannabinoid biosynthesis gene sequences, as such with the prediction tool “pssRNAit,” requires further investigation. Without the availability of a comprehensive Cannabis genome sequence resource to detect the potential off-targeting of these highly homologous genes, the exact sequences of each siRNA were aligned against the Cannbio-2 gene sets and analyzed for off-targeting potential. The limitation of this approach is the inability to correctly evaluate all possible off-targets when slight siRNA sequence variation exists due to the highly homologous nature of all the cannabinoid biosynthesis genes. However, regarding exact siRNA sequence matches residing outside of the intended target, a large number of predicted siRNA produced from pRNAi-GG-THCAS, CBDAS, and CBCAS exists. Though, interestingly, no exact matches outside of the CBDAS homologs are present within any of predicted pRNAi-GG-CBDAS-UNIVERSAL siRNA (Table 2). The lower concentration of exact siRNA targets could increase the efficacy of each siRNA, explained by the significant downregulation of CBDAS, but it does not explain how this construct is equally capable of significantly downregulating all the highly homologous genes. It is evident that significant off-targeting occurs; however, many base pair differences are tolerated in siRNA targeting is undetermined. Previous work has determined that it is not only the amount of mismatches but also the identity of the matched nucleotides that play an important role in unintended silencing (Du et al., 2005). It was discovered that adenine and cytosine, along with G:U wobble base pair mismatches are silenced with equal efficiency. With these gene sequences being so highly homologous (Figure 1), it is highly probable this would explain the success of pRNAi-GG-CBDAS-UNIVERSAL.

Interestingly, contradictory to the proposed hypothesis of collective downregulation of all targeted genes, pRNAi-GG-CBCAS agroinfiltration resulted in significant upregulation of CBCAS and an observed slight increase in THCAS. The 95 predicted siRNAs had a total of 329 exact matches between the CBCAS homologs and THCAS and only 94 matches within the CBDAS homologs resulting increase of 13% in transcript levels of THCAS and 76% increase of CBCAS transcript levels and a decrease of 39% in CBDAS (Figure 3D). An explanation for the upregulation could be the specific sequence containing inefficient siRNA or that the siRNA which did downregulate CBDAS triggers a biological response to upregulate the highly similar genes to assist in the enzymatic conversion of CBGA. Alternatively, it is possible that the siRNA generated failed to degrade the mRNA and instead interfered with the translation of THCAS and CBCAS, triggering a feedback loop mechanism leading to increased levels of transcription of these two genes. Examples of such a phenomenon have been observed in mammalian cells (Portnoy et al., 2011; Scacheri et al., 2004) and in wheat lines with RNAi resulting in a compensatory effect increasing total protein content (Gil-Humanes et al., 2008). To date, there are no examples of complete knockdown of individual cannabinoid biosynthesis genes in vivo to confirm that specific enzymes can synthesize different cannabinoids. However, multiple cannabinoids have been produced from a single coding sequence of CBCAS in yeast through modulating yeast growth conditions (Peet et al., 2016).

Using RNAi to significantly downregulate the medicinally important cannabinoid biosynthesis genes can be achieved using Agrobacterium. Much like Deguchi et al. (2020) and Schachtsiek et al. (2019), the use of RNAi in Cannabis to significantly downregulate targeted genes is shown to be possible using different RNAi mechanisms, such as the introduction of dsRNA or virus-induced gene silencing. The drawback from using RNAi to target these genes, and the others previously explored, is the unintended off-targeting, resulting in silencing of the other highly homologous genes. To completely and specifically downregulate a specific enzyme, a sequence-specific genome editing approach, such as CRISPR/Cas-9, would be more applicable by making a large library of constructs and events and then screening for a targeted single gene for knock out (Matchett-Oates et al., 2021a). This approach will allow the investigation into site-specific genome editing events, resulting in a complete knockdown, and whether in vivo feedback loops result in gene regulation, through upregulation, in these cannabinoid biosynthesis genes. The use of this agroinfiltration RNAi approach, generating a transformational event resulting in a designer cannabis strain with significantly reduced THC, CBD, and CBC concentrations, is possible. The decreased gene expression will potentially lead to a dramatic increase in the precursor CBGA, which is currently found in minute concentrations, comparatively (Stack et al., 2021). The targeted manipulation of the cannabinoid pathway in this manner could enable the future development of novel genetically modified cannabinoid strains that could deliver new therapeutics pending consumer acceptance of its biotechnology approach. The production of a transgenic cannabis plant using RNAi, in some countries, is not considered genetically modified (Office of the Gene Technology Regulator, 2018), addressing consumer concerns regarding genetic modifications of consumed products.



CONCLUSION

Reported within this study is the first downregulation of cannabinoid biosynthesis genes in cannabis using transiently expressed RNAi constructs in leaf segments. This evaluation of RNA silencing efficiency will help further unravel the relationship each cannabinoid biosynthesis gene has through detailed functional genomic screens. This approach can also play an important role in producing stably transformed C. sativa designer strains with modulated expression profiles of the medically important cannabinoid biosynthesis genes.
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Expanding the Benefits of Tnt1 for the Identification of Dominant Mutations in Polyploid Crops: A Single Allelic Mutation in the MsNAC39 Gene Produces Multifoliated Alfalfa
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Most major crops are polyploid species and the production of genetically engineered cultivars normally requires the introgression of transgenic or gene-edited traits into elite germplasm. Thus, a main goal of plant research is the search of systems to identify dominant mutations. In this article, we show that the Tnt1 element can be used to identify dominant mutations in allogamous tetraploid cultivated alfalfa. Specifically, we show that a single allelic mutation in the MsNAC39 gene produces multifoliate leaves (mfl) alfalfa plants, a pivot trait of breeding programs of this forage species. Finally, we discuss the potential application of a combination of preliminary screening of beneficial dominant mutants using Tnt1 mutant libraries and genome editing via the CRISPR/Cas9 system to identify target genes and to rapidly improve both autogamous and allogamous polyploid crops.
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INTRODUCTION

Legume crops fix nitrogen symbiotically by interacting with soil nitrogen-fixing rhizobia, producing high-protein foods and reducing the use of nitrogen fertilizers derived from fossil fuel. The most important forage legume worldwide is alfalfa (Medicago sativa), also called the “Queen of forages” due to its high yield and quality and wide adaptation. However, traditional and modern alfalfa breeding programs are limited by the intrinsic features of the species itself.

Cultivated alfalfa is an allogamous perennial tetraploid species which displays high levels of self-incompatibility and extreme inbreeding depression (Dieterich Mabin et al., 2021). Because of this polyploid nature and particular reproductive behavior, an alfalfa cultivar commonly involves a large number of genetically and phenotypically heterozygous parental plants. Then, the production of genetically modified alfalfa cultivars needs the introgression of transgenic or gene-edited traits into elite heterogeneous populations, independently of the agronomic quality of the regenerative clone used in alfalfa transformation.

Empirically, only two introgression approaches have been able to bypass the intrinsic limitations of the polyploid and outcrossing nature of alfalfa: the dihomogenic and supertransgene process described by Forage Genetics Inc. (McCaslin et al., 2002) and that described by the research group of Dr. Gabriela Soto (Jozefkowicz et al., 2018). These rapid and low-cost introgression processes require the use of dominant traits (e.g., herbicide tolerance transgenes), excluding the use of beneficial recessive mutations such as some alfalfa mutant events generated via the CRISPR/Cas9 system (Gao et al., 2018).

In the last years, the increased efficiency of the CRISPR/Cas9 system in highly regenerative alfalfa germplasms has allowed full allelic knockout of an individual gene in the T0 generation (Chen et al., 2020; Wolabu et al., 2020; Bottero et al., 2021). Naturally, this optimized system can help to validate in alfalfa the strategies found in the model species Medicago truncatula. As an example of this transfer, null palm1 mutants produce pentafoliate leaves rather than wild-type trifoliate leaves in both M. truncatula (Chen et al., 2010) and alfalfa (Chen et al., 2020). Although the high expression of this type of beneficial traits (e.g., multifoliated leaves) obtained by the full allelic knockout of an individual alfalfa gene (e.g., palm1) in elite germplasms is not impossible, it requires an adaptation of the current introgression processes, a fact that increases the cost and time of production of a genetically modified alfalfa cultivar (Bottero et al., 2021).

Retrotransposon Tnt1, an effective mutagen, has been used as a tool to study gene function in both model (e.g., M. truncatula, Arabidopsis thaliana and wild potato) and non-model (e.g., soybean, lotus, cucumber and lettuce) autogamous species (Courtial et al., 2001; d’Erfurth et al., 2003; Mazier et al., 2007; Cui et al., 2013; Duangpan et al., 2013; Iantcheva et al., 2016). In this classical application of Tnt1 for functional genomics studies, homozygous mutant lines generated via Tnt1 insertions show complete loss of the function of target genes (full allelic knockout). In this article, we explore the use of Tnt1 for the identification of beneficial dominant mutations in alfalfa. Specifically, we focus on dominant alleles, which are those that express a trait even if there is only one copy.



EMPIRICAL CONFIRMATION OF THE UTILITY OF Tnt1 TO IDENTIFY DOMINANT MUTATIONS IN ALFALFA

Due to their high protein content and high digestibility, alfalfa leaves contribute the majority of the feeding value of this forage. Thus, increasing the proportion of leaves to stems is a pivotal target of alfalfa breeding programs (Odorizzi et al., 2015). During a screening of dominant mutations with visible phenotype and Mendelian inheritance within an alfalfa Tnt1 library performed at our lab (Supplementary Figure 1), we identified an alfalfa mutant with polyfoliated leaves. Contrary to its parental wild-type plant C23, which shows common trifoliate leaves (Figure 1A), this mutant (mutant 1–158) displays both trifoliate and polyfoliate stems (Figure 1B). These multifoliate leaves (mlf) plants have different numbers (3–7) of leaflets (Figure 1C) and leaf morphologies (Figures 1D–E). As expected, this mlf mutation produces a higher leaf-to-stem ratio (Figure 1F) and higher numbers of leaflets (Figure 1G), at least in the first generation. Moreover, around 50% of the mlf flowers show an increased number of petals (Figure 1H), an extremely unusual (<0.001%) trait in cultivated alfalfa. In biotechnological terms, these findings represent the first report of a dominant mutation conferring polyfoliate leaves in alfalfa and of the expanded use of Tnt1 for the identification of this type of dominant mutations in polyploid species.


[image: image]

FIGURE 1. Identification of a dominant mutation conferring multifoliate leaves in cultivated alfalfa via Tnt1. During a screening of dominant mutations with visible phenotype from an alfalfa Tnt1 insertion mutant library using the wild-type highly regenerative alfalfa clone C23 (García et al., 2014), we identified a mutant (1–158, mfl) plant displaying both usual trifoliate stems (A,B) and unusual polyfoliate leaves (B). These mutant plants show trifoliate to heptafoliate leaves (C), polyfoliate leaves with different number of leaflets (D), and tetrafoliate leaves with unusual morphologies (E). When comparing clonally propagated individual plants derived from the wild-type clone (C23), the original mutant clone 1–158 (G0) and its first generation offspring (G1), we observed that the mfl mutation induces a higher leaf-to-stem ratio (F) and higher numbers of leaflets (G). The mfl mutant also shows flowers with extra petals (H). In these experiments, the cuts were performed at 8 cm from the soil and plants were harvested periodically (every 60 days) to prevent their flowering and evaluate their leaf/stem ratio and number of leaflets for 2 years. The values are the average for this period. Wild-type and mutant plants were intercrossed by hand. Wild-type plants contains four different alleles of MsNAC39 and Tnt1 is inserted into this gene on chromosome 3.4 in mfl mutant plants (I). Multiple alignment of the partial amino acid sequences of MsNAC39 protein and its closely related proteins in M. truncatula (MtNAC77, MtNAC63, and MtNAC51) showing that the Tnt1 insertion is localized in the C-terminal hypervariable domain of the MsNAC39 protein (J). The microRNA target region of Arabidopsis NAC-like genes AT5G61430 and AT5G07680 is conserved in the MsNAC39 alleles (K). Values are mean ± SEM (n = 25). Statistical analysis was carried out with Student’s t-test (*p < 0.05).




A MUTATION IN THE MsNAC39 GENE PRODUCES MULTIFOLIATE LEAF ALFALFA

Because of the extreme heterozygosity of alfalfa, an individual plant (e.g., regenerative clone C23) normally possesses four different alleles of the same locus, and it is thus possible to determine the exact localization of a mutation by segregation analysis (Bottero et al., 2021). Bioinformatic analysis of the Tnt1-flanking sequences of the mfl mutant plant and its progeny showed that the mfl mutation colocalized with the MsNAC39 gene in chromosome 3.4 (Figure 1I). The NAC protein family is a large group of plant-specific transcriptional factors involved in the control of gene expressions related to leaf development and adaptation to environmental conditions (Liu et al., 2014; Oda-Yamamizo et al., 2016; Trupkin et al., 2019; Min et al., 2020; Challa et al., 2021). NAC transcriptional factors contain a highly conserved N-terminal DNA-binding domain and a C-terminal hypervariable domain related to the activation or repression of the transcription of specific target genes (Yamaguchi-Shinozaki and Shinozaki, 2005; Le et al., 2011; He et al., 2016; Maugarny et al., 2016). Similarly, the MsNAC39 protein and its closely related proteins (>40% amino acid identity) in M. truncatula (MtNAC77, MtNAC63, and MtNAC51) show a completely different C-terminal region (Figure 1J). Interestingly, the Tnt1 element disrupts the particular C-terminal region of the NAC39 protein in mlf alfalfa (Figure 1J), suggesting that this mutation affects its transcriptional factor activity. In addition the Arabidopsis NAC-like proteins most related to MsNAC39 (AT5G61430 and AT5G07680; Supplementary Figure 2), together with the CUC1 and CUC2 genes (Supplementary Figure 2) are common targets of a microRNA controlling leaf and floral development (Mallory et al., 2004; Rubio-Somoza et al., 2014). An alteration in their expression leads to the development of striking floral organ phenotypes, including extra petals (Mallory et al., 2004; Baker et al., 2005) in agreement with the mfl alfalfa phenotype. Interestingly, the microRNA target region of AT5G61430 and AT5G07680 is highly preserved in the MsNAC39 alleles, sharing 19 of the 20 nucleotides (Figure 1K). Taken together, evolutionary and phenotypic studies suggest that MsNAC39 can play ancient and multiple roles in alfalfa ontogeny, including vegetative growth and reproductive development.



DISCUSSION

Although there is a legal framework for the deregulation of transgenic plants, including transgenic alfalfa cultivars (Samac and Temple, 2021), the deregulation of transgenic events are long-term and expensive procedures. Specifically, Tnt1 is a mobile element that can move around within a genome not only under regenerative conditions but also under abiotic stress conditions (Iantcheva et al., 2009), which is an undesirable trait in transgenic crops. Thus, the direct application of Tnt1 insertions (e.g., MsNAC39:Tnt1) in crop production is extremely limited. In contrast, engineering plant traits using the CRISPR/Cas9 system (e.g., the induction of small indels in MsNAC39 alleles) could be an attractive strategy to improve germplasms available worldwide. However, the current knowledge of beneficial dominant mutations is very scarce, thus limiting the rational design of the generation of this type of mutation via the CRISPR/Cas9 system in polyploid species. Most major crop species, including soybean, wheat, maize, potato, sugarcane, coffee, cotton, alfalfa, and tall fescue, are polyploid species. In this context, Tnt1 libraries can function as sources of beneficial dominant mutations that can be phenocopied using transgenic-free edited cultivars via the CRISPR/Cas9 system in these major crops with complex genetics (Figure 2). In the case of facultative autogamous and allogamous species, the editing machinery can be easily segregated during the introgression process, and then, the Agrobacterium transformation does not imply a limitation to produce transgenic-free commercial cultivars (Figure 2). In contrast, in the case of highly autogamous species, the use of the CRISPR/Cas9 system with economic purposes implies the search of alternative deliveries of the editing machinery to the target plant cell, such as the transfection of protoplasts with ribonucleoprotein complexes (Figure 2). The perspective of combining the Tnt1 element and the CRISPR/Cas9 system could lead to a synergism between applied research and breeding programs, in which breeders will rapidly convert beneficial dominant mutations in improved elite germplasm varieties.
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FIGURE 2. Schematic representation of the possible combination of Tnt1 element and the CRISPR/Cas9 system to rapidly improve polyploidy crops. This picture is explained in the text.
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Potato (Solanum tuberosum L.) is a crop of world importance that produces tubers of high nutritional quality. It is considered one of the promising crops to overcome the challenges of poverty and hunger worldwide. However, it is exposed to different biotic and abiotic stresses that can cause significant losses in production. Thus, potato is a candidate of special relevance for improvements through conventional breeding and biotechnology. Since conventional breeding is time-consuming and challenging, genetic engineering provides the opportunity to introduce/switch-off genes of interest without altering the allelic combination that characterize successful commercial cultivars or to induce targeted sequence modifications by New Breeding Techniques. There is a variety of methods for potato improvement via genetic transformation. Most of them incorporate genes of interest into the nuclear genome; nevertheless, the development of plastid transformation protocols broadened the available approaches for potato breeding. Although all methods have their advantages and disadvantages, Agrobacterium-mediated transformation is the most used approach. Alternative methods such as particle bombardment, protoplast transfection with polyethylene glycol and microinjection are also effective. Independently of the DNA delivery approach, critical steps for a successful transformation are a rapid and efficient regeneration protocol and a selection system. Several critical factors affect the transformation efficiency: vector type, insert size, Agrobacterium strain, explant type, composition of the subculture media, selective agent, among others. Moreover, transient or stable transformation, constitutive or inducible promoters, antibiotic/herbicide resistance or marker-free strategies can be considered. Although great efforts have been made to optimize all the parameters, potato transformation protocols are highly genotype-dependent. Genome editing technologies provide promising tools in genetic engineering allowing precise modification of targeted sequences. Interestingly, transient expression of genome editing components in potato protoplasts was reported to generate edited plants without the integration of any foreign DNA, which is a valuable aspect from both a scientific and a regulatory perspective. In this review, current challenges and opportunities concerning potato genetic engineering strategies developed to date are discussed. We describe their critical parameters and constrains, and the potential application of the available tools for functional analyses or biotechnological purposes. Public concerns and safety issues are also addressed.
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IMPORTANCE OF BIOTECHNOLOGY APPLICATION IN POTATO

Potato (Solanum tuberosum L.) is a worldwide important crop plant that produces high nutritional quality tubers. It is the fourth most important staple crop (after wheat, corn, and rice) in terms of production and demand, with around 378 million tons produced annually (Campos and Ortiz, 2020). The tuber, which serves the plant as a storage organ and as a vegetative propagation system, is an excellent source of complex carbohydrates, proteins, and vitamins (Banerjee et al., 2006; Barrell et al., 2013). Therefore, it is considered one of the promising crops to overcome the challenges of poverty and hunger worldwide (Bakhsh, 2020). In addition, potato is largely used in industry to make processed food products, alcohol, animal feed, and for bioenergy production substrates like biofuel (Ahmed et al., 2018). Moreover, given the physicochemical properties of refined starch it is used as a thickening and stabilizing agent in food, and as a raw material in paper, textile, cosmetic, adhesive, and plastics industries (Craze et al., 2018). Altogether, the importance of potato cultivation lies not only in its use as a basic food crop but also as a source of compounds of interest. While wide climate adaptability has facilitated potato to be extensively distributed in the world, several factors like climate change, industrialization, and urbanization have overburdened the existing agriculture lands and food resources (Badami and Ramankutty, 2015; Tiwari et al., 2020). Moreover, potato production faces important challenges such as biotic (viruses, bacteria, fungal, and insect pests) and abiotic stresses (drought, flooding, salinity, heat, and cold), and postharvest problems (accumulation of reducing sugars during cold storage, injury-induced enzymatic browning). Due to its large negative impacts on yield and tuber quality, improving resistance to disease and pests and/or abiotic factors, as well as quality traits is of significant economic importance (Rooke and Lindsey, 1998; Halterman et al., 2016).

Potato is a relevant candidate for improvement through conventional breeding and biotechnology. However, given that most of cultivated potatoes have tetraploid genomes, a high level of genetic heterozygosity and a narrow genetic base, conventional breeding is time-consuming and challenging (Chakravarty et al., 2007).

Therefore, genetic engineering provides the opportunity to introduce genes of interest without altering the allelic combinations that characterize successful commercial cultivars. Moreover, transgene-mediated post-transcriptional gene silencing using RNA interference (RNAi) is a strategy used to inactivate one or several genes and it has also proven its potential to obtain a desirable phenotype for potato improvement (Bradshaw, 2021). More recently, the so-called New Breeding Techniques (NBTs), which include genome editing, enabled the induction of targeted sequence modifications within a genome reducing off target effects.

Interestingly, several of potato genotypes are amenable to propagation through tissue culture enabling the application of available biotechnology techniques (Han et al., 2015; Halterman et al., 2016; Nadakuduti et al., 2018). Through genetic engineering approaches, different traits related to stress tolerance, nutritional quality, and/or compounds of interest were incorporated. Genetically engineered (GE) potato plants, obtained by classical genetic transformation strategies or genome editing tools, with increased resistance to insects, bacteria, fungi, viruses, herbicides, abiotic factors, and/or improved nutritional and post-harvest quality were developed. Also, the production of compounds such as biopharmaceuticals, biopolymers, polyhydroxyalkanoates, spiderweb, freeze-thaw-stable potato starch, increased synthesis of lipids and even vaccines, and human proteins were reported (for reviews see Pribylova et al., 2006; Halterman et al., 2016; Hameed et al., 2018; Rakosy-Tican and Molnar, 2021). Otherwise, the elimination of antinutritional or allergenic molecules such as alkaloids, glycoproteins, acrylamide, or patatin was also addressed (Zaheer and Akhtar, 2016; Hameed et al., 2018).

The large number of scientific reports and the diversity of engineered traits successfully transferred to potato reflect the ease of this crop to be biotechnologically improved. In this regard, the availability of potato genome sequence (Xu et al., 20111) has facilitated the development of comparative genomic analyses and functional studies of candidate genes to improve several important traits.

In summary, genetic engineering methods are essential tools in plant science research, not only for applied but also for basic purposes, providing invaluable tools for the characterization and validation of gene function to better understand plant physiology and development. In this review, several biotechnological strategies applied to potato are discussed, from classic genetic transformation to genome editing.



STRATEGIES FOR POTATO TRANSFORMATION

Successful plant transformation requires a suitable DNA delivery system, an efficient plant regeneration protocol and an optimized selection method to recognize transgenic cells (Bakhsh, 2020). There is a wide variety of DNA delivery systems for the genetic transformation of potato. Most of them incorporate the genes of interest into the nuclear genome. However, in the recent years, the development of plastid transformation protocols has been reported, broadening the available approaches. A comprehensive view of the evidence reviewed, suggests that although all systems have their advantages and disadvantages, Agrobacterium tumefaciens-mediated transformation is the most used. Potato was one of the first crops to be successfully transformed with this method (Ooms et al., 1986) and since then, numerous genetic transformation protocols based on A. tumefaciens have been developed. However, effective alternative direct DNA uptake methods have been also reported (Halterman et al., 2016). The A. tumefaciens method is more efficient than others and results in a higher proportion of plants with a single transgene copy insertion, minimizing the potential side effects (Gelvin, 2017). Since the modification of traits based on multiple genes via A. tumefaciens is time-consuming and laborious (Romano et al., 2001), particle bombardment is the method of choice for transforming potato with several genes (Zhang et al., 2020). However, the stacking of transgenes via A. tumefaciens was successfully achieved through different approaches: crossing of individual transgenic plants, re-transformation with independent genetic constructs, use of gene combining constructs, co-transformation with double constructs, and the use of polyprotein systems, among others (Romano et al., 2001; Asurmendi, 2002; Rivero et al., 2012; Fernandez Bidondo et al., 2019). In addition, another biotechnological approach successfully applied in potatoes for stacking resistance genes against viruses is RNAi technology (Missiou et al., 2004; Chung et al., 2013; Hameed et al., 2017). It is important to note that RNAi approach has been successfully employed in a great number of reports for disease and pest resistance (Waterhouse et al., 1998; Missiou et al., 2004; Chung et al., 2013; Dinh et al., 2015; Sun et al., 2016; Hameed et al., 2017), improved processing quality (Rommens et al., 2006; Llorente et al., 2010; Chawla et al., 2012; Zhu et al., 2016; Hameed et al., 2018), and improved nutritional value (Van Eck et al., 2007; Itkin et al., 2013; Sawai et al., 2014). In fact, the effectiveness of this technology is illustrated in the several commercially approved GE potatoes based on RNAi (ISAAA, 20212).

Generation of transgenic potato using other bacteria species, such as Sinorhizobium meliloti, Rhizobium sp. NGR234, Mesorhizobium loti, Sinorhizobium adhaerens, and Agrobacterium rhizogenes, has also been reported (Wendt et al., 2011, 2012; Butler et al., 2020). A. rhizogenes is often applied for obtaining transgenic roots faster than using A. tumefaciens, since plant regeneration is not needed, representing an alternative tool for potato functional studies and characterization of root genes (Fernández-Piñán et al., 2019).

Lastly, DNA delivery can be achieved by direct DNA uptake, like microinjection, particle bombardment, protoplast transfection with polyethylene glycol (PEG), and protoplasts electroporation (Fehér et al., 1991; Romano et al., 2001, 2003; Valkov et al., 2011). These methodologies would facilitate the coordinated integration and expression of several genes and the manipulation of metabolic pathways in potato (Craig et al., 2005). Even though these methods are effective (Weiland, 2003), disadvantages such as complex integration patterns, high copy numbers, transgene rearrangements, and gene silencing have also been reported (Sawahel, 2002). New methodologies for genetic engineering such as nanoparticle-mediated approaches for passive delivery of genetic cargo were successfully employed in potato (Abdel-Razik et al., 2017).

Once DNA was delivered, transient or stable transformation can occur. Virus induced gene silencing is an attractive approach to generate transient loss-of-function assays to assess the role of genes in a short time, as an alternative to stable transformation (Brigneti et al., 2004; Faivre-Rampant et al., 2004; Dobnik et al., 2016). In addition, A. tumefaciens-mediated infiltration without involving a viral based system has been reported to study gene function or protein localization in potato (Bhaskar et al., 2009). Although there are some reports using these tools in potato, their applications are far from routine and currently more limited to model plant species.

Other strategies involving DNA delivery to organelles have been employed. Plastid transformation has some potential advantages in comparison to nuclear transformation for both plant breeding and molecular farming. In contrast to the random nature of nuclear transformation, the gene of interest is integrated into the plastome through homologous recombination, which avoids negative effects associated with transgene insertion in transcriptionally silent regions or with the disruption of host genes or regulatory regions (Gelvin, 2017). Moreover, mechanisms of gene silencing are not present in plastids, so expression of the transgene is stable in progeny of transplastomic plants (Sidorov et al., 1999; Thanh et al., 2005). In addition, other advantages include high expression levels of transgenes and protein accumulation, the opportunity of expressing several genes in operons and the inherent confinement of transgenes and recombinant products in plastids (Valkov et al., 2011, 2014; Segretin et al., 2012). The availability of the complete chloroplast genome sequence of S. tuberosum in 2005, allowed the construction of species-specific vectors by increasing homology and the improvement of potato plastid transformation efficiency (Scotti et al., 2011; Valkov et al., 2011). Even though it has attractive advantages and potential applications in potato biotechnology, low transformation frequencies and the reduced levels of transgene expression registered in tubers limit a wider use of potato plastid transformation (Sidorov et al., 1999; Thanh et al., 2005; Segretin et al., 2012).

In sum, DNA delivery methods based on biological vectors –such as bacteria or virus–, physical agents –like electroporation, microinjection, or particle bombardment–, and chemical agents –such as PEG– are available for potato transformation. Even direct strategies are effective A. tumefaciens-mediated transformation is the most established and preferred approach for potato. The choice of the potato transformation strategy is based on the experimental objective, such as transient or stable integration and/or nuclear or plastid expression, and will determine the most suitable DNA delivery method.



MAIN PARAMETERS INFLUENCING TRANSFORMATION EFFICIENCY

There is not a consensus in the definition of transformation efficiency in the bibliography, but we consider the most suitable estimation as follows: Transformation efficiency (%) = (Total number of PCR positive lines/Total number of inoculated explants) × 100. It is important to note that to calculate the exact efficiency only independent lines must be considered. According to the reviewed reports the most relevant parameters that affect potato transformation efficiency are detailed below.


Potato Genotypes

There are more than 4,000 landraces of native potatoes, mostly found in the Andean Region and over 180 wild potato species (source: International Potato Center). Despite the great number of potato varieties available, few cultivars are commercialized, chosen for their viability to be marketed and stored (Yang et al., 2015). Cultivars ‘Desiree’ and ‘Bintje’ were early favorites for transformation assays but nowadays, most potato cultivars are amenable to tissue culture and nearly all commercially important varieties can be successfully transformed with modifications of the standard protocols (Vinterhalter, 2008; Han et al., 2015; Halterman et al., 2016; Nadakuduti et al., 2018; Bruce and Shoup Rupp, 2019; Kaur et al., 2020). In 1988, it was reported the development of a genotype-independent method to transform four potato cultivars (‘Bintje’, ‘Berolina’, ‘Desiree’, and ‘Russet Burbank’) using leaf discs (De Block, 1988). However, subsequent evidence showed that the transformation efficiency is dependent on genotypes. There are several reports comparing the regeneration and transformation efficiencies of different genotypes using the same protocol and the results indicate that the effectiveness in obtaining transgenic plants is variable (Conner et al., 1992; Dale and Hampson, 1995; Kumar et al., 1995; Heeres et al., 2002; Han et al., 2015; Bakhsh, 2020). Moreover, Heeres et al. (2002) determined that regeneration and transformation efficiency are two different genetically controlled factors. So, for a given genotype, the success of transformation depends on several critical factors including vector, Agrobacterium strain, infection time, mode of injury, pre-culture period, cocultivation time, explant type, composition of the subculture media, selection markers, among others (Kaur and Devi, 2019; Bakhsh, 2020). Thus, standard protocols can be considered to transform a new genotype but then all parameters should be optimized to achieve adequate efficiency.



Agrobacterium tumefaciens Strains

Once the use of a bacterial delivery method has been defined, the next parameter to determine is the strain to use since it affects the efficiency of the genetic transformation. In this sense, LBA4404 A. tumefaciens strain is the most used in potato transformation protocols (Stiekema et al., 1988; Tavazza et al., 1989; Trujillo et al., 2001; Heeres et al., 2002; Bakhsh, 2020; Mollika et al., 2020). However, alternative strains such as EHA105, GV2260, GV3101, and C58C1 have also been successfully used (Kumar et al., 1995; Banerjee et al., 2006; Han et al., 2015; Ahmed et al., 2018; Craze et al., 2018; Bruce and Shoup Rupp, 2019; Décima Oneto et al., 2020). Despite the existence of numerous reports, there is not a clear association between the strain and the genotype to be transformed; this means that for a particular genotype the most suitable strain must be experimentally tested.

Once the strain was selected there are three principal factors that affect transformation efficiency: the optical density of the bacterial suspension, the addition of a centrifugation step of the bacterial culture before inoculation and the length of the co-cultivation period. Considering the evidence reviewed, it seems that the optimal optical density values are between 0.5 and 0.8, depending on the construct and the growth medium. Some protocols indicate that centrifugation of the bacterial culture before inoculation may affect the viability of the bacteria, causing a drastic reduction of transformation efficiency (Beaujean et al., 1998; Banerjee et al., 2006; Décima Oneto et al., 2020). Co-cultivation period should be long enough to enable proper T-DNA transfer, but prolonged periods should be avoided to reduce tissue damage and somaclonal variation. Therefore, the optimal time is between 24 and 96 h, being 48 h the most reported co-cultivation period (Millam, 2006). Nonetheless, for each genotype is necessary to determine empirically not only the optimal strain but also the co-cultivation conditions to obtain the best transformation efficiency.



Vectors

Another important choice is the vector to employ based on the transformation strategy selected. The type, the size, the regulatory elements, the selectable marker gene, the cloning efficiency, the cost and the availability, among other factors, must be considered.

The type and the size of the vector are directly related to the transformation strategy selected, mainly whether a shuttle (see Hellens et al., 2000) or a not binary vector is necessary. Regarding the regulatory elements, the constitutive and ubiquitous CaMV35S promoter is commonly used to express transgenes in potato; however, there are many reports of promoters successfully employed for specific objectives (Yevtushenko et al., 2004; Pino et al., 2007; Li et al., 2015; Nahirñak et al., 2019). Moreover, regarding a cisgenic approach, well characterized tissue-specific or inducible promoters have been reported from potato (Martini et al., 1993; Naumkina et al., 2007; Almasia et al., 2010). Another point to consider in the vector design is to avoid repeated regulatory sequences to prevent possible silencing effects.

The selectable markers generally used to identify transformed plant cells are genes encoding resistance to antibiotics or herbicides (Bruce and Shoup Rupp, 2019). The neomycin phosphotransferase II (nptII) gene, which confers resistance to the antibiotic kanamycin, is the most used in potato transformation protocols (Barrell et al., 2013). Barrell et al. (2002) evaluated the efficiency of different selectable markers using identical vectors for potato transformation. The effectiveness of recovery of transgenic lines was ranked as follows: kanamycin resistance > hygromycin resistance > phosphinothricin resistance > phleomycin resistance > methotrexate resistance (Barrell et al., 2002).

Other markers have been reported for potato transformation that do not involve the use of herbicides or antibiotics and use xylose or galactose as selective agents instead (Haldrup et al., 1998; Joersbo et al., 2003). These systems offer alternatives to the conventional ones, although their use requires further optimization. Visual markers genes such as glucuronidase, luciferase and green fluorescent protein have also been adopted, although to a lesser extent (Sidorov et al., 1999; Verhees et al., 2002; Rakosy-Tican et al., 2007). Alternatively, marker-free transformation of potato has also been reported. This approach is based on the recovery of transformed plants by PCR screening of plants regenerated without the use of a selection system (De Vetten et al., 2003; Ahmad et al., 2008). However, this approach resulted in the recovery of transgenic potato lines at low frequencies, with most of lines displaying insertions of undesirable vector backbone sequences and only a few lines containing the desirable single T-DNA insertion, which is another important criterion for commercialization of GE crops (Kondrák et al., 2006).

Concerning A. tumefaciens binary vectors, the arrangement of expression cassettes in the plasmid should also be contemplated. The selectable/screenable markers should be near the left border to facilitate the selection of events containing the entire cassette since the transference of the T-DNA is directed from right border to left border. Also, the inwards opposite orientation of the cassettes should be avoided preventing possible silencing effects.

Finally, it is important to check the vector through DNA sequencing before starting the transformation protocol.



Explants

For a genetic transformation system to be effective, it is essential to develop a rapid and efficient regeneration protocol. Leaves, stems, tubers, petiole, protoplasts, and micro-tubers have been used as explants to develop transgenic potato lines.

The source of explant tissue for potato transformation is frequently derived from in vitro plants (Barrell et al., 2013). The main advantage of using them is the supply of uniform and pathogen-free material for transformation (Newell et al., 1991). In vitro micropropagation of shoot cultures makes possible the accessibility of healthy and vigorously growing plant material throughout the year (Visser, 1991). Since it is sterile and already acclimatized to grow under in vitro conditions, surface sterilization of the plant tissue is not required, reducing both handling time and the possibility of contamination, and avoiding plant stress due to chemical treatments (Conner et al., 1992; Kumar, 1995).

Leaves and stem internodes from in vitro plants are the most widely used explants since they are readily available and easy to use. It has been reported that stem pieces are relatively robust and can be handled easily in larger numbers comparing to leaf explants, which are delicate and can be injured during the manipulation reducing the frequency of transformation and regeneration (De Block, 1988; Newell et al., 1991).

The main disadvantage of employing leaf and stem explants in transformation assays is the somaclonal variation which can occur in the callus phase (Visser, 1991). The use of tubers is advantageous because the possibility of somaclonal variation is reduced (Ishida et al., 1989). In vitro grown microtubers have several advantages over soil-grown tubers since they are derived from virus-free, aseptically grown potato shoots, they can be produced conveniently at any time in large quantities, and they take up less storage (Kumar, 1995).

It is important to note that a critical factor influencing the frequency of callus and regeneration is the physiological state of the starting material (Chakravarty and Wang-Pruski, 2010). To ensure a successful transformation, the selection of young and healthy explants from stock plant is preferred while damaged tissue will negatively affect regeneration potential (Ahmed et al., 2018; Craze et al., 2018). Moreover, the size of the explant should be large enough to resist Agrobacterium co-cultivation or biolistic bombardment without losing moisture during transformation procedures. Frequently the explant chosen for transformation depends on the cultivar or is determined by the experience of each laboratory (Barrell et al., 2013).

In conclusion, there are many options regarding tissue amenable for potato transformation, in any case it must be a healthy material, sterile, appropriate for manipulation and with regenerative capacity to obtain good and reproducible results.



Tissue Culture Media

Most protocols employ a two-step regeneration procedure, with a callus induction step followed by a shoot growth step. In particular, the de-differentiation and redifferentiation of explants is one of the main points of an effective plant transformation (Zhang et al., 2020). There are many types of plant tissue culture media, most based on Murashige and Skoog’s MS Media (Murashige and Skoog, 1962). MS media contains the major salts, a variety of minor salts, sucrose, vitamins, and plant growth regulators, which include cytokinins, auxins, gibberellins, abscisic acid, and ethylene (for details about regulators used in potato tissue culture see Bruce and Shoup Rupp, 2019). The callus induction stage is often facilitated by treatment of explants with zeatin or zeatin riboside with low levels of auxin, while the shoot induction stage often has a reduction of zeatin and auxin, plus the addition of gibberellin to stimulate shoot outgrowth. Regeneration rates per explant are usually high and the first shoots appear after 4–6 weeks (Millam, 2006), depending on the genotype used. For each potato genotype, it is necessary to adjust and determine the ratio of growth regulators most suitable for dedifferentiation and form callus, which also depends on the explant used (Zhang et al., 2020). Furthermore, another factor that influences the different transformation steps is light types, intensity and photoperiod (Gelaye, 2014).

On the other hand, the success of genetic transformation relies not only on the DNA delivery approach and a rapid and effective regeneration protocol, but also on the selection system to identify the transgenic cells. An efficient selection system results from a delicate balance between the inhibition of growth of wild-type cells and the preservation of the regeneration capacity of transformed cells. It is important to determine empirically the lowest level of the selective agent that prevent the development of non-transformed cells under selective conditions to reduce the recovery of false positives (also named “escapes” since they have escaped the selection process). Moreover, if the selection pressure is too high it may result in false negatives because of the loss of transformed plants (Barrell et al., 2002). Even though several selection strategies have been reported for potato transformation, kanamycin resistance is the most used selectable system and was shown to be more effective in the rapid recovery of large numbers of independently derived transgenic lines (Barrell et al., 2002). It has also a history of safe use in 122 transgenic crops approved for cultivation, food, or feed (ISAAA, 2021).

The freshness of the media and growth regulators is relevant so they must be replaced regularly. Moreover, experiments controls are very important since they allow to identify problems, for example, non-inoculated pieces of leaves placed with a selection agent to demonstrate their functionality, and without selection to ensure that the shoots can regenerate. The experience acquired to identify the putative transgenics trough visual selection is another main point in potato transformation protocols, for example, the formation of roots in the selective medium is an excellent indicator of the existence of transformed tissues.

As it was already mentioned, one of the main constrain in potato genetic engineering, is the somaclonal variation, which consists of phenotypic changes observed when plants are regenerated from cultured somatic cells. The observed phenotypic variations among somaclonal potato lines involve physiological, epigenetic, and/or genetic changes (Barrell et al., 2013). Maintaining potato lines in culture for prolonged periods can result in these variations (Craze et al., 2018). Genotype, explant origin and the culture conditions are others critical variables contributing to somaclonal variation (Meiyalaghan et al., 2011). The success of gene transfer techniques also depends on minimizing these variations (Stiekema et al., 1988), especially by decreasing the callus induction stage (Millam, 2006) or the period of in vitro culture in general (Han et al., 2015).

As it is shown in Table 1 even though there are many potato transformation protocols reported for different genotypes most of them are based on A. tumefaciens, employ nptII as selective marker, and use leaves and stems as tissue explant.


TABLE 1. Examples of potato transformation protocols.
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GENOME EDITING IN POTATO

In recent years, genome editing technologies have emerged as novel biotechnological approaches for crop breeding and have received considerable attention due to their simplicity and accuracy in introducing targeted modifications that result in desired traits (Arora and Narula, 2017; Baltes et al., 2017; Scheben et al., 2017; Gao, 2018; Chen et al., 2019; Zhu et al., 2020). Genome editing is based on the employment of site-specific nucleases (SSNs) to induce modifications at specific genomic sites (Gao, 2021). SSNs such as Zinc Finger Nucleases (ZFNs), Transcription Activator-Like Effector Nucleases (TALENs), and the more recently developed Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) and CRISPR associated proteins (CRISPR/Cas) introduce double stranded breaks (DSBs) at a specific target site in the host genome, which led to targeted modifications via endogenous DNA repair mechanisms (Schmidt et al., 2019). In somatic plant cells, DSBs are mainly repaired by the error-prone non-homologous end joining (NHEJ) pathway, which occasionally results in the introduction of small insertions or deletions at the repaired site, producing the disruption of specific genes and/or regulatory regions of the plant genome (Puchta, 2005). Although less frequent than NHEJ, the homology-directed repair (HDR) pathway can be triggered in plant cells to repair the induced DSBs (Schmidt et al., 2019). A requirement for the HDR pathway to take place is the availability of a homologous DNA fragment, which can be exploited for targeted integration of sequences of interest into the plant genome (Huang and Puchta, 2019).

The availability of potato genome sequence and the development of highly efficient transformation systems make potato a perfect candidate for the application of genome editing technologies to improve important traits leading to a more sustainable potato production (Hameed et al., 2018; Nadakuduti et al., 2018). Initial genome editing platforms, i.e., ZFN and TALEN, were developed through the fusion of a programmable DNA-binding domain (Zinc Fingers and Transcription Activator-Like Effectors for ZFN and TALEN, respectively) and the catalytic domain of the type II restriction enzyme FokI (Voytas, 2013). Both platforms are based on protein-DNA interactions to recognize the target sequences, which represented a drawback in the widespread adoption of these technologies, due to the complexity in the design of the DNA-binding domains to recognize new sequences, their synthesis and activity validation (Isalan, 2012; Doudna and Charpentier, 2014). Nevertheless, TALEN technology has been successfully used for potato genome editing in several applications, including both basic potato research and the improvement of important traits (Table 2).

In contrast to ZFN and TALEN, the CRISPR/Cas systems utilize a short and programmable guide RNA molecule to recognize the target site, which represent a more simple, versatile and efficient platform to mediate genome editing (Chen et al., 2019). In particular, the components of the CRISPR/Cas9 system from Streptococcus pyogenes were the first to be adapted as a programmable genome-editing tool, consisting of a Cas9 nuclease directed by an easily re-programmable single guide RNA (sgRNA) (Jinek et al., 2012). Cas9 can induce DSBs at specific sites determined by both base complementary between the sgRNA and the target sequence and the presence of a 5′-NGG-3′ motif adjacent to the complementary region in the target sequence (PAM, protospacer adjacent motif) (Jiang and Doudna, 2017). The simplicity of CRISPR/Cas9 system made it the most widely applied technology for potato genome editing, as well as for the rest of plant species (Gao, 2021). Since the first report on a CRISPR/Cas9-mediated genome editing in potato in 2015 (Wang et al., 2015), this system has been applied in number of basic research studies and in improving important traits in potato, including its nutritional quality, modification of tuber starch composition, post-harvest quality enhancement, biotic stress tolerance, and elimination of reproductive self-incompatibility. Such applications have been extensively reviewed in recently published articles (Hameed et al., 2018; Nadakuduti et al., 2018; Dev et al., 2021) and are summarized in Table 2, together with more recently published reports.


Genome Editing Reagents Delivery in Potato

Like in all plant species, delivery of the genome editing reagents in potato is based on previously established transformation methods (Ran et al., 2017). Therefore, A. tumefaciens-mediated transformation has been the most widely used approach to deliver either TALEN or CRISPR/Cas systems in potato (Table 2). Genomic integration of transgenes encoding the genome-editing reagents is effective in producing a sustained expression of the components that led to the intended modification of the target site(s).


TABLE 2. Applications of TALEN or CRISPR/Cas systems for both basic research and agronomic/agroindustrial traits improvement in potato.
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Transient expression of the genome editing reagents is a promising alternative delivery method to obtain transgene-free edited plants (Chen et al., 2019). This is of a special importance in a vegetatively propagated and highly heterozygous crop like potato since the elimination of the transgenes by crossing or self-crossing is not suitable. Transient expression of genome editing reagents has been achieved in potato using different strategies. Bánfalvi et al. (2021) have obtained edited potato plants of the tetraploid cultivar Desiree trough transient expression of a CRISPR/Cas9-coding vector upon A. tumefaciens-mediated infection by using a selection protocol consisting in 3 days-kanamycin treatments. Edited lines (2–10%) were screened to check the binary vector incorporation in their genomes by PCR amplification of specific vector fragments, with negative results in all analyzed cases (Bánfalvi et al., 2020). Nicolia et al. (2015) had developed a pipeline based on the transient expression of TALEN in potato by protoplast transfection with DNA vector followed by whole plant regeneration without selective agents, obtaining 10% of the regenerated lines with mutations in the expected region (Nicolia et al., 2015). In addition to the transient expression of DNA vectors, protoplasts allow the delivery of CRISPR/Cas9 components as pre-assembled ribonucleoprotein (RNP) complexes (Woo et al., 2015). This represents a promising alternative, with the potential of both reducing to a minimum (or even eliminating) the possibility of foreign DNA insertions in the plant genome and minimizing the probabilities of unwanted off-target effects. Such an alternative may result of great interest in the application of this technology to obtain potato commercial cultivars, since the obtained edited plants could be indistinguishable from those containing naturally or conventionally induced mutations (Kumlehn et al., 2018). The first application of RNP complexes to obtain potato edited lines was reported by Andersson et al. (2018). Authors transfected protoplasts isolated from the cultivar Kuras, with two different types of RNP complexes targeting the GBSSI gene and obtained a frequency of 1–25% of regenerated edited lines, varying with the transfection conditions and the origin of RNP complexes (Andersson et al., 2018). Furthermore, for one transfection up to 3% of the total analyzed lines displayed mutations in all four alleles of the target gene and no DNA insertions. Since this first report, RNPs have been successfully used to mediate potato genome editing using the protoplasts transfection and regeneration system, with editing efficiencies ranging from 27 to 68% (González et al., 2020) and 52 to 72% (Zhao et al., 2021), varying with the targeted genes and the design of RNP components. Protoplasts provide a suitable platform for genome-editing reagents delivery and may in some cases represent even a more efficient strategy when compared to Agrobacterium-mediated transformation (González et al., 2021). Even though it represents a promising strategy to mediate transgene-free genome editing in potato, the use of RNP in protoplasts present some important aspects to consider. For instance, DNA traces remaining in the assembled RNPs may led to unintended foreign DNA insertions in the regenerated plants, with different frequencies (Andersson et al., 2018; González et al., 2021; Zhao et al., 2021). A possible origin of such traces is the DNA molecules employed for the in vitro transcription of sgRNAs, before RNP assembly. To solve this issue, the use of synthetically produced sgRNAs to obtain the RNP complexes completely eliminates the foreign DNA insertions (Andersson et al., 2018). On the other hand, regeneration of complete potato plants from protoplasts has been associated with somaclonal variation and chromosome instability (Barrell et al., 2013; Fossi et al., 2019). Therefore, the selection of strategies that enhance the number of edited lines after protoplasts regeneration, ensures a vast number of individuals to select the best candidates for further phenotypic analysis (Andersson et al., 2017).



New Clustered Regularly Interspaced Short Palindromic Repeats-Related Tools for Potato Genome Editing

Clustered Regularly Interspaced Short Palindromic Repeats/Cas systems have been rapidly expanding and new CRISPR-related tools have been created that greatly broaden the scopes of genome editing and/or made it more precise.

Base editing technology is based on the fusion of a catalytically inactive (or partially inactive) Cas nuclease, fused to a cytosine or adenosine deaminase domain capable to convert one base to another (Mishra et al., 2020). Cytosine base editors (CBEs) convert a C to a G, while adenosine base editors (ABEs) mediate the conversion of A to G. CBEs have been successfully used to mediate potato base-editing (Table 2). Moreover, CBE consisting in a Cas9 nickase (nCas9) fused to either a human (Zong et al., 2018) or a Petromyzon marinus cytidine deaminase (Veillet et al., 2019a,b) were reported to obtain loss-of-functions or gain-of-function mutations related to important traits in potato.

The use of CRISPR/Cas systems originated from other bacteria species than S. pyogenes provide new benefits, including but not limited to, the expansion of the putative target sites within a given genome via different PAM requirements and the generation of different cutting patterns to introduce the DSB (Huang and Puchta, 2021). In a proof-of-concept publication, Veillet et al. (2020) demonstrated that Cas9 nuclease derived from Staphylococcus aureus (SaCas9) is efficient in inducing both genome editing via the NHEJ repair pathway and precise base editing in potato. Since SaCas9 recognize a more complex PAM (5′-NNGRRT-3′) it could additionally represent a highly specific nuclease by limiting the off-target activity, particularly for highly conserved genomic sequences in polyploidy species, such as potato (Veillet et al., 2020). This and other CRISPR/Cas orthologs systems are available for potato genome editing and can expand the toolbox for trait improvement (Huang and Puchta, 2021).

The recently developed prime editing technology allows the creation of different types of genomic changes with high precision, which represents potentially a new technological breakthrough (Gao, 2021). Prime editors are composed of an nCas9 fused to a reverse transcriptase, guided to the target site via a modified prime-editing guide RNA. In addition to define the target site, the prime-editing guide RNA serves as a template for reverse transcription, carrying a primer binding site and a sequence to be copied in the genome at its 3′end. Once nCas9 nicks the DNA, the released ssDNA can hybridize with the primer binding site and be used as a primer for the reverse transcriptase, which transfers the sequence encoded in the prime-editing guide RNA to the DNA strand (Huang and Puchta, 2021). The new sequence is incorporated later into the target site, through the DNA repair. Although prime editing is still inefficient in plant cells and no reports with this technology has been published in potato so far, its applications in a few crop species and its continuous optimization rise high hopes to incorporate it to the potato genome editing toolbox (Lin et al., 2021).



Public Concerns About Genetically Engineered Potato

As we already stated in this review, genetic engineering includes genetic transformation and genome editing. Genetic transformation comprises the traditional tools for introduction of a gene of interest randomly integrated into plant genomes. Genome editing techniques have been developed as an alternative to introduce precise and predictable genome modifications into plants without adding foreign DNA. For a GE potato to become a market success it must be accepted by government regulatory system, producers, and consumers (Halterman et al., 2016).

Nowadays, most countries practicing commercial agriculture have established regulations, with different degrees of stringency, for field experimentation and later larger scale cultivation of GE crops. These regulations take into consideration food, feed, and environmental safety risks. Some countries have a process-oriented regulation and have established that the regulations that apply to genetically modified organism should be also applied to genome editing developments (European Union, New Zealand) (Nadakuduti et al., 2018). Other countries have pronounced in favor of regulating the varieties obtained by genome editing as conventional ones, if the developed varieties lack from any foreign genetic material (Argentina, United States, Brazil, etc.) (Feingold et al., 2018; Lema, 2019).

After more than 20 years of biosafety analysis of different GE potatoes, the main concern still regards the potential genetic flow between cultivated and wild relatives plants, particularly in the centers of origin. In most of the major potato producing countries, the chance of gene flow to interfertile species is virtually non-existent due to the lack of wild relatives. In South America, the Andean region is the center of origin of potato and represents a valuable source of diversity, being an important genetic resource. Even though intercrossings between cultivated potato and wild relatives have been reported, it is commonly restricted by reproductive barriers (Hawkes and Hjerting, 1969; Rabinowitz et al., 1990). Thus, the risk associated with a commercial released of GE potato in regions where interfertile species coexist should be evaluated case by case. In Argentina, an interspecific out-crossing trial between a S. tuberosum cv. Spunta transgenic line and the only wild relative species in the Pampean region that could possibly cross with it (Solanum chacoense), failed to detect any event of transgene transfer under natural field conditions (Bravo-Almonacid et al., 2012). In addition to safety, public concern also focuses on patents, plant breeders’ rights and the concentration of intellectual property in a small number of corporations (Haverkort et al., 2016). These are some points, together with the economic cost of risk assessment and regulatory framework process, that the political leadership should include in their schedule to facilitate the social access of these technologies to their farmers.

Regarding the producers, they are who probably see, more directly, the great benefits of the use of GE potatoes in their production. Recently, Bangladesh started a field trial of two late blight resistant transgenic potato lines, the success of which will allow 20% less yield loss and farmers will save around $ 12 million spent on fungicides (source PotatoPro3). In addition, the avoidance of agrochemical uses and its impact on carbon balance that may affect climate change will lead to important environmental benefits. Also, in Uganda, another transgenic variety that resists late blight infection without the use of fungicides is being evaluated. This would improve the safety of farmers and their families, and in particular the small farmers, who have limited access to fungicides, could reduce their production losses by up to 60% (Potato News Today, 2021). According to Ghislain et al. (2021) delaying adoption of this potato will lead to continued pesticide use and significant losses that will affect the most vulnerable farmers. On the other hand, the improvement of GE plant resistance to abiotic stresses such as salinity, drought, or temperature allows potato cultivation in less fertile agricultural lands (Hameed et al., 2018). Nevertheless, looking closely at the history of approved GE potato it can be noticed that producers may be reluctant to incorporate improved GE varieties because the industry fears mixing them with conventional ones and thus losing markets (Grafius and Douches, 2008; Haverkort et al., 2016; Tagliabue, 2018). This industry decision responds to a pre-judgment of consumers reactions, or to avoid negative publicity of their products. However, a science based potential risks and benefits communication campaign should be undertaken to comply with consumers’ right to be informed.

Consumer apprehension toward GE technology exists even though the cultivation area of these crops in 2020 was around 190 million hectares all over the world. According to Mullins et al. (2006), consumer concerns toward these technologies focuses on the public’s desire for unbiased information about potential risks. This leads us to think about the need to communicate clear, precise, and comprehensible information about GE technologies to the public, particularly showing the great advantages on its use. Public debate on the release of GE crops has led to questions regarding their environmental safety; however, it is important to clearly transmit that the deregulation of GE crops involves risk assessments and a complex regulatory framework. Concerning ecological compatibility of GE potato, many studies focused to address biosafety aspects and risk assessment did not find undesired ecological side-effects (Griffiths et al., 2000; Heuer et al., 2002; Rasche et al., 2006; Bravo-Almonacid et al., 2012; Fernandez Bidondo et al., 2019; van der Voet et al., 2019). In addition, as we mentioned before, GE potatoes resistant to biotic factors allow a radical reduction of pesticide applications, which are harmful to the environment and human health. Other advantage of GE potato directly relevant for consumers is the elimination of anti-nutritional or allergens to improve the nutrition quality. Recently, the potato variety Z6, engineered for low reducing sugars, low acrylamide potential, reduced black spot bruising and late blight protection, was deregulated in United States (source: USDA, 2021). It is interesting to discover if this GE potato with direct nutritional benefits will be well received by consumers. According to the international database, there are currently 51 events recorded on the potato list (ISAAA, 2021) and hundreds in the regulatory or pre-commercialization pipeline. The public concerns of consumers must be allayed with the information necessary to understand that GE potato are important for the sustainability of potato production, food security, income generation, and environmental protection. Therefore, it is worth taking a proactive approach to consumer apprehension in which all actors involved in the generation and adoption of these technologies provide that accurate information.

The Figure 1 summarizes the different strategies available for potato genetic engineering, including both genetic transformation and genome editing focusing on the common steps and the differences between them.
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FIGURE 1. Simplified diagram of the strategies for genetic engineering improvements: genetic transformation or genome editing and common steps of vegetal culture to achieve it. Genetic transformation includes the traditional tools for introduction of a gene of interest randomly integrated into plant genomes. Genome editing techniques have been developed as an alternative to introduce precise and predictable genome modifications into plants to obtain desired traits. Those technologies were refinements of transformation whose final purpose is the obtaining a modified plant without foreign DNA. It is important to note that the regulations governing these developments vary from country to country. Some countries have a process-oriented regulation and apply the same regulation for all the GE products. Others consider the presence of foreign DNA as a mandatory requirement to be regulated and only in that case the product should be subjected to government regulations. Despite the differences between the classical genetic transformation strategies and the genome editing tools, both relies on tissue culture to regenerate and select GE plants. The symbol (*) represent the main constrains: the regeneration protocol for recalcitrant genotypes and the public perception regarding the release of GE varieties.





FUTURE PERSPECTIVES AND CONCLUDING REMARKS

Potato is relatively easy to improve by genetic modification and genome editing because it benefits from a good amenability to regenerate shoots from in vitro tissue and protoplast culture. However, difficulties due to recalcitrance to transformation for some genotypes remain given that the limited regeneration capability in vitro restricts the recovery of transformed lines. The regeneration step is often the biggest bottleneck in the transformation process and is one of the most important factors explaining the low success in obtaining GE plants from recalcitrant genotypes. The entire plant regeneration from transformed explants involves tissue-culture procedures that can be time-consuming and can result in undesirable somaclonal variation.

The development and application of new technologies to overcome these drawbacks, especially bypassing tissue culture methods, are invaluable. In the recent years, some strategies to improve the regeneration efficiency in several plant species have been reported. These approaches involve the overexpression of genes encoding developmental regulators that can potentially be applied to improve plant transformation technologies (Debernardi et al., 2020; Maher et al., 2020; Kong et al., 2020). Interestingly, Maher et al. (2020) showed that the ectopic expression of specific transcription factors in somatic cells has the potential to induce meristems avoiding the use of traditional tissue culture. They demonstrated the induction of de novo meristems and the consequently shoot regeneration in various plant species including potato. Debernardi et al. (2020) reported that the expression of one Growth-Regulating Factor (GRF4) and its cofactor (GIF1) substantially increases regeneration efficiency in both monocotyledonous and dicotyledonous species; they even developed a protocol inducing embryogenesis in the absence of cytokinins. Finally, Kong et al. (2020) showed that the overexpression of GRF5 enhances regeneration and genetic transformation in various crop species. These advances represent a promising tool to overcome the problems associated with low regeneration capacities of certain genotypes improving the transformation process. However, the constitutive expression of developmental regulators not only enhances transformation efficiency but can also result in abnormal growth, so it is necessary to restrict/eliminate their expression in the plant after transformation. Even though these strategies would facilitate plant transformation in a broad range of recalcitrant genotypes new tools are needed such as the use of suitable promoters to control tissue- and timing-specific expression of these developmental regulators. In vegetatively propagated and highly heterozygous crops like potato, the procedure for developmental transgenes removal in subsequent generations through segregation is a challenge. We speculate that this last could be an option for some recalcitrant wild potatoes since most of them are diploid, so apart from asexual reproduction (by stolons and tubers), they have the alternative modes of sexual reproduction (by seeds) hence diploid progenies segregate for genes. In sum, the use of new technologies, would overcome the problems and limitations related to the classical methodology of potato transformation for some recalcitrant genotype.

There are many reports concerning successfully gene transfer of economically important genes in potato and GE varieties have been developed for a wide range of traits (Pribylova et al., 2006; Halterman et al., 2016; Zaheer and Akhtar, 2016; Hameed et al., 2018; Nadakuduti et al., 2018; Dev et al., 2021; Rakosy-Tican and Molnar, 2021). However, the use of biotechnology for potato improvement has been ultimately constrained by the regulation process and the public perception (Ghislain and Douches, 2020). Unfortunately, the consumer apprehension affects the field cultivation of the GE varieties and their adoption in the food chain. Looking closely at the history of approved potato GE, there are examples of deregulated potatoes whose field cultivation was discontinued due to lack of acceptance (Rakosy-Tican and Molnar, 2021; Bradshaw, 2021).

Along all the process from the development to the release of GE varieties, plant transformation and regeneration are the limiting factors for several crops, nonetheless for potato this does not seem to be the main constrain. The public perception is possibly the most difficult issue regarding the production and marketing a GE potato. The use of GE potato would allow reducing the use of pesticides, increasing yields, reducing production costs, lowering undesirable characters and/or providing a better nutrition quality, which would guarantee an adequate intake of vitally important foods. Taking everything into consideration and pondering the demographic expansion that is coming, it would be desirable that technical, ethical, and social/public constraints should be overcome in a relatively short time.
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Casuarina equisetifolia is widely used in agroforestry plantations for soil stabilization, ecosystem rehabilitation, reclamation, and coastal protection. Moreover, C. equisetifolia has remarkable resistance to typhoons, desert, low soil fertility, drought, and salinity, but not cold. Therefore, it is significant to breed high-quality Casuarina varieties to improve the tolerance and adaptability to cold weather by molecular techniques. The establishment of a rapid and efficient callus induction and regeneration system via tissue culture is pre-requisite for the genetic transformation of C. equisetifolia, which is so far lacking. In this study, we reported an efficient and rapid regeneration system using stem segment explants, in which callus induction was found to be optimal in a basal medium supplemented with 0.1 mg⋅L–1 TDZ and 0.1 mg⋅L–1 NAA, and proliferation in a basal medium containing 0.1 mg⋅L–1 TDZ and 0.5 mg⋅L–1 6-BA. For bud regeneration and rooting, the preferred plant growth regulator (PGR) in basal medium was 0.5 mg⋅L–1 6-BA, and a combination of 0.02 mg⋅L–1 IBA and 0.4 mg⋅L–1 IAA, respectively. We also optimized genetic a transformation protocol using Agrobacterium tumefaciens harboring the binary vector pCAMBIA1301 with β-glucuronidase (GUS) as a reporter gene. Consequently, 5 mg L–1 hygromycin, 20 mg L–1 acetosyringone (As), and 2 days of co-cultivation duration were optimized to improve the transformation efficiency. With these optimized parameters, transgenic plants were obtained in about 4 months. Besides that, Agrobacterium rhizogenes-mediated transformation involving adventitious root induction was also optimized. Our findings will not only increase the transformation efficiency but also shorten the time for developing transgenic C. equisetifolia plants. Taken together, this pioneer study on tissue culturing and genetic transformation of C. equisetifolia will pave the way for further genetic manipulation and functional genomics of C. equisetifolia.

Keywords: Casuarina equisetifolia, regeneration system, transformation system, Agrobacterium tumefaciens, Agrobacterium rhizogenes


INTRODUCTION

Casuarina equisetifolia, a symbiotic nitrogen-fixing tree, plays an important role in economic and environmental improvements in tropical and subtropical littoral zones of Asia, the Pacific, and Africa (Diem and Dommergues, 1990; Zhang et al., 2008; Zhong et al., 2010). It is widely used in agroforestry plantations for several purposes, such as soil stabilization, ecosystem rehabilitation, reclamation, and coastal protection (Pinyopusarerk and Williams, 2000). C. equisetifolia is also appreciated as a source of fuel wood, paper, timber, medicine, dye, pulp, tannin, and charcoal (Pan et al., 1996; Zhong et al., 2005, 2010; Diagne et al., 2013b; Potgieter et al., 2014).

Casuarina equisetifolia is one of the typical angiosperms with distinctive needle-like branchlets, due to which water loss by evapotranspiration is significantly low in C. equisetifolia. Therefore, C. equisetifolia is a valuable tree to adapt to survival in drought stressed areas (Le et al., 1996). Moreover, it is reported that C. equisetifolia establishes symbiotic relationships with soil microorganisms like Frankia for nitrogen fixation in Casuarina root nodules (Benson and Silvester, 1993; Diagne et al., 2013a) and mycorrhizas for increasing phosphorus uptake (Santi et al., 2003). These symbiotic relationships enhance its adaptability to harsh environments such as salinity, barrenness, and drought.

Since the 1950s, C. equisetifolia has been extensively planted in infertile and sandy arid areas along the South China coastline as a windbreak/shelterbelt. Nowadays, it is widely planted, and is one of the most important coastal forest species because of its remarkable resistance to typhoons, desert, low soil fertility, drought, and salinity (Tani and Sasakawa, 2003; Ye et al., 2019). However, low temperature is one of the main limitations for fast growth, cultivation expansion, and high yield of Casuarina species (Li et al., 2016). Therefore, it is significant to breed high-quality Casuarina varieties to improve its tolerance and adaptability to cold weather using molecular techniques (He et al., 2011). Although few studies have been conducted to understand how Casuarina species respond to low temperature at physiological level (He et al., 2011; Wu et al., 2012), little is known about the functional genes and molecular mechanism of cold response in Casuarina. Recently, whole genome sequencing of C. equis. ssp. Incana has been accomplished. Genome size is reported to be about 300 Mb (Zhong et al., 2005, 2010; Ye et al., 2019). This progress may greatly contribute in studies on molecular mechanisms underlying the phenotype and tolerance to diverse stresses in C. equisetifolia. Moreover, it will also pave the way for breeding new varieties by gene function analysis and genetic transformation.

A rapid and efficient callus induction and regeneration system via tissue culture is a pre-requisite and essential part for genetic transformation of C. equisetifolia, which has not been established so far. Previously, few studies have reported a regeneration and transformation system for Casuarina glauca Sieb. ex Spreng. and Casuarina cunninghamiana Miq. (Le et al., 1996; Franche et al., 1997; Santi et al., 2003; Obertello et al., 2005). However, owing to great morphological differences among Casuarina species (Ye et al., 2019), development of a reliable regeneration and transformation system is crucial to improve and produce new breeds. For plant genetic engineering, Agrobacterium-mediated plant transformation has been the most successful and widespread technique in recent decades (Gelvin, 2003b; Vain, 2007). Besides A. tumefaciens-mediated transformation, in recent years, A. rhizogenes-mediated transformation has been performed to induce adventitious roots, named “hairy roots” at the site of wounding and infection in woody plants (Ozyigit et al., 2013; Hwang et al., 2017).

In this study, we report an efficient, rapid regeneration and two transformation systems for C. equisetifolia involving A. tumefaciens and A. rhizogenes.



METHODS


Plant Materials and Growth Conditions

Young shoots were cut from 30- to 90-day-old seedlings of C. equis. ssp. Incana grown in a greenhouse at 25°C in a 16-h/8-h day/night photoperiod. The shoots were rinsed in running water for 2–3 h and disinfected using 75% ethanol (v/v) for 30 s, followed by rinsing with sterile water five times. Then, the shoots were further disinfected with 6–8% (v/v) sodium hypochlorite for 8 min and rinsed with sterile water five times. Finally, the sterile young shoots were cut into small pieces of about 1 cm in length and placed in a basal medium (1/2 MS, 30 g L–1 sucrose and 3.5 g L–1 phytagel) supplemented with different phytohormone combinations. The pH of media was adjusted to 5.7. For each hormone treatment, three replicates were performed, each with 14 explants.

For transformation using A. rhizogenes, seeds of C. equisetifolia were sown in pots filled with soil and grown in the greenhouse at 25°C in a 16-h/8-h day/night photoperiod. After 30 days, healthy seedlings of about 15 cm height were selected for agro-infiltration.



Optimization of Regeneration

For callus induction, five combinations of plant growth regulators (PGRs) were used as follows: C1: 0.5 mg⋅L–1 6-benzylaminopurine (6-BA) and 0.05 mg L–1 kinetin (KT); C2: 1.5 mg⋅L–1 6-BA and 0.03 mg⋅L–1 naphthylacetic acid (NAA); C3: 1.5 mg⋅L–1 6-BA and 0.02 IBA; C4: 0.1 mg⋅L–1 NAA and 0.1 mg⋅L–1 thidiazuron (TDZ); and C5: 0.5 mg⋅L–1 6-BA and 0.1 mg⋅L–1 TDZ. Pieces of sterile young shoots were placed in the medium at 28°C in the dark. After about 15 days, the effect of each hormone treatment on callus induction was observed.

For bud regeneration, good-quality calluses were shifted to the media with the following growth regulator combinations: B1: 0.5 mg⋅L–1 6-BA; B2: 0.5 mg⋅L–1 6-BA and 0.05 mg⋅L–1 KT; B3: 0.75 mg⋅L–1 6-BA and 0.03 NAA; B4: 1.5 mg⋅L–1 6-BA and 0.02 mg⋅L–1 IBA; and B5: 0.5 mg⋅L–1 6-BA and 0.1 mg⋅L–1 TDZ. To establish the preferred conditions, the rate of bud regeneration was recorded after growth for 30 days at 28°C under a 16-h light (60–80 μmol photons m–2 s–1)/8-h dark photoperiod. The buds (about 1 cm in length) were shifted to a rooting medium for root induction. The rate of root induction was calculated after 20-day cultivation in three different rooting media as follows: R1: 0.02 mg⋅L–1 IBA and 0.04 mg⋅L–1 IAA; R2: 0.4 mg⋅L–1 IAA; and R3: 1.5 mg⋅L–1 IAA.



Optimization of Hygromycin Concentration for Transformant Selection

Sterile young stems were placed in an optimized callus induction medium with 250 mg⋅L–1 carbenicillin (Car) and six different concentrations of hygromycin (Hyg: 0, 0.5, 1, 3, 5, and 10 mg⋅L–1). Each treatment consisted of 20 calluses, and 3 replicates were performed. The status of the calluses was observed, and the rate of callus induction was determined after 15 days of incubation in the dark.



Vector and Preparation of Agrobacterium tumefaciens for Transformation

Agrobacterium tumefaciens strain GV3101 was used for genetic transformation of C. equisetifolia. The binary expression vector pCAMBIA1301, with a β-glucuronidase (GUS) reporter gene under cauliflower mosaic virus (CaMV) 35S promoter, was mobilized into strain GV3101 using the freeze-thaw method (Holsters et al., 1978). A single colony of Agrobacteria carrying the pCAMBIA1301 binary vector was inoculated into an LB liquid containing 25 mg L–1 rifampicin and 50 mg L–1 kanamycin, and was grown overnight at 28°C with continuous shaking at 220 rpm. A 1-ml culture was transferred to 20-ml fresh liquid LB with appropriate antibiotics and 20 mg L–1 acetosyringone (As). The culture was incubated at 28°C until an OD600 of 0.6–0.8 was attained, and then centrifugated immediately at 5,000 rpm for 10 min. The pellet was resuspended in an approximately 50-mL ½ MS liquid containing 30 g L–1 sucrose and 20 mg L–1 As. The final concentration of the A. tumefaciens suspension was adjusted to an OD600 of 0.6 for transformation.



Evaluation of Factors Affecting Transformation Efficiency

For transformation, three co-cultivation durations (1, 2, 3 days) and four As concentrations (0, 5, 10, and 20 mg L–1) in an Agrobacterium infective suspension were evaluated. Stem segments of approximately 1 cm in length each were excised from the sterile young shoots and grown in an optimized callus induction medium. After 15 days, induced calluses were submerged into the Agrobacteria infective suspension and shaken at 28°C and 150 rpm for 2 h. Excess bacterial suspensions were removed from the calluses by drying on sterile filter papers. Subsequently, the calluses were placed in a basal medium with 0.1 mg L–1 NAA, 0.1 mg L–1 TDZ, and different concentration of As (0, 5, 10, and 20 mg L–1) for co-cultivation at 28°C. After co-cultivation, the calluses were washed 6–8 times with 250 mg L–1 carbenicillin water (each wash was 3 min) and submerged in 250 mg L–1 carbenicillin water for 8 min to decontaminate Agrobacteria. The induced calluses were then transferred into an optimized selection medium containing PGRs, hygromycin with different concentrations (0, 5, and 10 mg L–1), and carbenicillin (250 mg L–1). Each treatment consisted of 15 calluses in 3 replicates. All hygromycin-resistant shoots were further assayed by GUS histochemical staining.



β-Glucuronidase Staining Assay

Various tissues of transgenic young trees and control in different stages of transformation were stained for GUS staining analysis using the method described by Jefferson (Jefferson et al., 1987). After GUS staining, 70% (v/v) ethanol was used to remove the chlorophyll.



Efficient Hairy Root Transgenic System

A single colony of Agrobacterium rhizogenes strain K599 harboring vector pCAMBIA1300-35S:GFP was cultured in 4 ml of LB liquid medium with 50 mg L–1 streptomycin and 50 mg L–1 kanamycin, and with continuous shaking (180 rpm) at 28°C for about 8–12 h. The inoculum was then transferred to a 20-ml LB broth with the same antibiotics as 1:20. After the OD600 reached around 0.8, the cultures were centrifuged at 5,000 × g for 10 min at room temperature and then resuspended in 25 ml MES buffer containing 10 mM MES-KOH (pH 5.2), 10 mM MgCl2, and 100 μM As.

For transformation, seedlings of 5–8 cm height were gently picked from the pots and the residual soil on the roots was carefully removed. The stem between the cotyledons and roots was gently scratched using a clean blade, and then the entire plant was soaked into the infection solution for 2–4 h. After infection, the seedlings were replanted in the pots for growth. Scratched parts were exposed necessarily above the soil, so callus induction could easily be observed. Callus growth was observed about 15 days after infection in the wounded part of the stem. After about a month, when the hairy roots had developed well, the transgenic rate for the hairy roots was detected using LUYOR-3415RG (Hand-held Lamp). Transgenic efficiency was calculated as:

Transgenic root induction efficiency = (number of plants with induced hairy roots/total number of infected plants) × 100%;

Transformation efficiency = (positive transgenic hairy root lines/total number of induced hairy roots) × 100%.




RESULTS


Improvement in Callus Induction and Regeneration of Casuarina equisetifolia

To establish a simple, rapid, and efficient regeneration system for C. equisetifolia, we tested 38 different combinations of plant growth regulators (PGR, cytokinin 6-BA, KT, TDZ, auxin IAA, IBA, an NAA) in a basal medium (1/2 MS medium, 30 g L–1 sucrose and 3.5 g L–1 phytagel) (Supplementary Table 1). Stem segments of approximately 1 cm in length each were excised from the sterile young shoots and grown in the abovementioned medium to induce callus (Supplementary Figure 1). After 15 days of growth in the dark in these media, five combinations exhibiting higher callus induction rate (over 80%) were selected for further experiments. The selected media were renamed as C1 (NO. 30: 0.5 mg⋅L–1 6-BA + 0.05 mg⋅L–1 KT), C2 (NO. 6: 1.5 mg⋅L–1 6-BA + 0.03 mg⋅L–1 NAA), C3 (NO. 26: 1.5 mg⋅L–1 6-BA + 0.02 mg⋅L–1 IBA), C4 (NO. 37: 0.1 mg⋅L–1 TDZ + 0.1 mg⋅L–1 NAA), and C5 (NO. 32: 0.1 mg⋅L–1 TDZ + 0.5 mg⋅L–1 6-BA). It was later observed that the calluses turned brown in the C2, C3, and C4 media (Figure 1A). The statistical results showed that the rate of callus induction was highest (around 98%) in the C4 medium, but that the frequency of callus browning was also higher in the C4 medium compared to that in the others (Figure 1B). On the contrary, the calluses in C5 had lower browning rate (Figure 1B). Thus, the C4 medium was used to induce calluses, while C5 was used for callus proliferation (Figures 1C,D).
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FIGURE 1. Callus induction of Casuarina equisetifolia using the stem as explant. (A) Induced callus became brown. (B) Callus induction rate and browning callus rate in basal medium with different plant growth regulator (PGR) combinations. The results are presented as the mean and standard error from three independent experiments. (C) Inducement and (D) proliferation of calluses.


For budding induction, we found that budding can be successfully induced in medium numbers 7, 30, 5, 26, and 32, which were renamed as B1 (0.5 mg⋅L–1 6-BA), B2 (0.5 mg⋅L–1 6-BA + 0.05 mg⋅L–1 KT), B3 (0.75 mg⋅L–1 6-BA + 0.03 mg⋅L–1 NAA), B4 (1.5 mg⋅L–1 6-BA + 0.02 mg⋅L–1 IBA), and B5 (0.5 mg⋅L–1 6-BA + 0.1 mg⋅L–1 TDZ). Besides B1, which only contained 6-BA, the other media had 6-BA with KT, NAA, IBA, and TDZ. It took about 1–2 months for the calluses to develop adventitious buds (Figures 2A–E). With respect to the rate of budding induction, the B1 medium was found to be the best one (Figure 2F), indicating that only 6-BA was sufficient for budding induction while other hormones did not seem to play any obvious role. To sum it up, the basal medium supplemented with 0.5 mg⋅L–1 6-BA was found to be suitable for budding induction.
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FIGURE 2. Adventitious bud induction of callus. (A–D) Different stages of induced adventitious bud growth. (E) Adventitious buds on a callus. (F) Bud induction rate in basal medium with different plant growth regulator (PGR) combinations. The results are presented as the mean and standard error from three independent experiments.


Next, we processed the buds for root regeneration. When the length of regenerated buds was more than 1 cm, these were divided and transferred to the rooting media. Among 38 tested combinations of growth hormones, 3 media (Nos. 20, 21, and 22) significantly promoted multiple root organogenesis. The statistical analysis of root induction rate showed that the rate in R2 (NO. 21: 0.02 mg⋅L–1 IBA + 0.4 mg⋅L–1 IAA) was 80%, while in R1 (NO. 20: 0.02 mg⋅L–1 IBA + 0.04 mg⋅L–1 IAA), and R3 (NO. 22: 0.02 mg⋅L–1 IBA + 1.5 mg⋅L–1 IAA) it was around 55 and 10%, respectively (Figure 3A). The number of induced roots in R2 was much higher than that in the R1 medium (Figure 3B). Roots emerged within a week after transfer in the rooting medium (Figure 3C). Finally, the whole seedlings, developed through tissue culture, were transferred into a basal medium supplemented with 0.5 g⋅L–1 activated carbon to accelerate and improve the quality of rooting (Zhao, 1999; Xu et al., 2006). Taken together, the regeneration of C. equisetifolia from explant to fully developed plantlet was accomplished in about 4 months, a greatly shortened duration for C. equisetifolia growth (Figure 4).
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FIGURE 3. Root regeneration of adventitious buds. (A) Root induction rate in basal medium with different plant growth regulator (PGR) combinations. The results are presented as the mean and standard error from three independent experiments. (B) Comparing roots in the R1 and R2 media. (C) Different stages of induced root.
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FIGURE 4. Efficient regenerating system for Casuarina equisetifolia using the stem as explant. (A) Callus induction in the C4 medium. (B) Callus proliferation in the C5 medium. (C) Bud induction in the B14 medium. (D) Root induction in the R1 medium. (E) Root regeneration of adventitious bud. (F) Seedlings using suitable regenerating system. (G) Transplantation of regenerated seedling.


In addition to the above method, stem cuttings from aseptic seedling were also used for rapid regeneration of plants. The 8–10 cm long branchlets were cut and transferred to the rooting medium (also supplemented with activated carbon). It took about 7–10 days to generate calluses and 15 days to develop roots (Figure 5A). Then, these were transferred to the basal medium supplemented with activated carbon (Figures 5B,C). The whole process of regeneration from stem cuttings took only about 45 days (Figure 5A). The rate of rooting from cutting was up to 90% (data not shown). This method further shortened the growth cycle of C. equisetifolia to a large extent and was, therefore, an important achievement keeping in view plant transformation and subsequent regeneration.
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FIGURE 5. Regenerating system for Casuarina equisetifolia by cutting. (A) Whole process of regenerating system by cutting. (B) Rooting of branchlet in the preferred root medium. (C) Branchlets with young roots were transferred to the basal medium supplemented with activated carbon.




Determination of Hygromycin and Carbenicillin Concentration for the Selection of Transformants

In order to determine the effective concentration for antibiotic selection, stem segment explants were grown in the callus induction medium supplemented with a series of hygromycin concentrations (0.5, 1, 3, 5, and 10 mg L–1). The results showed that the rate of callus induction declined with increasing in concentration of hygromycin, and reached the steady state at hygromycin a concentration of 5 mg L–1 (Figure 6A). Hence, 5 mg L–1 was determined to be optimum concentration of hygromycin for the selection of transgenic calluses.
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FIGURE 6. Factors that affect transformation efficiency in Casuarina equisetifolia. (A) Hygromycin concentration for the selection of transformants. (B) Carbenicillin concentration for the inhibition of Agrobacterium. (C) Rate of callus and bud induction in the medium with different concentrations of acetosyringone (As) and hygromycin. The results are presented as the mean and standard error from three independent experiments. (D) Co-cultivation duration for transformation frequency. A0, A5, A10, and A20: concentration of As are 0, 5, 10, and 20 mg/L; H0, H5, and H10: concentration of hygromycin were 0, 5, and 10 mg/L.


In addition, we tested different concentrations of carbenicillin (Car), which was required to remove residual Agrobacterium GV3101 from the calluses. Various concentrations of carbenicillin (50, 100, 150, 200, 250, and 300 mg L–1) were supplemented into the Agrobacterium liquid medium for callus growth. We found that 100 mg L–1 carbenicillin was effective in inhibiting Agrobacterium growth (Figure 6B). In the case of stem explants, 250 mg L–1 carbenicillin was used to inhibit Agrobacterium without any effect on callus proliferation and bud regeneration.



Effect of Acetosyringone on Transformation

Acetosyringone is an inducer that activates Virgene on Ti plasmid and regulates T-DNA transfer during Agrobacterium-mediated plant transformation (Turk et al., 1994). It is useful to add As into a cocultivation medium for improving transformation efficiency (Rashid et al., 2011). In our study, we tested the callus induction rate and budding induction rate in a selected medium supplemented with different concentrations of As and hygromycin, including As 0 + Hyg 0 (without As and hygromycin, as control), As 0 + Hgy 5 mg L–1, As 0 + Hgy 10 mg L–1, As 5 mg L–1 + Hgy 5 mg L–1, As 5 mg L–1 + Hgy 10 mg L–1, As 10 mg L–1 + Hgy 5 mg L–1, As 10 mg L–1 + Hgy 10 mg L–1, As 20 mg L–1 + Hgy 5 mg L–1, and As 20 mg L–1 + Hgy 10 mg L–1. Compared with the control and other combinations, the combination with As 20 mg L–1 and Hgy 5 mg L–1 was found to be the best for transgenic callus and budding induction (Figure 6C).



Determination of Co-cultivation Duration

In addition to the above-mentioned factors, co-cultivation duration (1–3 days), was also optimized to improve the frequency of transformation. Agrobacterium GV3101 harboring the vector pCAMBIA1301 (with GUS as a reporter gene) was used for transformation. We found that up to 80% of the calluses were surrounded by Agrobacterium after 3 days of co-cultivation, and that most of the calluses grew well after 1 or 2 days (Figure 6D). Therefore, 2 days of co-cultivation was determined to be suitable for C. equisetifolia transformation.



Confirmation of Transgenic Plants by β-Glucuronidase Staining and Reverse Transcription-PCR

To confirm the positive transgenic plants, hygromycin resistant tissues in different stages, such as callus, bud, root, and seedling, were stained using a GUS buffer solution. A strong GUS staining signal was detected in different tissues of transgenic plants, but not in those of control plants (Figures 7A–D and Supplementary Figure 2). Furthermore, gene presence was also confirmed by reverse transcription-PCR (RT-PCR) amplification of the GUS reporter gene using GUS-specific primers and genomic DNA as template. A 625-bp band was detected only in transgenic lines but not in untransformed control plants (Figure 7E). These data confirmed the successful integration and expression of a foreign gene into the genome of C. equisetifolia.
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FIGURE 7. β-Glucuronidase (GUS) expression in transgenic Casuarina equisetifolia plants. (A–D) GUS staining was observed in the (A) callus, (B) adventitious bud, (C) root, and (D) transgenic plantlet. (E) Analysis of GUS transcriptional levels in pCAMBIA1301 plasmid (P), non-transformed plants (N) and transgenic lines by RT-PCR analysis.


In summary, to get transgenic plants, explants were used to induce calluses in the C4 medium for 10–15 days at 28°C in the dark. Then, good-quality calluses were infected with Agrobacterium (GV3101) carrying the CaMV 35S:GUS binary vector at OD600 ≈0.8 for 2 h and co-cultivated in a co-cultivation medium for 2 days. Next, the infected calluses were transferred to a medium containing 0.5 mg L–1 6-BA, 0.1 mg L–1 TDZ, 250 mg L–1 Car, and 5 mg L–1 Hyg for resistant callus proliferation. After 2–4 weeks, a selection medium with 0.5 mg L–1 6-BA, 250 mg L–1 Car, and 5 mg L−1 Hyg was used for adventitious bud growth, which may last for 1–2 month. Afterward, buds with more than 1-cm length were shifted to the rooting medium supplemented with 0.02 mg L–1 IBA, 0.4 mg L–1 IAA, 250 mg L–1 Car, and 5 mg L–1 Hyg. Roots appeared in about 1–2 weeks after shifting the buds to the rooting medium. For better growth, the seedlings were planted into the basal medium supplemented with 0.5 g L–1 activated carbon, 5 mg L–1 Hyg and 250 mg L–1 Car to improve root growth (Figure 8 and Supplementary Table 2). When the height of transgenic plantlets reached about 10 cm, they were transplanted in the greenhouse at 28°C with an 8-h light/16-h dark photocycle. Besides, cuttings were also used for rapid regeneration of the transgenic plants.
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FIGURE 8. Stepwise protocol for transforming Casuarina equisetifolia using stem segments as the explant.




Establishment of a Transgenic System for Casuarina equisetifolia Through Hairy Roots

An Agrobacterium-mediated transformation system has been the most successful and widespread method for plant genetic engineering in recent decades (Gelvin, 2003a; Vain, 2007; Matveeva and Lutova, 2014). An efficient root transgenic system has previously been reported for the major woody food crop pigeon pea (Meng et al., 2019). Owing to the superior abiotic stress tolerance of C. equisetifolia, we deemed it necessary to establish a fast, simple, and efficient root transgenic method for this plant. To do this, the vector pCAMBIA1-35S:GFP was introduced into A. rhizogenes strain K599 or C58C1. As shown in Table 1, A. rhizogenes strain K599 exhibited much higher efficiency in transgenic root induction (28.3%) and transformation (95.9%) than strain C58C1 (0%). The schematic diagram of the transgenic system for C. equisetifolia by A. rhizogenes-mediated transformation is shown in Figure 9A. C. equisetifolia seedlings of 5–8 cm height were scratched and infected using an Agrobacterium suspension (Figure 9Bi). After about 2 weeks of growth, obvious callus growth was observed around the wound site which then gradually expanded (Figure 9Bii). About 2 weeks later, small hairy roots grew from the calluses (Figures 9Biii–vi). Then, the original roots were cut off after transgenic hairy roots fully developed, and the seedlings were transplanted in a pot (Figures 9Bvii,viii). Furthermore, a strong GFP signal was detected in most of the transgenic roots (Figure 9C). It indicated that the GFP gene was successfully transformed into the hairy root of C. equisetifolia. Overall, it took about 2 months to generate the transgenic plants. The transformation protocol optimized in this study would be greatly helpful in studying the function of key stress-responsive genes in C. equisetifolia.


TABLE 1. Transgenic hairy roots of Casuarina equisetifolia using dipping cut stem in bacterial suspension.
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FIGURE 9. Hairy root transgenic system in Casuarina equisetifolia. (A) Schematic diagram of transgenic system for C. equisetifolia by Agrobacterium rhizogenes-mediated transformation. (B) Process of callus and hairy root regeneration. (i) The 5–8 cm height seedlings for infection; (ii–vii) different stages of callus and hairy root regeneration. (vi) The picture before cutting off the original root, and (vii) the picture of cutting off the original root after transgenic hairy roots fully developed; (viii) seedling with fully developed transgenic hairy roots. (C) GFP signal in transgenic hairy roots.





DISCUSSION

Due to its potential for revegetation under arid conditions, C. equisetifolia has got considerable attention for research. Moreover, its whole genome has recently been sequenced (Ye et al., 2019). Therefore, it is important to develop a simple, rapid, and efficient genetic transformation system for C. equisetifolia, so the function of its key genes in vivo could be studied, especially under stress conditions such as drought, cold, and saline-alkali. Although some Casuarina species, such as C. glauca and Allocasuarina verticillata Lam. have been transformed successfully (Le et al., 1996; Franche et al., 1997; Santi et al., 2003), differences in these species limit the application of the protocols for the transformation of C. equisetifolia, which leads to impediment in the utilization of its genomic resources. Although it has been reported that GUS or GFP expression was observed in C. equisetifolia calluses and young shoots, rooted transgenic plants were not obtained successfully (Zhong et al., 2011). In this study, a novel regeneration and two efficient transformation systems were successfully developed for C. equisetifolia. From the explants to the development of transgenic plants using a A. tumefaciens-mediated (GV3101) method, it took about 4.5 months in total. On the other hand, plant transformation using the Agrobacterium rhizogenes-mediated (K599) hairy root development system took around 45 days to generate transgenic plants, which fairly shortened the time to produce transgenic plants and saved time for studying tree biology at the molecular level.


Plant Growth Regulators Exhibit Significant Effects on the Efficiency of Regeneration

Plant growth regulators not only perform a significant role in plant developmental processes but also play an important part in plant tissue culture. To establish an efficient regeneration system for C. equisetifolia, different kinds of auxin or cytokinin, such as NAA, IAA, IBA, 6-BA, TDZ, and KT, and various combinations of those were used in the basal medium. In this study, we found that cytokinin TDZ was more effective because of its higher callus induction efficiency (Figure 1B). Moreover, TDZ, in combination with 6-BA, could significantly decrease the rate of callus browning compared to its combination with NAA (Figure 1B). The best condition for adventitious bud induction in our study was the basal medium containing only 0.5 mg L–1 6-BA, in which bud induction rate exceeded 95% (Figure 2F). IBA, a main auxin, is widely used to induce adventitious roots in many plant species (Srivastava, 2002; Ludwig-Müller et al., 2005). In our research, the basal medium with 0.02 mg L–1 IBA and 0.4 mg L–1 IAA was found to be effective in C. equisetifolia root induction (Figures 3A,B).

Following genetic transformation with the strain GV3101 harboring vector pCAMBIA1301, several factors were evaluated and optimized in our study. In previous studies, 200–250 mg/L cef has been used (Le et al., 1996; Franche et al., 1997; Santi et al., 2003). Here, 250 mg L–1 Car was added into the selection medium rather than Cef. This is because the green adventitious buds turned to brown after growth of about 1 month in the selection medium with Cef (250 mg L–1) (data not shown). Co-culture duration is also an important factor altering transformation efficiency by influencing Agrobacterium-plant cell interactions, and transformation efficiency for different species benefit from different co-cultivation (Le et al., 1996; Li et al., 2017; Song et al., 2020). In this study, 2 days of co-cultivation was found to be the best for infected callus growth to improve transformation efficiency (Figure 6D).

Acetosyringone, a phenolic compound, induces vir gene expression and promotes the efficiency of plant genetic transformation (Stachel et al., 1985, 1986; Nonaka et al., 2008). Our results demonstrated that the addition of As into the Agrobacterium suspension and co-cultivation medium obviously improved the rate of callus and bud induction (Figure 6C). The development of an efficient genetic transformation system will facilitate physiological and molecular biology studies on C. equisetifolia. Thus, it is important to shorten the time required for the development of C. equisetifolia transgenic plants. A. rhizogenes-mediated root transformation not only saves time for transgenic plant production, but also provides an efficient way to assess gene function. As each transgenic root originates from a single cell in A. rhizogenes-mediated root transformation, a great number of transformants can be obtained (Bercetche et al., 1987; Choi et al., 2004) and analyzed in a relatively short period of time (Kereszt et al., 2007). The Agrobacterium strain is one of the factors that influence the process of T-DNA delivery from Agrobacterium into plant cells (Crane et al., 2006). Again, transgenic root induction efficiency and transformation efficiency using K599 reached up to 28.3 and 95.9%,which were much higher than those using C58C1 (Table 1). Moreover, it took just about 45 days to obtain the transgenic plants. Thus, this system was highly efficient and convenient for abundant production of transgenic C. equisetifolia plants in a short time.

In summary, we established and optimized the protocol for regeneration and two different systems for genetic transformation of C. equisetifolia. Because of higher efficiency and simple propagation, these transformation systems can be used to produce C. equisetifolia transgenic lines with a variety of genes, which may be conductive to study its unique traits, especially tolerance to drought, salinity, and saline-alkali. Moreover, the establishment of these systems could make it possible to improve its cold stress tolerance by genetic engineering.
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Imperfect T-DNA processing is common during Agrobacterium-mediated transformation, which integrates vector backbone sequences into the plant genome. However, regulatory restrictions prevent such transgenic plants from being developed for commercial deployment. The binary vector pCAMBIA2300 was modified by incorporating multiple left border (Mlb®) repeats and was tested in BY2 cells, tobacco, and cassava plants to address this issue. PCR analyses confirmed a twofold increase in the vector backbone free events in the presence of triple left borders in all three systems tested. Vector backbone read-through past the LB was reduced significantly; however, the inclusion of Mlbs® did not effectively address the beyond right border read-through. Also, Mlbs® increased the frequency of single-copy and vector backbone free events (clean events) twice compared to a single LB construct. Here, we briefly narrate the strength and limitations of using Mlb® technology and reporter genes in reducing the vector backbone transfer in transgenic events.
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INTRODUCTION

Cassava (Manihot esculenta Crantz) is the largest sources of dietary calories in tropical and subtropical regions after rice and maize (Food and Agriculture Organization of the United Nations [FAO], 2008). Global cassava cultivation has increased approximately twofold since 1990, to reach 27 million hectares (Food and Agriculture Organization of the United Nations [FAO], 2019). However, cassava production is under pressure due to drought, weeds, pests, viral and bacterial diseases, and rapid post-harvest physiological deterioration (Patil and Fauquet, 2009; Naziri et al., 2014; Ekeleme et al., 2019; Orek et al., 2020). Genetic barriers such as high heterozygosity, irregular flowering, poor seed set and inbreeding depression acts as major bottlenecks for conventional breeding approaches in cassava (Elegba et al., 2021). Genetic transformation and genome editing can complement traditional or molecular breeding approaches to circumvent the challenges associated with the development of virus resistance and other valuable agronomic traits in cassava (Taylor et al., 2012a,b).

Agrobacterium-mediated transformation is the favored method for cassava genetic transformation using either somatic embryos or embryogenic callus as target tissues for transgene integration (Jørgensen et al., 2005; Taylor et al., 2012a). Despite progress, cassava transformation retains challenges such as genotype-dependent transformation methods, low regeneration rates, and changes in gene expression following embryogenesis and in some cases loss of resistance to Cassava Mosaic Disease (CMD) during tissue culture (Zainuddin et al., 2012; Ma et al., 2015; Beyene et al., 2017; Chauhan et al., 2018).

As for other crop systems, Agrobacterium-mediated genetic transformation of cassava requires a transformation plasmid vector that houses the T-DNA consisting of the gene(s) of interest and a plant selectable marker bordered by two 25 bp imperfect repeats termed the left border (LB) and right border (RB) (Wang et al., 1984; Scheiffele et al., 1995). Outside the T-DNA region, the circular plasmid comprises a vector backbone (VBB) region that carries one or more bacterial selectable marker genes, replicons for bacterial multiplication, and other regulatory sequences required to maintain the plasmid in E. coli and Agrobacterium. In an ideal scenario, T-DNA delimited by the LB and RB is expected to be transferred from Agrobacterium to plant cell and then integrated into the plant genome intact, without any VBB sequences (Zupan and Zambryski, 1995; Gelvin, 2000; Tzfira and Citovsky, 2002). However, it has been known for some time that DNA sequences from the VBB can also be incorporated into the plant genome due to the imprecise nicking function of VirD2 nuclease, which causes the premature T-strand termination or read-through into vector backbone (Ramanathan and Veluthambi, 1995; van der Graaff et al., 1996; Kononov et al., 1997; Wenck et al., 1997). Initially, the RB was considered to be the unique initiation site for T-DNA transfer. However, Ramanathan and Veluthambi’s (1995) studies revealed that LB could also act as the T-DNA initiation site. Transfer of VBB sequences into the plant genome can result from one of two mechanisms; (1) DNA transfer is initiated at the RB proceeds across the T-DNA but fails to terminate at the LB, or (2) transfer is initiated at the LB toward the RB (Figure 1). Often vector backbone (VBB) read-through leads to either partial or complete integration of VBB (Ramanathan and Veluthambi, 1995; van der Graaff et al., 1996; Kononov et al., 1997; Yin and Wang, 2000). Numerous studies have confirmed the frequent occurrence of Agrobacterium-mediated VBB integration in a range of plant species such as rice, wheat, cotton, maize, and soybean (Kononov et al., 1997; De Buck et al., 2000; Afolabi et al., 2004; Lange et al., 2006; Podevin et al., 2006; Thole et al., 2007; Wu et al., 2007; Ye et al., 2008; Zhang et al., 2008; Wang et al., 2016). The frequency of VBB integration in transgenic events can be significant, with as many as 90% of regenerated transgenic plants reported to carry VBB sequences (Kuraya et al., 2004).
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FIGURE 1. Different mode of vector backbone integrations (A,B) initiation of T-DNA transfer from RB (C) LB initiated T-DNA transfer.


Integration of VBB sequences may exert undesirable negative effects in the transformants post-integration, such as cis-acting negative effect on gene expression from promoters (Artelt et al., 1991), illegitimate plasmid recombination, plasmid multimerization leading to the integration of large complexes comprising both exogenous and genomic DNA (Kohli et al., 1998; Salomon and Puchta, 1998; Müller et al., 1999). Furthermore, the process of multimerization often involves the capture of genomic DNA segments, resulting in multiple transgene copies. This is undesirable since high copy numbers may inhibit transgene expression and contribute to transgene silencing (Matzke et al., 1996). Additionally, very large transgenic loci can be meiotically unstable, leading to excision of the locus and loss of transgene expression in subsequent generations (Srivastava et al., 1996; Stoger et al., 1998). Presence of VBB sequences also raises concerns and complications for regulatory approval of Genetically Modified (GM) products (Fu et al., 2000).

Several strategies have been tested to produce VBB-free transgenic plants. These include: Binary vectors with small T-DNAs (Düring, 1994; Barrell and Conner, 2006), use of lethal genes in vector backbone (Hanson et al., 1999), tandem border repeats (Kuraya et al., 2004; Podevin et al., 2006), use of dual binary vector system, pCLEAN (Thole et al., 2007; Wang et al., 2016) and use of Agrobacterium chromosomes to launch T-DNA (Oltmanns et al., 2010).

Generation of elite cassava lines without VBB sequences would be highly desirable to develop GM enhanced varieties for commercialization to meet diverse challenges in cassava production. Agrobacterium-mediated transformation of cassava is routine in our laboratory (Taylor et al., 2012a,b; Beyene et al., 2017; Chauhan et al., 2018), with the goal to develop varieties for deployment to farmers in East Africa and Nigeria (Wagaba et al., 2017; Narayanan et al., 2019). Characterization of transgenic cassava plants revealed the presence of VBB sequences in 60–80% of the regenerants. This frequency negatively impacts efforts to develop high-quality transgenic plants readily acceptable to regulatory authorities for subsequent deployment to farmers. As a result, efforts were undertaken to reduce VBB integration and increase the frequency of quality transgenic plant lines. The current study reports on the outcome of deploying Pure Mlb® (Multi-left border) technology in cassava transformation to reduce VBB integration, plus the use of visual scorable markers GFP and a gene encoding for phytoene synthase (PSY) as tools for early detection and elimination of plants carrying VBB sequences.



MATERIALS AND METHODS


Transformation Vectors


Multiple Left Border Plasmids

Multiple left border (Mlb®) vectors were constructed following Kuraya et al. (2004) with a few modifications. The binary vector pCAMBIA23001 was used in this study, and a unique restriction site Nru1 created through site-directed mutagenesis using the Stratagene™ kit (La Jolla, California). A sequence 5′-TCCCCGA-3′ located 17 bp distal from the existing LB repeat in pCAMBIA2300 was modified into 5′-TCGCGA-3′. The resulting plasmid was designated as p604 (Intermediate vector). Two sets of synthetic nucleotides (Supplementary Table 1) were annealed to generate sequences with two and three LB repeats, respectively. These short sequences were inserted independently into the Nru1 site of p604. The plasmids obtained were designated as p605 and p606, carrying two and three copies of LB repeats, respectively (Figure 2). Both plasmids were confirmed for the presence of additional LB repeats through sequencing.
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FIGURE 2. Schematic representation of vectors containing multiple left borders and reporter genes in the vector backbone.




Plasmids With a Visual Scorable Marker in the Vector Backbone

To test the utility of visual markers to screen for the presence of VBB, GFP (source: Aequorea victoria) and PSY (source: Erwinia sp. crtB gene) driven by an e35S promoter, were cloned independently in the VBB region of pCAMBIA2300 at 295 bp proximal to the left border (LB). The plasmids were designated as p602 and p603, respectively (Supplementary Figure 2). GFP cassette driven by e35S promoter were cloned at 294 bp proximal to LB of the multiple LB plasmids 605 and 606. The plasmids obtained were designated as p607 and p608 (Supplementary Data File 1).




Plant Materials and Transformation of BY2 Cells and Cassava

Production of transgenic BY2 cells and tobacco (Nicotiana tobaccum) plants followed procedure reported earlier by Tse et al. (2004) and Clemente (2006), respectively, using different constructs as given in Figure 2. Cassava friable embryogenic callus (FEC) were derived from organized embryogenic structures (OES) induced from immature leaf lobes of in vitro cassava shoot cuttings of variety 60444 as descried by Taylor et al. (2012a). FEC target tissues were transformed with A. tumefaciens strain LBA4404 using the gene constructs shown in Figure 2, and plants regenerated per Taylor et al. (2012a) (Supplementary Figure 1).



Visualization of Transgenic GFP and Phytoene Synthase Expression in Cells

GFP expressing FEC and regenerating somatic embryos are visualized using a Nikon SMZ 1500 stereomicroscope, UV illumination, and an HQ-FTIC-Long Pass filter set. Brightfield settings were used to visualize phytoene synthase (PSY) gene expression.



PCR Analysis for Detection of Vector Backbone Sequences

Genomic DNA was extracted from BY2 cells, tobacco plants, and cassava leaves following Dellaporta et al. (1983) with the following modifications. Approximately 100 mg of sample was ground in 350 μl extraction buffer [Tris-HCl (0.01 M), EDTA (0.05 M), and NaCl (0.5 M)]. The final volume was made up to 450 μl using100 μl of sterile distilled water and to this 1.0 μl of β-Mercaptoethanol added at the time of DNA extraction using MP Fast Prep at 4.0 M/S for 20 s. One microliter of RNAse was added and mixed by inverting. The plant extract was homogenized in 100 μl of 10% SDS and incubated at 65°C for 10 min, followed by 250 μl of potassium acetate (5 M) (Sambrook and Russell, 2001). Samples were incubated on ice for at least 5 min and centrifuged at 14,000 revs for 5 min. The supernatant was clarified by passing through a Miracloth into a 1.5 ml tube containing 500 μl isopropanol and incubated at –20°C for 30 min. The samples were then centrifuged at 14 000 for 10 min, the supernatant discarded, the pellet washed with 1 ml of 70% ethanol, and the supernatant removed by centrifuging 14,000 for 5 min. Pellets were dried for 30 min and the DNA dissolved in 100 μl of sterile water. Exactly 2 μl of DNA was used for PCR reactions.

Putative transgenic events were confirmed initially by performing a PCR for detection of the nptII gene and the picA gene (Kononov et al., 1997) to detect any possible Agrobacterium contamination. Events positive for nptII and negative for agro contamination were further screened for presence of VBB. Sequences of primer pairs and their annealing temperature are shown in Supplementary Tables 1, 2 and their respective positions within the plasmid detailed in Figure 3D. All PCR reactions were performed using a Bio-Rad® thermocycler, model “ICycler.” PCR conditions consisted of an initial denaturation period of the 30 s at 98°C followed by another 10 s at 98°C (for annealing temperature settings refer to Supplementary Table 2), an extension temperature of 72°C for 45 s and a final extension period at 72°C for 10 m. The completed reaction was held at 4°C. Plasmid DNA was used as positive controls, and DNA isolated from non-transgenic cv 60444 was used as the negative control.
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FIGURE 3. PCR based detection of vector backbone read-through, (A) beyond left border, (B) beyond right border, (C) Agrobacterium carryover tested in transgenic cassava plants (sample gel images). (Lanes: 1-1 kb + ladder; 2-Positive plasmid control; 3- Negative control; 4–6 DNA sample (Transgenic tissue) (D) primer locations to detect beyond LB and RB read-throughs.




Transgene Copy Number Analysis

Genomic DNA was isolated from young in vitro leaves using DNeasy plant mini kit (Qiagen, Hilden, Germany), and copy numbers estimated by dot blot analysis (Bhatnagar et al., 2010; Taylor et al., 2012a). One hundred nanograms of DNA was blotted in triplicate unto Hybond-N + nylon membrane (GE Healthcare, Piscataway, NJ). One, two, and triple copy number events previously tested transgenic cassava events were used as reference standards for low and high T-DNA copy number (Taylor et al., 2012a). Membranes for dot blots were hybridized to a Digoxigenin (DIG)-labeled (Roche, Indianapolis, United States) probe generated by PCR amplification of a 323 bp fragment of the CaMV 35S promoter (primer pair: F-cacatcaatccacttgctttgaag and R-catggtggagcacgacact.) and used to test all putative transformants derived from all the vectors tested in this study. Hybridization of membrane-bound DNA to DIG-labeled probes followed by washing and detection using CDP-Star (Roche, Indianapolis, United States) was performed per manufacturer instructions. DNA-probe hybridization was visualized by exposing the membrane to X-ray film (Figure 4). The developed films were scanned and saved as Tiff files. Scanned and saved X-ray films were analyzed using open-source Image J2 software version 1.36b (Schneider et al., 2012)3 as described by Taylor et al. (2012a). Image J (see footnote 2) elliptical selection tool was used to measure the intensity of the signal, and data were automatically exported as an excel file. Copy number for each transgenic line was extrapolated from the average of the triplicated dots based on a slope calculated using the reference standards.


[image: image]

FIGURE 4. Transgene copy number assessment in cassava using Dot Blot technique (representative image); (A) DNA samples from transgenic cassava plants generated from the current study (28 samples from construct p606 (pCAMBIA2300 + 3LB; rows 1–7) row: 8, (B) zero copy; (C) single copy; (D) double copy; (E) triple copy; each sample loaded in triplicate for comparison; (F) copy number estimates for 28 events represented in the dot blot image.




Statistical Analysis

Each experiment was performed twice, and data generated analyzed using Microsoft Excel Version. 2102 (Supplementary Data File 2).




RESULTS


Detection of Vector Backbone Integration Using Visual Scorable Marker Gene

The performance of the constructs was initially assessed in BY2 cells due to the ability to generate transgenic events within a short period (approximately 8–10 weeks). Independent putative transgenic BY2 cell lines transformed with p602 (GFP in VBB) and p603 (Phytoene Synthase; PSY in VBB) were screened for reporter gene expression 6 weeks post Agrobacterium co-culture. Reporter gene expressions were similar across both reporter gene systems with approximately 35% of the callus lines expressed GFP or PSY from the VBB located expression cassettes (data not shown). As shown in Figure 5, scoring based on PSY gene expression resulted in a range of expression patterns, and this was considered a challenge in its deployment to screen for the presence of VBB presence. Conversely, GFP-based scoring enabled thorough screening for the VBB read-throughs (Figure 6) with less ambiguity than PSY. Therefore, GFP within the VBB was used for further studies in cassava.
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FIGURE 5. Phytoene synthase expression in BY2 cells (A) colorless callus (B) partially colored callus (C) fully colored callus (D) colorless (callus derived from control plasmid-pCambia2300).
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FIGURE 6. GFP expression in BY2 cells (A) partial GFP expression, (C) whole callus expressing GFP under GFP filter settings (B,D) Brightfield filter.


VBB read-through in cassava FEC was detected using a reporter gene (GFP) based approach and compared with PCR-based assays. Reporter gene-based scoring as summarized in Table 1 showed a preliminary indication on the effect of additional LB repeats in reducing VBB read-through, and it enabled in detecting VBB insertion frequencies as 37, 23, and 15% for vectors p602 (1LB + GFP in VBB), p607 (2LB + GFP in VBB), and p608 (3LB + GFP in VBB) respectively. However, the frequencies were 50% or less than the frequency of VBB integration obtained through PCR analysis (Table 1). The results obtained thus indicated that the use of marker genes could not help addressing this issue on its own, and it still required detailed molecular analyses to confirm the overall VBB integration frequency. However, in some of the callus units screened, the expression of the GFP was found to be partial. Under such circumstances, it is still worthwhile using the marker genes to detect the VBB sequences as it is possible to separate the portion of callus lacking any expression which may be free of VBB sequences.


TABLE 1. Comparison between VBB detection through PCR and GFP expression in transgenic cassava callus.
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Thus, the present study revealed the strength and weakness of using a visual scorable marker in detecting the VBB sequences, and therefore we concluded that molecular analyses should be used as the ultimate screening method. Similar trends were observed in BY2 callus lines and transgenic tobacco lines (Supplementary Table 3).



Effect of Pure Multiple Left Border on Vector Backbone Integration in Transgenic Cassava Plants

The independent lines positive for the NPTII gene from test constructs were tested for vector backbone sequences. The VBB read-through in transgene loci was detected using primer sets located outside the left and right T-DNA borders (Figure 3 and Supplementary Table 2). The results of vector backbone integration in the transgenic cassava lines generated from each vector are shown in Figure 7. For pCAMBIA2300 (control vector with 1LB), 79% of the tested lines contained VBB sequences, of which 40% of the lines had VBB integration flanking both LB and RB. A similar trend was observed for vector p602 (pCAMBIA2300 + GFP in the VBB). For p606 (pCAMBIA2300 + 3LB), only 34% of the tested lines showed presence for VBB integration, of which only 11% of the lines showed for the presence for both beyond left and right border read-throughs. The presence of triple LB showed an approximately twofold reduction in the insertion of VBB DNA compared to single LB constructs. Furthermore, the frequencies of transgenic lines containing VBB sequences were 80, 61, and 47% for p602 (pCAMBIA2300 + GFP in VBB), p607 (pCAMBIA2300 + 2LB + GFP in VBB), and p608 (pCAMBIA2300 + 3LB + GFP in VBB), respectively (Figure 7). Furthermore, the frequencies of transgenic lines containing VBB sequences flanking RB were 10, 15, 14, 12, and 11% for pCAMBIA2300 (control vector with 1LB), p602, p607, p608, and p606, respectively. The results obtained thus indicated that the vector backbone read-throughs were more frequently linked to the LB than to the RB, and LB stacking did not address the issues beyond RB vector backbone integrations. Similar trends were observed in BY2 callus lines and transgenic tobacco lines (Supplementary Tables 4, 5).
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FIGURE 7. Frequency of vector backbone integration in transgenic cassava plants; Data obtained from two independent experiments.




Presence of Vector Backbone Read Through and Its Impact on Transgene Copy Number in Transgenic Cassava Events

This study investigated the integration of VBB sequences and their impact on T-DNA copy numbers in the plant genome. Dot blot hybridization was used to estimate the T-DNA copy number of plants derived from the five constructs pCAMBIA2300, p602, p607, p608, and p606. Amongst the events tested from pCAMBIA2300, p602, p607, p608, and p606, 10% (5/48), 9% (5/55), 17% (10/58), 30% (20/67), and 34% (26/39) were single copy and VBB free events, respectively (Table 2). The incorporation of triple LB repeats resulted in a threefold increase in clean events compared to single and double LB constructs. Furthermore, data summarized in Table 3 shows the frequency of VBB integration and events with high and low copy numbers from constructs p602, p607, and p608. Correlation analysis was carried out to confirm the relationship between VBB integration and multiple T-DNA integration. A correlation coefficient of the data revealed that the number of VBB-integrated events showed a significant negative correlation (r = –0.052414) for low T-DNA copy number events and a significant positive correlation (r = 0.973985) for high T-DNA copy number events (Table 4). These results show a significant correlation for VBB integration amongst events with multiple T-DNA integration. The positive correlation for high copy number and events with VBB indicates that the higher the copy number of T-DNA integrated into the plant genome, the lower the number of VBB-free events recovered and vice versa.


TABLE 2. Frequency of VBB free, single T-DNA copy in transgenic cassava plants.
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TABLE 3. Frequency of vector backbone integration and T-DNA copy number (High and low copy events) in transgenic cassava plants.

[image: Table 3]


TABLE 4. Correlation coefficients for events with VBB presence and transgene copy number.
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DISCUSSION

The exclusion of non-essential sequences from transformation vectors and generation of low T-DNA copy GM plants are desirable to achieve timely regulatory approval and public acceptance of crop biotechnology. Event characterization requires assessment of transgene copy number, thorough screening across the junctions of gene cassettes inserted into the plant genome and detection of the molecular consequences of transgene insertion, including small and large-scale deletions, rearrangements of plant DNA, gene disruption and superfluous DNA integration (Jorgensen et al., 1996; Stam et al., 1997; Latham et al., 2006; Gelvin, 2012). Assays include PCR- and sequencing-based approaches to ensure that candidate events meet regulatory and performance requirements. It is worthwhile, therefore, to employ strategies upfront to increase the frequency of quality events and reduce the downstream costs associated with screening a large number of primary transgenic events.

Analysis of transgenic cassava plants generated in our laboratory indicated a VBB integration frequency reached almost 80% (Figure 7). A primary goal of our laboratory is to develop genetically modified cassava plants that meet requirements for regulatory approval and release to farmers (Taylor et al., 2012a). The present study was undertaken, therefore, to improve frequencies for the recovery of quality transgenic events, most especially to achieved reduction in the occurrence of VBB integration. We report the outcomes of two strategies (i) use of reporter genes in VBB and (ii) use of multiple LB (Pure Mlb®) to address the high frequency of VBB insertions in transgenic cassava events.

Preliminary studies using GFP and PSY expression cassettes placed within the VBB past the LB enabled early detection of VBB presence in a non-destructive manner. However, PCR-based screening was required to detect the total VBB integration events in both BY2 cells and cassava using the reporter genes in this manner. Similar results for use of a marker gene within the VBB were reported by Kononov et al. (1997), where use of gusA in the VBB detected 19% of the VBB sequences through GUS staining. However, a lack of power for this approach was confirmed by PCR analyses which revealed that 74% of the GUS negative plants carried a portion of the gusA and integrated VBB sequence.

We therefore investigated the use of multiple left order sequences. After Agrobacterium-mediated transformation and recovery of transgenic cassava plants, integration of backbone sequences detected by PCR were 79, 80, 62, 47, and 33% for pCAMBIA2300 (control vector with 1LB), p602 (pCAMBIA2300 + GFP in VBB), p607 (pCAMBIA2300 + 2LB + GFP in VBB), p608 (pCAMBIA2300 + 3LB + GFP in VBB), and p606 (pCAMBIA2300 + 3LB), respectively (Figure 7). Data demonstrated that incorporating triple LB repeats could significantly reduce VBB integration frequency into the plant genome compared to constructs carrying single LB in cassava (Table 3 and Figure 7). However, variations in frequency were observed between the three different systems tested; BY2 cells had a slightly higher VBB integration frequency than tobacco and cassava transgenic events. The higher VBB frequency observed could have resulted from the chimeric or mosaic nature of BY2 callus compared to whole plants in tobacco and cassava. The frequency of VBB integration observed was slightly higher than reported by Kuraya et al. (2004) using multiple LB strategies. The outcomes could have resulted from the difference in the tissue system, the type of transformation vector used (binary plasmid instead of co-integrate vector system), and the inclusion of RB read-through assays in the events tested in the present study. Similar reductions in VBB transfer were reported using multiple LB strategies (Huang et al., 2004; Kuraya et al., 2004; Podevin et al., 2006; Wang et al., 2016).

In the present study, we observed different modes of VBB read-through across all the three systems studied (Figure 7). T-strand initiation and termination were initially considered unidirectional from right to the left border (Wang et al., 1984; Horsch and Klee, 1986; Jen and Chilton, 1986; Joersbo and Okkels, 1996). However, the transfer of backbone sequences could be due to the failure to terminate the T-strand at the left border (read through) or due to the initiation of a T-strand at the left border. Furthermore, initiation of T-DNA transfer at LB and RB has been reported leading to the VBB read-throughs beyond LB and RB (Miranda et al., 1992; Wenck et al., 1997; De Buck et al., 2000; Yin and Wang, 2000; Podevin et al., 2006).

The inclusion of Mlbs® resulted in a twofold reduction in VBB integration across the LB compared to the control plasmid (Figure 7, Table 2, and Supplementary Tables 4, 5). However, it had no effect on read-through across RB. A previous report by Kuraya et al. (2004) did not assess for VBB read-through across RB, which could account, therefore, for the higher frequency of VBB free transgenic events described in their study.


Correlation Between Transgene Copy Number and Vector Backbone Integration

Copy number analyses of transgenic cassava plants revealed that an increase in the VBB free plants increased the proportion of single-copy plants from 25 to 50% in triple LB constructs. Importantly, this resulted in a threefold increase in single-copy, VBB free events (quality events) compared to the control construct (Table 2). Similar observations have been made by Kuraya et al. (2004), Vain et al. (2004), and Ye et al. (2008). A probable reason could be that termination of VBB read-through reduces the whole VBB integration, which, in turn, reduces incorporation of additional T-DNA copies in the transgenic events as concatamers. This is evident from the present study, where we could group the low copy (one and two copy events) and multi-copy events based on VBB read-through (Table 3), with low copy events found to have higher frequencies of VBB free integrations. High copy events (3 or more transgene copies) events were found to have higher frequencies of events incorporating both LB and RB read-throughs. Complex or multigene transgene integrations often result from the LB’s failure to terminate T-DNA integration, thus allowing repeated integration of the T-DNA.

In conclusion, the data presented here reveals that incorporating Mlbs® reduces the VBB integration in transgenic BY2 cells, tobacco and cassava. Also, the correlation studies between copy number and VBB indicate that increasing the frequency of VBB free transgenic events results in a proportionate increase in the low-copy events. Based on this study, Mlb® technology (Triple LB) was incorporated in the routine transgenic cassava pipeline (Beyene et al., 2017; Narayanan et al., 2019, 2021).

Recent advances in precision genome engineering approaches using site-specific nucleases such as ZFN’s and CRISPRs have offered improved and sustainable platforms to address some of the challenges in conventional transgenesis methods (Ainley et al., 2013; Voytas and Gao, 2014; Kumar et al., 2016). CRISPR/Cas9 has been used to generate mutants in Cassava successfully (Odipio et al., 2018; Gomez et al., 2019; Mehta et al., 2019; Veley et al., 2021). Thus, these precision engineering tools, along with the clean transgene technology such as use of Pure Mlb® demonstrated in this study, will benefit the production of clean genetically modified cassava plants and thus simplify the biosafety evaluation process and facilitate the future commercialization to meet diverse challenges in a global context.
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Switchgrass (Panicum virgatum) is an excellent feedstock for biofuel production. While genetic transformation is routinely done in lowland switchgrass, upland cultivars remain recalcitrant to genetic transformation. Here we report the establishment of an efficient and reproducible transformation protocol for two upland cultivars, ‘Summer’ and ‘Blackwell’, by ectopic overexpression of morphogenic genes, Baby boom (Bbm) and Wuschel2 (Wus2). Two auxotrophic Agrobacterium strains, LBA4404Thy- and EHA105Thy-, each harboring the same construct containing ZmBbm, ZmWus2, and a green fluorescence protein (GFP) gene, ZsGreen1, were used to infect immature leaf segments derived from in vitro grown seedlings. The Agrobacterium strains also contain a transformation helper plasmid that carry additional copies of Agrobacterium virulence genes. GFP-expressing calli were identified and selected for regeneration. The highest transformation efficiency of 6% was obtained for the tetraploid cultivar Summer when LBA4404Thy- was used for infection, which is twice of that for the octoploid cultivar Blackwell. LBA4404Thy- consistently outperformed EHA105Thy- on transformation frequency across the two cultivars. Fifteen randomly selected putative transgenic plants of Summer and Blackwell, representing independent callus events, were confirmed as transgenic by the presence of the transgene, ZmAls, and the absence of AtuFtsZ, a chromosomal gene specific to the Agrobacterium strain LBA4404 using polymerase chain reaction. Transgene integration and expression was further confirmed by the detection of GFP in roots, and the resistance to herbicide injury to leaves of selected putative transgenic plants. The ZmBbm and ZmWus2 genes were successfully removed from 40 to 33.3% of the transgenic plants of Summer and Blackwell, respectively, via the Cre-Lox recombination system upon heat treatment of GFP-expressing embryogenic calli. Our successful transformation of recalcitrant upland switchgrass provides a method for gene function analysis and germplasm enhancement via biotechnology.

Keywords: Agrobacterium-mediated, auxotrophic, Baby boom, Cre-Lox, immature leaf segments, Panicum virgatum, seedling-derived, Wuschel2


INTRODUCTION

Switchgrass (Panicum virgatum) is a C4 perennial grass native to the United States. Because of its high biomass yield potential, low inputs, ability to grow well on marginal soils and well-established agronomic practices, it has become an important factor in US energy strategy. In 1991, switchgrass was selected by the United States Department of Energy as an herbaceous model species for the production of bioenergy (McLaughlin et al., 2002; McLaughlin and Kszos, 2005). It is a valuable forage grass and an excellent choice for soil conservation due to its extensive fibrous root system (Vogel et al., 2011; Mitchell and Schmer, 2012; Schmer et al., 2014; Aurangzaib et al., 2016). There are two major ecotypes of switchgrass, the lowland ecotype with thick stems and a predominantly bunch type growth habit that is adapted to warmer regions, and the upland ecotype with finer stems and highly developed rhizomes, adapted to more temperate regions (Vogel et al., 1985). Lowland switchgrass cultivars are high yielding, but lack adequate winter hardiness. In contrast, upland cultivars are winter hardy and well-adapted to northern climates (Casler et al., 2011). Lowland cultivars are predominantly tetraploid whereas upland cultivars are tetraploid or octoploid while aneuploids are also widespread (Costich et al., 2010). Switchgrass is open-pollinated due to its self-incompatibility; as such, commercially available cultivars are typically synthetic cultivars that are highly heterozygous and heterogeneous (Martinez-Reyna and Vogel, 2002). Lowland and upland cultivars of the same ploidy can readily hybridize, suggesting that divergence between the two occurred recently (Casler, 2012).

Considerable genomic resources have been developed for switchgrass. This includes numerous molecular markers of various types (Missaoui et al., 2005; Cortese et al., 2010), genetic maps and QTLs mapped for important traits (Dong et al., 2015; Tornqvist et al., 2018), gene expression profiles (Palmer et al., 2015, 2017) and a reference genome sequence assembly of the lowland switchgrass cultivar, ‘Alamo’, an allotetraploid (2n = 4x = 36) with two subgenomes, N and K. In addition, robust genetic transformation protocols have been established for lowland cultivars (Li and Qu, 2011; Fu et al., 2012; Liu et al., 2018, 2020; Qiao et al., 2021). Despite the significant progresses, the functions of most switchgrass genes remain largely uncharacterized, particularly in upland switchgrass cultivars which are known for their recalcitrance to genetic transformation (Song et al., 2012; Merrick and Fei, 2015; Lin et al., 2017). Attempts to transform upland switchgrass have only met with very limited success. Liu et al. (2015) reported a significant improvement on shoot regeneration in upland switchgrass with the identification of “shell-core” callus structure and the development of type II callus by isolating and culturing the pre-embryogenic callus “core.” Successful transformation of an upland cultivar ‘Dacotah’ was reported in their study; however, despite the significantly improved plant regeneration efficiency for the cultivar Blackwell, there was no mention of a successful transformation of this cultivar (Liu et al., 2015). Ogawa et al. (2016) reported the successful transformation of an upland cultivar ‘Trailblazer’ by optimizing the cocultivation and preculture conditions of type I callus, but failed to transform the cultivar Blackwell. Both reports used caryopsis-derived callus as explants for transformation which affects the reproducibility of the developed protocols because each caryopsis represents a distinct genotype in synthetic cultivars. The lack of transformation protocol in upland switchgrass cultivars severely hampers the effort on leveraging available genomic resources for switchgrass cultivar improvement. The preferred method of genome editing, CRISPR-Cas9, requires a reliable genetic transformation protocol to implement gene editing and it has not been reported in upland switchgrass (Jinek et al., 2012; Hsu et al., 2014).

Recalcitrance to genetic transformation is primarily caused by the inability of regenerating functional plants from an explant cultured in vitro, via either de novo organogenesis or somatic embryogenesis. The ability to regenerate varies considerably between species and even between cultivars/genotypes within a species. This is likely the result of genetic variation (Xu and Huang, 2014; Lardon and Geelen, 2020) and the culture environment including the chemical composition of a culture medium (Fei et al., 2002; Lin et al., 2017), culture conditions such as temperature, photoperiod and type of explant (Xi et al., 2009; Merrick and Fei, 2015). Lardon and Geelen (2021) grouped genetic factors underlying shoot regeneration ability into (1) master regulators, i.e., developmental regulators or morphogenic genes such as Wuschel genes that are conserved among species and (2) conditional regulators whose effect are influenced by the type of explants and culture conditions. Wuschel2 (Wus2), a homeodomain-containing transcription factor gene and Baby boom (Bbm) gene which encodes an AP2/ERF transcription factor are among the several genes that significantly affect morphogenesis. Both Bbm and Wus2 have been shown to promote somatic embryogenesis in several species (Zuo et al., 2002; Kulinska-Lukaszek et al., 2012; Conner et al., 2015). Lowe et al. (2016) demonstrated that by overexpression of Bbm and Wus2, transgenic monocots plants were successfully recovered in genotypes or explant types that were otherwise recalcitrant to genetic transformation. Ectopic expressing of the maize Bbm and Wus2 genes in sugarcane or sorghum also had a similar effect (Lowe et al., 2016; Mookkan et al., 2017; Nelson-Vasilchik et al., 2018).

While the morphogenic genes have greatly improved maize transformation process, it had been shown that the Bbm and Wus2 genes had pleiotropic effects on plant growth and development. Their overexpression could lead to developmental abnormality and infertility (Lowe et al., 2018). To overcome these issues, the Cre-Lox recombination system (Zhang et al., 2003; Chong-Pérez et al., 2012) can be employed to remove the Bbm and Wus2 genes before regeneration takes place. Lowe et al. (2016) described a method in which the T-DNA contained the CRE recombinase gene driven by rab17, a drought inducible promoter. When transgenic tissues were subjected to desiccation, the Bbm and Wus2 genes, flanked by two loxP sites, could be successfully excised, making transgenic plants free of morphogenic genes.

The goal of our research was to develop an efficient and reproducible transformation for two upland switchgrass cultivars, Summer, a tetraploid and Blackwell, an octoploid, both representative of the ploidy levels commonly observed in upland switchgrass by overexpressing the morphogenic genes ZmBbm and ZmWus2 from maize. The specific objectives were to (1) study the effect of cultivar and Agrobacterium strains on overall transformation frequency using immature leaf segments derived from in vitro grown seedlings; (2) determine the efficiency of excising the morphogenic genes with the heat inducible Cre-Lox recombination system. We show that the explants infected by Agrobacterium strains carrying the morphogenic genes can produce embryogenic callus pieces that generated transgenic plants. Further, the Cre-Lox recombination system was successfully implemented to remove the morphogenic genes from the transgenic plants upon heat treatment of GFP-expressing embryogenic calli. Our results demonstrate that the strategy of deployment and removal of morphogenic genes has led to transformation of recalcitrant upland switchgrass genotypes, which were not possible when using conventional transformation approaches.



MATERIALS AND METHODS


Plant Materials

Two upland switchgrass cultivars, Summer, a tetraploid and Blackwell, an octoploid were used for the present study (Alderson and Sharp, 1994). Seeds were kindly provided by Dr. Serge Edmé at United States Department of Agriculture-Agricultural Research Service. Greenhouse conditions for growing upland switchgrass plants are set at a 25°C, 16/8 h (day/night) photoperiod and a light intensity of approximately 400 μM/m2/s. Plants are typically grown in plastic pots with a diameter of 15 cm and were fertilized with Peters Cal Mag special 15-5-15 at 150 ppm N every 2 weeks.



Morphogenic Gene Construct and Agrobacterium Strains

Transformation construct PHP93739 was kindly provided by Dr. William Gordon-Kamm at Corteva Agriscience. The T-DNA region of PHP93739 contains five expression cassettes (Figure 1A). The first one contains a maize Hsp17.7 promoter driving the cre gene; the second one contains the Agrobacterium nos promoter driving the maize Wus2 gene; the third contains a maize ubiquitin promoter driving the maize Bbm gene; the fourth cassette contains a sorghum ubiquitin promoter driving the ZsGreen1 gene and the fifth cassette contains the Setaria italica acetolactate synthase (SiAls) promoter driving the mutated maize Als gene. Cassettes 1–3 are flanked by two loxP sites.
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FIGURE 1. Schematic illustration of the construct PHP93937 used for all transformation experiments. (A) T-DNA region of PHP93739. RB, T-DNA right border; loxP, CRE recombinase target site; ZmHsppro: cre, maize heat shock protein 17.7 promoter (Zm-Hsp17.7) + cre gene + potato proteinase inhibitor II (pinII); Nospro: Zm-Wus2, Agrobacterium nopaline synthase promoter (Nos) + maize Wuschel2 gene (Zm-Wus2) + maize In2-1 terminator; ZmUbipro: Zm-Bbm, maize ubiquitin promoter/intron (ZmUbi) + maize Baby boom gene (Zm-Bbm) + maize ubiquitin terminator (Zm-Ubi); SbUbipro: ZsGreen1, sorghym ubiquitin promoter/intron (SbUbi) + green fluorescent protein ZsGreen1 gene + rice ubiquitin terminator (OsUbi); SiAlspro: Zm-Als, Setaria italica acetolactase synthase (SiAls) promoter + maize Als (Zm-Als) gene + sorghum ubiquitin terminator (Sb-Ubi); LB, T-DNA left border. (B) T-DNA region in transgenic plant after the heat-treatment to remove the morphogenic genes and cre gene.


A thymidine auxotrophic (Thy-) version of the Agrobacterium strains of LBA4404 (Lowe et al., 2016; kindly provided by Dr. William Gordon-Kamm of Corteva Agriscience) and EHA105 (Aliu et al., 2020) were used to harbor the binary vector construct PHP93739. Both Agrobacterium strains contain the ternary helper plasmid PHP71539 to increase virulence (Anand et al., 2018; kindly provided by Dr. William Gordon-Kamm of Corteva Agriscience).



Explant Preparation

Caryopses of the two cultivars were sterilized by first rinsing them in 75% ethanol for 1 min, followed by disinfection with undiluted commercial bleach (5.25% sodium hypochlorite, NaHClO3) plus 0.1% Tween ® 20 for 2 h. Sterilized caryopses were rinsed in autoclaved distilled deionized water 3–4 times, each ∼5 min before cultured on Seed Germination Medium (SG/RTM, Table 1). Caryopsis culture took place in a biological incubator with a photoperiod of 16/8 h (light/dark) and a light intensity of 140 μM/m2/s and a temperature of 25°C. Basal part of seedlings (6–8 mm long) were aseptically excised from either the main stem or tillers of 10- to 14-day-old seedlings grown in vitro. These basal seedling segments were comprised of whorled immature leaf segments which were cut into segments of 3–4 mm long (Figure 2A; Denchev and Conger, 1994). Whorled immature leaf segments were carefully separated from each other and used for subsequent Agrobacterium infection.


TABLE 1. Composition and preparation of media used in the experiments (modified based on Li et al., 2015).
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FIGURE 2. Regeneration of transgenic plants of the upland switchgrass cultivar Summer. (A) 7-day old seedlings from which basal stems (within the bracket) containing whorls of leaves including leaf sheaths and blades were excised for Agrobacterium infection. (B) Transient expression of GFP on immature leaf segments 7 days post-inoculation. (C) Non-embryogenic callus formed on explants treated with RM medium only (no-infection control). (D) Embryogenic callus formed on explants infected with Agrobacterium. (E) GFP expression on the same callus as shown in panel D. (F) Overlay of images (D,E). (G) Regeneration of healthy shoots 3 weeks following the heat-shock treatment. (H) An embryogenic callus producing entirely albino shoots. (I) An embryogenic callus producing a mixture of green shoots and an albino shoot. (J) Soil-grown transgenic plants 2 months after being established in the greenhouse.




Agrobacterium Infection, Callus Induction, and Plant Regeneration

The overall Agrobacterium-mediated infection and regeneration process was based on Li et al. (2015) with modifications. Briefly, Agrobacterium cultured on solid YP medium (Table 1) for 18–24 h in 28°C before they were collected with inoculating loops and dispensed into 15 mL of the Resuspension Medium (RM, Table 1) in a 50 mL tube. The Agrobacterium suspension was measured using a spectrophotometer and adjusted to optical density (OD) at the wavelength of 650 nm into desired densities with the RM.

One hundred immature leaf segments of 3–4 mm long dissected from in vitro grown switchgrass seedlings described above were submerged in a small Petri plate (60 mm diameter) containing 10 mL of the Agrobacterium suspension. The plate was placed on a shaker (120 rpm) for 10 min at the room temperature (∼25°C). Following infection, immature leaf segments were transferred to a plate containing the Cocultivation Medium (CCM, Table 1) for 3 days at 26°C in the dark, before they were transferred to Callus Induction Medium (CIM, Table 1) at 20 immature leaf segments per plate. Explants were subcultured twice, with a 4-week interval, on CIM without selection.

Heat treatment to remove the morphogenic genes on the T-DNA was performed on GFP-expressing embryogenic calli as described (Masters et al., 2020). Briefly, CIM plates with callus segments were placed in a clean plastic shoebox (15.24 cm × 21.59 cm × 7.62 cm) with three layers of moistened paper towels. The plates were placed at 45°C with ∼70% relative humidity for 2 h. Heat-treated calli were placed at 26°C in the dark for 1 h of resting. These calli were then cultured in the Shoot Induction Medium (SIM, Table 1) without selection and placed in a biological incubator with a photoperiod of 16/8 h light/dark and a light intensity of 140 μM/m2/s at 25°C.

Shoots of 0.5 cm or longer were transferred to Rooting Medium (SG/RTM, Table 1) under the same culture condition as for shoot induction. Rooted plantlets were transplanted into 4-inch plastic pots containing a commercial soil mix (Sunshine soil mix #1, Sun Gro) of peat moss and perlite and were moved to a mist room for acclimation for 7–10 days, and subsequently moved to a greenhouse with conditions described above.



Characterization of Transgenic Plants

DNA was extracted from leaf tissues of greenhouse-established putative transgenic plants using the CTAB method with minor modifications (Liu et al., 2018). To detect the presence of the herbicide resistance gene, ZmAls, a pair of forward primer ALS1-F (5′ ACCATCAACCTGTGCGTGAT 3′) and reverse primer ALS1-R (5′ ACTTCTGGTTCTTGGCGTCG 3′) was used for PCR amplification. The PCR conditions were 2 min of the initial denaturation at 95°C, 34 cycles of the following: 1 min of denaturation at 95°C, 1 min of annealing at 63°C for ZmAls and 58°C for cre, respectively, and 1 min extension at 72°C. The final extension was 5 min at 72°C. PCR amplicons were visualized via SYBER Safe-based gel electrophoresis. To determine whether the morphogenic genes were removed from transgenic plants, the cre gene which is tightly linked to the ZmBbm and ZmWus2 genes and flanked by the loxP sites was amplified via PCR using the forward primer CRE1-F (5′ GAAGACTAGAACCGAACC 3′) and CRE1-R (5′ GGCATCACCATGTTTTGG 3′). The PCR conditions for the cre gene was identical to that for the ZmAls gene except for the annealing temperature which was 57°C.

To exclude the possibility of Agrobacterium persisting in intercellular spaces in putative transgenic plants that could have resulted in false positives in previous PCR reactions, reverse transcription (RT)-PCR was conducted for the ZsGreen1 gene. RNA isolation was done with TRIzol from actively growing leaf tissues (∼70 mg) according to the manufacturer’s protocol. First-strand cDNA synthesis was done with the Maxima H Minus First Strand cDNA Synthesis Kit, with dsDNase (ThermalFisher Scientific). ZsGreen1 was amplified via PCR by using primer ZsGreen1-F (5′ AGATGACCA TGAAGTACCGC 3′) and ZsGreen1-R (5′ TCATCTTCTT CATCACGGGG 3′). Annealing was done at 57°C for 30 s and the PCR was conducted for 34 cycles. The switchgrass actin (PvActC) was amplified as an internal control with the same PCR program as used for ZsGreen1 by using primer Act1-F (5′ CAAGATTTGGAGATCCCG 3′) and Act1-R (5′ AATGCTCCACGGCGAACA 3′) (Xu et al., 2018).

To further verify that Agrobacteria were no longer present in greenhouse-established plants, PCR amplification was done for a strain-specific chromosomal gene, AtuFtsZ for LBA4404 (Deeba et al., 2014) in a subset of DNA samples used for PCR amplification of the ZmAls described above. The positive control was obtained by amplifying chromosomal DNA isolated from LBA4404Thy- The primer FtsZ -F (5′ GAACTTACAGGCGGGCTGGGT 3′) and FtsZ -R (5′ CGCCGTCTTCAGGGCACTTTCA 3′) were used for PCR for 34 cycles with an annealing temperature of 62°C for 30 s. GoTaq ® Green Master Mix was used for all PCR and RT-PCR reactions.

In addition to PCR verifications, fluorescence microscopy was conducted to detect GFP signals in root tissues of select putative transgenic plants. Root tissues were collected from 6-week-old greenhouse grown wild type and putative transgenic plants of upland switchgrass cultivar Summer. Roots were washed with tap water and were cut into 0.5 cm segments. Root segments were placed on glass slides without cover slips and observed under a Zeiss Axiostar Plus Binocular microscope or an Olympus SZH10 stereo microscope equipped with a GFP filter.

Herbicide painting experiment was conducted to examine leaf response to herbicide applications. Newly expanded young leaves of wild type and putative transgenic plants of Summer and Blackwell were painted with herbicide Aligare Mojave 70 EG (active ingredient imazapyr at 7.78%) with a concentration of 0.9 g/mL by using a Q-tip. Herbicide was applied to both adaxial and abaxial surface of the upper half of each leaf. Painting was applied twice with the second application performed 5 days after the initial painting. Results were collected 7 days after initial painting.




RESULTS


The Effect of Agrobacterium Strain and Switchgrass Cultivar on Callus Induction

To determine the effect of Agrobacterium strains and switchgrass cultivars on transformation frequency, we infected 100 immature leaf segments (20 leaf segments per petri dish) collected from each of the two cultivars, Summer and Blackwell, with either LBA4404Thy- or EHA105Thy- at the optical density (OD650) of 0.35–0.45 measured at the wavelength of 650 nm. Both strains contained PHP93739 (Figure 1A). The infection experiments was repeated five times, resulting in a total of 500 explants for each treatment. For the no Agro infection control, 30 immature leaf segments were treated with RM (Table 1) for each replication and with five replications, a total of 150 explants were treated. Initial examination of GFP signals on immature leaf segments was performed about 5–7 days after cocultivation with the two Agrobacterium strains LBA4404Thy- and EHA105Thy-. For immature leaf segments in which GFP signals were detected, strong GFP signals were typically detected across the entire leaf segments (Figure 2B).

Calli started to form about 2 weeks after co-cultivation and continued to develop for both Summer and Blackwell regardless of the Agrobacterium strains used for infection. Callus formation was also observed in immature leaf segments that were not infected by either Agrobacterium strains (Figure 2C). However, embryogenic callus, as defined by their morphology and growth rate that are characteristic of the type II callus in other Poaceae species were found only on immature leaf segments infected with Agrobacterium containing the morphogenic genes. These calli typically have creamy, white color and nodular structures with strong GFP signals (Figures 2D–F). At the end of the second subculture, data on the production of callus and embryogenic callus were collected and analyzed. As summarized in Table 2, for the no infection control, the percentage of callus induction was 15.3% for both Summer and Blackwell, but none of the calli formed on immature leaf segments from the control assumed the appearance of embryogenic callus. For the tetraploid cultivar Summer, infection with the LBA4404Thy- resulted in a callus induction frequency of 14.4% of which 7.6% were GFP-expressing embryogenic calli. In contrast, infection with the EHA105Thy- resulted in an induction frequency of 7.8% of which only 1.4% were GFP-expressing embryogenic calli. For the octoploid cultivar Blackwell, infection with the LBA4404Thy- resulted in a callus induction frequency of 11.6% of which 4.8% were GFP-expressing embryogenic calli. Infection of Blackwell with the EHA105Thy- resulted in a callus induction frequency of 5.4% of which only 1.0% were GFP-expressing embryogenic calli (Table 2).


TABLE 2. Summary of transformation experiments using two Agrobacterium strains.
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Excision of Morphogenic Genes and Regeneration of Transgenic Plants

The GFP-expressing embryogenic calli were further subcultured to increase size and vigor. To remove the morphogenic genes in transformed tissues, the transformation construct PHP93739 carried an inducible Cre-Lox recombination system. As shown in Figure 1A, the cre recombinase gene used in the present study was driven by the maize heat shock protein 17.7 promoter (Zm-Hsp17.7). All GFP-expressing calli of a diameter 1.0 cm or larger were heat treated for 2 h (Masters et al., 2020) prior to transferring to shoot regeneration medium. The heat-activated CRE recombinase would cleave the loxP sites and remove both the cre gene cassette and the morphogenic genes (Figure 1B). Shoots started to appear as soon as 2 weeks after the transfer, but most shoot formation occurred between 3 and 5 weeks following the transfer to the regeneration medium (Figure 2G).

PCR analysis was performed on 15 randomly selected putative transgenic T0 plants of Summer or Blackwell (Figure 2J). Figure 3 (top panel) shows that all plants contain an 891 bp fragment of the ZmAls transgene. These plants were also PCR tested for the presence of genes in between the loxP sites (Figure 1). The results showed that the cre gene was absent from 6 out of 15 (40%) plants for Summer and 5 out 15 (33%) plants for Blackwell (Figure 3, bottom panel), suggesting the successful removal of the transgenes, including the ZmBbm and ZmWus2 genes in between the loxP sites in these plants.
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FIGURE 3. Characterization of putative transgenic plants. PCR reactions were performed for 15 putative transgenic plants of Summer (S1–S15) and Blackwell (B1–B15), respectively, for the presence of the herbicide resistance gene ZmAls (891 bp, top panel) and cre gene (452 bp, lower panel). ML, 1-kb molecular ladder; P, plasmid DNA as positive control; WT-S, Summer wild type; WT-B, Blackwell wild type. Boxed numbers denote desired transgenic plants with the cre gene excised.


The average number of shoots regenerated from each embryogenic callus varied considerably between cultivars and to a lesser degree between the Agrobacterium strains that were used for infection. The average number of shoots produced per embryogenic callus were 5.3 and 3.8 for Summer and 1.0, and 1.2 for Blackwell infected with LBA4404Thy- and EHA105Thy-, respectively (Table 2 and Figure 2G).

Albino shoots were observed from regenerants of both cultivars, with 17.5 and 43.3% of the regenerating GFP-expressing calli in Summer when infected LBA4404Thy- and EHA105Thy-, respectively (Table 2). For Blackwell, none of the regenerating GFP-expressing calli from EHA105Thy- infection produced albino shoots while 20% of the calli from the infection of LBA4404Thy- produced albino shoots (Table 2 and Figures 2H,I). No molecular analysis was performed on any of the albino plants.

To further confirm the transgenic nature of the T0 plants and to exclude the possibility of false PCR positive results due to the Agrobacterium persistence in tissue culture, we performed reverse transcription (RT)-PCR on the PCR-confirmed plants. Five plants from each cultivar, S1-S5 and B1-B5 were further tested for the presence of the ZsGreen1 transcript by RT-PCR. All events were shown to be positive, indicating the successful integration and expression of the transgene (Figure 4A). Additional PCR test for the Agrobacterium strain-specific chromosomal gene, AtuFtsZ, failed to amplify the gene, suggesting that Agrobacterium cells could not be detected in plant tissues of the same selected plants shown to be positive for the transgene (Figure 4B). This result eliminates the possibility of Agrobacterium causing false positives in previous PCR tests. It is worth noting that auxotrophic strains were used in this work. These Agrobacterium strains are not able to survive in absence of thymidine. Therefore, the persistence of Agrobacterium in regenerated plants should be greatly reduced.
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FIGURE 4. Detection of transgene expression and the presence of remnant Agrobacterium cells in putative transgenic plants. (A) RT-PCR results for the ZsGreen1 gene with a target fragment size of 393 bp (top panel) in five putative transgenic plants of the upland switchgrass cultivars ‘Summer’ (S1–S5) and ‘Blackwell’ (B1–B5). The PvActin gene with a target fragment of 100 bp (bottom panel) was used as an internal control. P, plasmid DNA of PHP93739 as positive control; RT-, reverse transcriptase minus as negative control. (B) PCR results for the LBA4404 chromosomal gene, AtuFtsZ, in the same sets of plants as in panel A. P, the target fragment of 369 bp for the AtuFtsZ gene amplified with chromosomal DNA from LBA4404 as the template. Faint bands in panel B are primer dimers. ML, 1 kb molecular ladder; NTC, No template control; WT-S, Summer wild type plant; WT-B, Blackwell wild type plant. DNA samples for S1–S5 and B1–B5 were identical to S1–S5 and B1–B5 used in Figure 3.


More evidence of transgene integration and expression came from the observation of strong GFP signals in roots of selected transgenic plants of Summer whereas no GFP signals were detected in wild type plants (Figures 5A–F). Moreover, leaves from transgenic plants of both cultivars did not show herbicide injury while the wild type plants exhibited visible injuries caused by the application of imazapyr-containing herbicide (Figure 5G), further confirming the integration and expression of the transgenes.


[image: image]

FIGURE 5. Phenotypic characterization of transgenic plants. (A–C) Observation of GFP signals with an Olympus florescent stereomicroscope in roots of 10-week-old transgenic plant, S8 of ‘Summer’ (Transgenic) and the wild type (WT) of similar age under either bright field (A), GFP (B), or merged (C). (D–F) Observation of GFP signals with a Zeiss upright microscope in both WT and transgenic roots under either bright field (A), GFP (B) or merged (C). The white dashed line in each image separates the wild type root (upper left) from the transgenic root (lower right). (G) Leaf response to herbicide injury. Herbicide Alligare Mojave 70 EG (active ingredient imazapyr at 7.78%) was applied twice at a concentration of 0.9 g/mL with a 5-day interval to newly expanded leaves of the wild type and putative transgenic plants of Summer and Blackwell. Image was taken at the 7th day after the first painting.


Upon PCR verification for the presence of the ZmAls gene in putative transgenic plants that were established in the greenhouse, we calculated the overall transformation frequency for each treatment by the number of GFP-expressing embryogenic callus that regenerated into PCR-positive, healthy plants divided by the number of infected leaf segments. The overall transformation frequencies for the tetraploid Summer infected with LBA4404Thy- and EHA105Thy- was 6.0 and 0.8%, respectively. For the octoploid cultivar Blackwell, it was 3.0 and 0.6% with LBA4404Thy- and EHA105Thy-, respectively (Table 2). The Agrobacterium strain LBA4404Thy- consistently outperformed the EHA105Thy- strain across the two switchgrass cultivars. In addition, the tetraploid cultivar Summer outperformed the octoploid cultivar Blackwell regardless of the Agrobacterium strains used for infection. This difference is especially pronounced when both were infected with LBA4404Thy-. When EHA105Thy- was used for infection, the overall transformation frequency was low for both cultivars and the difference between the cultivars were minimal (Table 2).



The Effect of Optical Density of Agrobacterium on Transient Transformation

To determine the optimum Agrobacterium OD for transformation, three OD650 ranges of LBA4404Thy- were tested for their effect on transient transformation frequency. Transient expression of GFP (Figure 2B) was assessed 5–7 days following co-cultivation by examining GFP signals under a Zeiss florescent microscope. Figure 6 shows the percentage of immature leaf segments emitting GFP for each cultivar with the three tested OD ranges. For Summer, the transient transformation frequency was 37.3% for the OD range of 0.35–0.45, 47.2% for OD range of 0.75–0.85, and 28.5% for OD range of 1.0–1.1. This indicated that OD of 0.75–0.85 outperformed the other two OD ranges based on GFP transient expression analysis. The Blackwell cultivar exhibited a similar trend with the OD range of 0.75–0.85 resulted in the highest transient GFP expression at 33.5% while the transient transformation frequency for OD of 0.35–0.45 and 1.0–1.1 were 21 and 26%, respectively.
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FIGURE 6. The effect of the optical density (OD650) of Agrobacterium culture (LBA4404Thy-) on transient transformation frequencies. X-axis, three ranges of OD; Y-axis, percent of immature leaf segments emitting GFP signals. Vertical bars associated with each data point is the standard deviation representing three experiments. Detection of GFP was carried out using a Zeiss fluorescence microscope 5–7 days after Agrobacterium infection.





DISCUSSION

Upland switchgrass is widely adapted to the North Central and Northeast of the United States with its rhizomatous growth habit and excellent winter hardiness. While genetic transformation is routinely performed for lowland switchgrass cultivars, upland switchgrass cultivars remain highly recalcitrant to genetic transformation mainly due to its inability to regenerate in vitro (Song et al., 2012; Merrick and Fei, 2015; Ogawa et al., 2016), creating a bottleneck for studying gene function using reverse genetics approach or rapid germplasm enhancement using genome editing technology. By overexpressing two morphogenic genes from maize, ZmBbm and ZmWus2 in immature leaf segments, we established an efficient and reproducible genetic transformation protocol for two upland switchgrass cultivars, a tetraploid Summer, and an octoploid Blackwell, none of which has been transformed before. Our results also showed that the morphogenic transgenes ZmBbm and ZmWus2 can be successfully excised from 40% of the transgenic plants of Summer and 33.3% of the transgenic plants of Blackwell with the Cre-Lox recombination system, eliminating the possible undesirable pleiotropic effects on plant growth and reproduction (Lowe et al., 2018). Taken together, our results clearly showed that overexpressing morphogenic genes can overcome transformation recalcitrance in upland switchgrass. Extensive omics resources have been developed for upland switchgrass (Palmer et al., 2015, 2017) and the transformation protocol developed in the present study will speed up genomics-related research.

Regeneration of switchgrass can be accomplished with a number of different types of explants including caryopsis (Li and Qu, 2011; Ogawa et al., 2016), immature inflorescence or young leaf segments (Denchev and Conger, 1994; Fei et al., 2000; Burris et al., 2009). Caryopsis has been the primary source of explant for lowland switchgrass transformation in the past due to its year-round availability (Li and Qu, 2011; Liu et al., 2018). When caryopses of upland switchgrass cultivars are used as explants, smooth, slow growing non-embryogenic calli were induced. These calli are referred to as type I callus and are often non-regenerative (Liu et al., 2015). At the time of preparing this manuscript, there are only two successful reports on transformation of upland switchgrass cultivars. Liu et al. (2015) identified the so called “shell-core” structure in type I calli and isolating the pre-embryogenic “core” from the “shell” resulted in the development of highly regenerative type II callus in two upland switchgrass cultivars, Blackwell and Dacotah. Further the authors reported a transformation frequency of 7.5% for Dacotah, a tetraploid upland cultivar while there was no mentioning of any success with the cultivar Blackwell. Ogawa et al. (2016) reported that by optimizing cocultivation and preculture conditions, improved transformation frequencies of lowland cultivars were obtained when type I calli were used for transformation. They also reported one of the three tested type I callus lines of an upland cultivar, Trailblazer produced transgenic plants at a frequency of 7.5% while failed to obtain any transgenic plants for the remaining callus lines of Trailblazer or the upland cultivar Blackwell. It is worth noting that explants used for Agrobacterium-mediated transformation in both studies were calli derived from caryopsis culture. Switchgrass cultivars are highly heterozygous and heterogeneous because they are open-pollinated synthetic cultivars (Casler, 2012). Therefore, each caryopsis represents a unique genotype. Once a caryopsis forms callus and regenerates plants, its identity can no longer be reproduced. In the present study, we used immature leaf segments taken from in vitro-grown seedlings which can be maintained indefinitely via tillering or in vitro subculture, giving year-round availability. If a highly responsive donor genotype is identified, the donor plant can be maintained indefinitely, thus providing a permanent superior source of explants for Agrobacterium-mediated transformation.

Despite the promise of using morphogenic genes in overcoming genotype dependency in genetic transformation, the choice of switchgrass cultivar appears to have a big influence on the transformation frequency. Regardless of the Agrobacterium strains used for infection, the tetraploid cultivar Summer outperformed Blackwell. As discussed earlier, neither Liu et al. (2015) nor Ogawa et al. (2016) successfully transformed Blackwell despite the former successfully transformed the upland cultivar Dacotah and made a significant improvement on regeneration in Blackwell. Despite a clear difference between the two cultivars on their responses to genetic transformation, genotype effect on the response to transformation within a cultivar cannot be determined because immature leaf segments were collected from genetically distinct individuals of each cultivar and were bulked for culture. Identifying genotypes within each cultivar with superior response to transformation can further improve transformation frequency. In addition, the tissue systems within a single grass leaf are highly heterogeneous with the presence of the intercalary meristems immediately below and above the ligule (Christians et al., 2016). Leaf bases containing meristematic regions have been used successfully in tissue culture of species from Poaceae (Haydu and Vasil, 1981; Hanning and Conger, 1982; Wernicke and Brettell, 1982). Identifying the age and location of leaves from which most transformation responsive immature leaf segments are harvested has the potential to further improve transformation efficiency.

The auxotrophic Agrobacterium strains rely on thymidine for growth and are thus highly advantageous because it allows for much better control of Agrobacterium overgrowth after the co-cultivation stage (Aliu et al., 2020). Agrobacterium will also less likely persist in callus or regenerated plants because of its dependence on thymidine for survival which is not supplemented in plant culture media. This also makes verification of the integration of the transgene less burdensome because possible false PCR positives are much less likely to occur. EHA105, along with AGL1 and C58C1 has traditionally been a choice of strain for Agrobacterium-mediated transformation in grasses including switchgrass (Wang and Ge, 2005; Kim et al., 2007; Xi et al., 2009). In the present study, however, we showed that EHA105 was much less efficient than the LBA4404 strain. The reason for this inconsistency is not clear, but we suspect the additional virulence genes brought in by the helper plasmid may have an undesirable impact on EHA105, a hypervirulent strain. Evaluation of three OD650 ranges on transient transformation suggested that the OD range 0.75–0.85 is optimum. However, further study is needed to determine if OD ranges can affect stable transformation frequency.

Using the Bbm/Wus2 morphogenic genes, embryogenic callus could be readily formed from the leaf segment explants for the upland switchgrass. This rapid generation of embryogenic callus upon infection was not observed in previous transformation experiments using conventional standard Agrobacterium binary vectors, nor in a pilot experiment using Agrobacterium strain carrying only the helper plasmid PHP71539. The later observation suggests that culture media alone used in this work could not induce the callus formation.

While the morphogenic genes were effective in callus production, overexpression of the genes have been shown to exhibit undesirable pleiotropic effects on growth and development of the transgenic maize plants (Lowe et al., 2018). Abnormal shoot development was also observed in this study in GFP-expressing switchgrass calli that did not receive heat shock treatment. Excision of these genes eliminates the associated negative pleiotropic effect, allowing successful plant regeneration and normal plant development. The Cre-Lox recombination system has been successfully used to excise genes when the cre gene was driven by either a desiccation-inducible (Lowe et al., 2016) or a heat shock inducible promoter (Masters et al., 2020). In this study a maize heat shock protein gene promoter was used to induce the expression of the cre gene which resulted in an excision efficiency of 33 and 40%, respectively, for Blackwell and Summer. This removal frequency is comparable to previous reports in which a heat shock induced Cre-Lox excision system was used (Chong-Pérez et al., 2012; Wang et al., 2020).

One noteworthy information is that no selective agent was used in the protocol described in this work other than the GFP visual marker which was used to validate the transformation status of the calli. The morphogenic gene construct PHP93739 has a ZmAls gene cassette, which allows for herbicide ethametsulfuron (EMS) selection. Various EMS concentrations, ranged from 0.05 to 1.25 mg/L, were evaluated for their effects on the production of GFP-expressing callus. Our preliminary data showed that the percentages of immature leaf segments producing GFP-expressing embryogenic callus were severely reduced in both Summer and Blackwell on media containing EMS. No embryogenic callus formation was observed on medium containing EMS at 0.075 mg/L or above. While no selection was used, this work was benefited from the visual marker gene gfp on the transformation construct for effective screening. Every single plant regenerated from GFP-expressing callus was transgenic. It is worthwhile to carry out a more refined evaluation for EMS concentrations below 0.05 mg/L, for any construct that does not have a visual marker gene.

In conclusion, a reproducible genetic transformation protocol was established for two recalcitrant upland switchgrass cultivars, a tetraploid Summer and an octoploid Blackwell. The utilization of overexpression of morphogenic genes (ZmBbm and ZmWus2) is the key component for the success of this work. Using immature leaf segments derived from in vitro germinated seedlings and auxotrophic Agrobacterium strains, this protocol can produce embryogenic callus materials that were not possible for these two cultivars in the past. Following heat treatments of GFP-expressing embryogenic calli, ZmBbm and ZmWus2 genes could be successfully removed, thus enabling the regeneration of transgenic plants. Our successful transformation of recalcitrant upland switchgrass enables gene function analysis or rapid germplasm enhancement via gene editing technology.
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Paspalum dilatatum (common name dallisgrass), a productive C4 grass native to South America, is an important pasture grass found throughout the temperate warm regions of the world. It is characterized by its tolerance to frost and water stress and a higher forage quality than other C4 forage grasses. P. dilatatum includes tetraploid (2n = 40), sexual, and pentaploid (2n = 50) apomictic forms, but is predominantly cultivated in an apomictic monoculture, which implies a high risk that biotic and abiotic stresses could seriously affect the grass productivity. The obtention of reproducible and efficient protocols of regeneration and transformation are valuable tools to obtain genetic modified grasses with improved agronomics traits. In this review, we present the current regeneration and transformation methods of both apomictic and sexual cultivars of P. dilatatum, discuss their strengths and limitations, and focus on the perspectives of genetic modification for producing new generation of forages. The advances in this area of research lead us to consider Paspalum dilatatum as a model species for the molecular improvement of C4 perennial forage species.
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INTRODUCTION

Paspalum dilatatum (common name dallisgrass), a productive C4 grass native of South America, is an important pasture grass throughout the temperate warm regions of the world (Holt, 1956; Hutton and Nelson, 1964). P. dilatatum exhibits higher forage quality and higher tolerance to frost than other C4 forage grasses (Hacker et al., 1974; Robinson et al., 1988; Davies and Forde, 1991). P. dilatatum includes tetraploid (2n = 40) sexual forms and pentaploid (2n = 50) apomictic forms. Sexual forms are mainly distributed in the temperate humid zones of Argentina, Uruguay, and part of southern Brazil, whereas, apomictic forms are also spread to the southeastern United States, Australia, New Zealand, and tropical Africa (Pizarro, 2000). P. dilatatum is a species with C4 photosynthetic metabolism, spring–summer–autumn growth, very plastic, so it adapts to various edaphic and environmental conditions of temperatures and humidity, and it is resistant to defoliation and has a great regrowth capacity (Acosta et al., 1994). Genetic improvement is one of the most effective ways to increase productivity of forages and consequently livestock production (beef, milk, and wool) (Wang and Ge, 2006).

The School of Agriculture of the University of Buenos Aires developed two cultivars by conventional breeding procedures: Relincho, apomictic 2n = 50 (INaSe, 2003) and Primo, sexual (self-pollinated) 2n = 50 (INaSe, 2013). Relincho has high forage quality and high field establishment, but its seed production is very low because of its susceptibility to Claviceps paspali. Primo showed resistance to C. paspali, higher seed production and lower forage quality than Relincho. Primo was obtained by means of the backcross methodology, with introgression of P. urvillei, a source of resistance to C. paspali (Schrauf et al., 2003).

The apomictic reproductive system, which characterizes most of the dallisgrass accessions, reduces the possibility of combining genetic information. Earlier Reusch (1961) raised the need to resort to new breeding methodologies to improve apomictic P. dilatatum. Bashaw and Hoff (1962), Burton and Jackson (1962), and Owen (1979) generated mutations through radiation, but no variants of agronomic importance were obtained. Also, an attempt was made to explore somaclonal variation, although tissue or protoplast culture generated some variations, in some cases, it was only transient and generally of little agronomic value (Akashi and Adachi, 1992; Davies and Cohen, 1992; Burson and Tischler, 1993). Burson and Tischler (1993) considered that the application of biotechnological techniques would bring the solution to the problems of dallisgrass.

Considering the genetic complexity and the associated difficulties encountered by conventional breeding methods, transgenic and genome editing approaches offer many alternative and effective strategies to improve forages (Wang and Ge, 2006; Wolabu Tezera et al., 2020). The implementation of transgenic technologies in forage species can improve agricultural profitability, achieving higher productivity, better use of resources such as soil nutrients, water or light, and a reduction in environmental impact. Obtaining new varieties with better forage quality, resistant to pests and diseases, more efficient in acquiring nutrients, and/or with greater tolerance to abiotic stress can be achieved by introducing new high-impact traits in forage through improvement programs (Giraldo et al., 2019). The development of methods to obtain transgenic plants make it possible to expand genetic variability through the access and potential use of genes present in other species. In the recent years, the amount of gene sequences available in databases, and also the sequences of transcriptional regulatory regions or promoters, have increased rapidly due to the development of massive genome sequencing techniques. A step for biotechnological approaches is a robust regeneration protocol since for the use of genetic technologies, such as transformation and genome editing, so that a high efficiency of plant regeneration, is essential.

According to McDougall (2011), for each transgenic event that is selected and commercially released, on average, more than 6,000 are discarded. This means that it is essential to obtain robust and efficient protocols for regeneration and transformation to access genes of relevant agronomic value for forage species.



REGENERATION PROTOCOLS

The establishment of stable, efficient in vitro regeneration systems is a prerequisite for biotechnology and molecular breeding applications. Factors influencing regeneration are varied, ranging from origin of explant, culture conditions, hormonal effects, and genotype (Neelakandan and Wang, 2012). For the initiation of regenerable callus cultures in P. dilatatum, the use of different explants has been explored, for example, mature seed, mature or immature embryos, leaf bases, shoot apices, and immature inflorescences. In P. dilatatum and Paspalum notatum, plants have been achieved from different explants: inflorescences (Bovo and Mroginski, 1986; Akashi and Adachi, 1992; Burson and Tischler, 1993), ovaries (Bovo and Quarín, 1983), anthers (Bovo et al., 1985), and immature embryos (Bovo and Mroginski, 1989). Using mature embryos or caryopsis to initiate callus culture was the most practical and convenient method. Immature embryos or inflorescences sometimes give good culture response, but isolating these explants is more time-consuming and difficult. Prior to sterilization of caryopses, the glumes and glumeles were mechanically removed. The optimum conditions to sterilize explants were a concentration of 3% of sodium hypochlorite and a 4-min immersion time (Voda, 2021). When glumes and glumeles were not removed, the use of 15 min immersion of seeds in 50% (v/v) sulfuric acid was successful for the sterilization of the explants, but a lower proportion of explants were induced (Giordano et al., 2014b). When the explants came from greenhouse plants, they were easier to sterilize than those from the field. The caryopses produced in spring and early summer showed a greater callus induction than those produced in late summer.

The MS (Murashige and Skoog, 1962)-based media supplemented with 2,4-dichlorophenoxyacetic acid (2,4-D) were used for callus induction and maintenance. Later on, 2,4-D was replaced by kinetin for the regeneration process. These media were described in detail by Spangenberg (1995) and Forster and Spangenberg (1999). The replacement of sucrose by maltose as a carbon source in these media improved calli embryogenesis in apomictic forms (Figure 1A), and similar results were found in different species (Ganesan and Jayabalan, 2005; Sharma et al., 2005).
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FIGURE 1. Effects of type of carbon source and genetic variation upon regeneration. (A) Estimated regeneration frequencies through the ratio number of regenerated explants or number of proliferated explants, of two apomictic genetic materials (Relincho 1.15 and La Trobe) grown in induction and proliferation media with sucrose or with maltose (differences between media within genotypes were significant through the G-test (p < 0.05). Source: Schrauf (2009). (B) Regeneration of EC from progeny derived from interspecific crosses between P. dilatatum (Virasoro) and P. urvillei. Linear association between theoretical proportion of Virasoro and regeneration. Source: Schrauf (2009).


Although the totipotency depends upon the effect of genotypes, a protocol is robust if it is applicable to a wide range of genotypes. Several apomictic accessions including Relincho cultivar were analyzed for the induction, proliferation of embryogenic calli (EC), and regeneration. Osmopriming pretreatments to dormant seeds of Paspalum accessions with polyethylene glycol (PEG) (Schrauf et al., 1995) significantly improved embryogenic callus induction (Table 1). Apomictic genotypes without seed dormancy showed high value of regeneration, and this value was increased using explants from regenerant plants of the same genotype (Table 2). These results were replicated in other genotypes and can be explained by epigenetic effects of tissue culture (Schrauf et al., 2000).


TABLE 1. Proportion of induced embryogenic calli (EC) (number of induced calli/Number of explants), from seeds (pretreated or not pretreated with PEG) from different genetic sources.
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TABLE 2. Efficiency of induction (number of induced calli/number of explants), proliferation (number of proliferated calli/number of induced calli) and regeneration (number of regenerated calli/number of proliferated calli) of explants from the Relincho genotype and its regenerants (R1).

[image: Table 2]
The tissue culture behavior of sexual sources was also analyzed. Caponio and Quarín (1990) obtained interspecific hybrids between P. urvillei (vaseygrass) X P. dilatatum biotype Virasoro. Resistance to ergot infections of P. urvillei was transferred to several plants in the backcrosses, showing that hybridization between both species provides a new approach to obtain C. paspali (ergot) resistance and improve seed production of dallisgrass (Schrauf et al., 2003). It is assumed that the materials from backcrosses (BC2) have 87.5% of the genome of the recurrent parents and the material derived from an F2 50% of both genomes. The Figure 1B shows that the proportion of P. dilatatum (Virasoro) genome was associated with greater capacity to regenerate under the analyzed conditions. The coefficient of determination was very high, showing r2 = 0.96.

For genetic transformation purpose, plant regeneration system has to be highly efficient and reproducible. It is critical to identify and selectively enrich the type of callus that is highly embryogenic. EC and embryogenic cell suspensions (ECSs) can be used as targets for biolistic transformation (Potrykus et al., 1998). Cell suspension culture is initiated by agitating embryogenic callus in liquid medium. Cell suspension cultures are also the only source for obtaining totipotent protoplasts in monocots. However, maintenance of ECSs involves routine subculture that is time-consuming and risk contamination (Wang et al., 1993). As ECSs lose their totipotency capacity when the culture is maintained for a prolonged period of time, subculture requires cryopreservation (Wang et al., 1993). In P. dilatatum, regeneration from ECSs showed similar results than EC (Schrauf et al., 2000). But, for practicality, the development of EC was chosen. In case of need to fix a genotype with high regeneration, the maintenance of vegetative in vitro tillers was used (Giordano et al., 2014a,b).



BIOLISTIC TRANSFORMATION METHODS

Although the transformation of numerous forage grasses has been reported, initially only the transient transformation of callus has been reported in P. dilatatum (Yuge et al., 1998; Akashi et al., 2002). These protocols probably failed in the use of the selectable marker. Schrauf et al. (2001) reported obtaining transgenic plants expressing selection marker genes, and Giordano et al. (2014a,b) and Peralta Roa et al. (2015) reported the gene silencing and the expression of transgenes with high agronomic value, respectively. All of these events were obtained by biolistic transformation.

Biolistics, or microprojectile bombardment, can be defined as the introduction of DNA employs high-velocity metal particles into intact cells for stable transformation (Sanford, 1988). Embryogenic cultures, composed mostly of proembryogenic cell clusters and groups of meristematic cells rich in cytoplasm, can be used as suitable targets for biolistic transformation (Spangenberg and Wang, 1998). For the development of biolistic transformation protocol, β-glucuronidase (GUS), and green fluorescent protein (GFP) (Figure 2A) genes were used as reporters. An acceptable transient GUS expression is between 1,000 and 2,000 blue spots per Petri plate (Sanford, 1988; Wang et al., 1988). Five days prior to bombardment, osmotic pretreatments with various concentrations of mannitol (from 32 to 192 g/l) were assayed. Higher concentration of mannitol implied an increase in the number of transient events, but concentrations greater than 96 g/l implied a reduction in the frequency of regenerants (Figures 2B–E).
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FIGURE 2. Use of reporter genes for the development of a biolistic transformation protocol. (A) Bombarded calli expressing green fluorescent protein (GFP), observed on a confocal microscope. (B–D) Bombarded calli expressing GUS osmopretreated with mannitol [(B) 32g/l, (C) 64g/l, and (D) 96g/l]. (E) Association between the concentration of mannitol, number of transient events, and frequency of regenerants. Source: Schrauf (2009).


As frequently only a very small proportion of cells are transformed in most experiments, the chances of recovering transgenic lines without selection are usually low (Miki and McHugh, 2004). Since the choice of the selectable marker gene is key step in the transformation protocol setting, different combinations of selectable marker gene or selector were assayed. The use of hph gene with hygromycin did not produce regenerants, but the use of pHp23 (nptII) gene with kanamycin produced a large number of escapes, whereas, paramomycin showed the highest efficiency (Schrauf, 2009). Yuge et al. (1998) and Akashi et al. (2002) found similar results using hph and hygromycin in P. dilatatum. Voda (2021) found that Atmyb32:ipt gene can be used as selectable marker, without requiring the use of a selector agent, in the apomictic Relincho cultivar (Figure 3A). Endo et al. (2001) claimed that ipt gene is effective as a selectable marker gene for plant transformation in tobacco. Atmyb32:ipt can play a similar role as BABY BOOM transcription factor (BBM) to improve the capacity of recalcitrant plant to in vitro regeneration via tissue culture (Lutz et al., 2015; Jones et al., 2019).
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FIGURE 3. (A) Effect of Atmyb32:ipt on regeneration. Comparison of the efficiency in obtaining transgenic regenerants, in a medium without selector, with or without the Atmyb32: ipt construction. Source: Voda (2021). (B,C) Comparison of qPCR and dd-PCR techniques, (B) in pentaploid and tetraploid genotypes. Histograms indicate the relationship between two unique copied endogenous genes (Cul4 and Mek1), (C) in copy number detection of two transgenes (ipt and LpFusion) using two endogenous reference genes (Cul4 and Mek1). Histograms indicate the average of copy number. Vertical lines indicate the standard deviation. Source: Voda (2021).


Two biolistic helium-accelerated particle systems were used: BIOMICS-EMBRAPA and PDS-1000/He (Bio-Rad), both showed similar results, but PDS showed a tendency toward higher efficiency and higher frequency of multiple transgene copies (Schrauf, 2009).



DETERMINATION OF TRANSGENE COPY NUMBER

Molecular analysis of transgenic plants was undertaken with both PCR and RT-PCR to assess the presence and expression of transgene, respectively. PCR was used to evaluate the variants of the transformation protocols (as for example in Figure 3A). Although the final value is given by the phenotype and agronomic evaluations, the number of copies of the transgene of each event is of crucial importance for deregulation.

Southern blot, real-time qPCR, and digital droplet PCR (dd-PCR) estimated the copy number of transgenes. Both single copy events and multiple copy events were found by Southern analysis (Schrauf, 2009). Typically, events with low transgene copy number are preferred to avoid potential transgene silencing and to integrate the events into improvement programs. Based in our results dd-PCR was identified as the optimal strategy for high accuracy copy number determination (Figures 3B,C; Głowacka et al., 2016; Narancio et al., 2021). Also, Giraldo et al. (2019) found higher sensitivity and repeatability in transgene detection with the dd-PCR technology than with qPCR.



PERSPECTIVES

The adjustment of robust regeneration and transformation protocols has allowed obtaining numerous transgenic events with a high-potential agronomic value. Within these events, it is possible to list the following:


(1)Antifungal protein (glucanases, quitinase) under constitutive promoter (pUb:GLU, pUb:GLUApo, pUbi:Chi5B) for the resistance to Claviceps paspali (Figure 4A). This trait is the most relevant for the apomictic forms of P. dilatatum (Holt, 1956; Hampton, 1984; Schrauf et al., 2021). The entry pathway for C. paspali is through the floral style-stigma, and the expression of antifungal peptides under the control of appropriate organ-specific promoters is being explored.

(2)One strategy to increase salinity tolerance is overexpression of the Arabidopsis thaliana nhx genes that code for a sodium or proton vacuolar antiporter (Blumwald et al., 2000); the incorporation via transgenesis of the Atnhx1 and Atnhx5 genes shows qualitative effects (Figure 4B; Schrauf et al., 2020). Having the P. dilatatum genome will allow exploring the overexpression of its own antiporter genes.

(3)The use of Atmyb32-ipt will allow at least two applications, as a selectable marker (Figure 3A) and improving forage value through delayed leaf senescence and increase tillering (Figures 4C,D).

(4)Fructan gene integration and expression in P. dilatatum (Figures 5A,B) will allow the increase in forage quality, tolerance to abiotic stress, and indirectly mitigating climate change (Valluru and Van den Ende, 2008; Parsons et al., 2011; Rigui et al., 2019).

(5)One strategy to the increase, the forage quality is lignin gene silencing. Lignification of plant cell walls is largely responsible for lowering digestibility of forage tissues. Gene silencing was obtained by expression of a frame-shift mutant of a Cinnamoyl-CoA Reductase (CCR) gene, which was delivered separately to the selectable marker cassette of study by Giordano et al. (2014a,b). Silencing via genome editing is also analyzed for the near future (Cox et al., 2017).
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FIGURE 4. (A) Transgenic event with tolerance to biotic stress: Dallisgrass inflorescences 15 days after inoculation with C. paspali, (left) control, (right) transgenic plant expressing chitinase (pUbi:Chi5B). Source: (Schrauf et al., 2021). (B) Transgenic event with tolerance to abiotic stress: Acquisition of tolerance to salinity through overexpression of a sodium or proton vacuolar antiporter (left) transgenic plant Atnhx1 vs. wild-type plant under saline condition, (right) both under non-saline condition. Source: Schrauf et al. (2021). (C,D) Transgenic events of delayed senescence. (C) Comparison of senescence of excised leaves of (upper) transgenic Atmyb32:ipt plants with (below) wild-type plants. (D) Comparison of initial tillering between (left) wild-type and (right) transgenic Atmyb32:ipt plants. Source: Voda (2021).
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FIGURE 5. High energy (fructan) transgenic events. (A) Thin-layer chromatography of different samples of soluble sugars from qPCR-positive plants of P. dilatatum. Black arrows indicate the possible presence of kestoses in the sample. As a control C, S = sucrose, neo-K = neo-kestose, 1-K = 1-kestose, and 1-Nys = 1-nystose standards were used. Source: Peralta Roa et al. (2015). (B) HPLC analysis of soluble sugars from qPCR-positive plants. Run of fructose, glucose, ribose, sucrose, saccharose, and kestose standards (upper). Sugar samples of transgenic P. dilatatum (medium). Run of a single qPCR-positive sample of P. dilatatum (lower). Source: Peralta Roa et al. (2015).


The effect of each of these transgenes is being explored and for (3), (4), and (5) stacking them have begun.

Perennial forage grasses form the foundation for grassland agriculture and play important roles in environmental protection and are ideal for certain value-added products because they permit multiple harvests without reestablishment (Bingham and Conger, 1995). Because forage production is generally a low-cash-input system, the most economical way to deliver advanced technology to farmers and ranchers is through the genetic improvement of cultivars (Wang et al., 2001).

Biotechnological approaches will have a huge impact to improve forage yield and quality and tolerances to biotic and abiotic stresses. Wang et al. (2001) claimed the need to drastically improve transformation efficiency and thus allow the production of large numbers of transgenic grasses in a relatively short time period. The latter was especially essential for apomictic forms of P. dilatatum. The robust protocols obtained allow us to consider P. dilatatum as a model species for the molecular improvement of C4 perennial forage species and to study the genetic control of apomixis.

Also, the use of transgenic grasses may provide a cost-effective way of phytoremediation for the control and removal of soil contaminants and can be considered for molecular farming and for ethanol production from lignocellulose feedstocks. However, controversy over genetically modified (GM) crops led to considerable opposition to the cultivation and use of transgenic plants. Probably, technologies, such as intragenic, cisgenic, and genome editing, will reduce the controversy. The controversies and public concerns are not only on the use of GM technology, rather they are also about intellectual property law where biotech companies can play monopoly. Although public concerns might be valid to some extent, research must not slow down on advancing of these promising technologies because such advancements may well lead to yet more powerful technologies in favor of public (Sticklen, 2015).
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Type of Promoter Source Transformed plant Controlled gene References
expression

Constitutive 358 CaMV (Caulifiower Sour orange CTV coat protein Gutiérrez-E et al., 1997
mosaic virus)
Sour orange CTV coat protein Ghorbel et al., 2000
Pineapple Sweet orange  GUS Pefia et al., 1995a
Mexican lime Pefia et al., 1997
Carizo citrange Cervera et al., 1998¢
Pineapple Sweet orange Cervera et ., 1998a
Washington Navel Sweet Bond and Roose, 1998
orange
Gitrange AP1 and LFY Pefia et al., 2001
taborai Sweet orange  GFP Fleming et al., 2000
Pineapple Sweetorange  CPsV hrps" for 54k, coat  Reyes et al., 2011
protein and 24k
Mexican lime CTV hips* for p20,p23  Soler et al., 2012
and p25
Pineapple Sweet orange  Dermaseptin Furman et al,, 2013
Troyer citrange StSnakin-1 Conti et al., 2020
Duncan grapefruit PFT1-scFv Sinn et al., 2021
Wanjincheng Sweet CsSAMT1 Zouetal., 2021
orange
34s Duncan grapefiuit CTV coat protein, RdRp  Febres et al., 2003
and genomic 3 end RNA
MAS Agrobacterium Jincheng and Newhall ShivaAand Cecropin B He et al., 2011
tumefaciens Navel Swest orange
Full length CsCYP, Sweet orange Hamiin Sweet orange aus Erpen et al., 2018
CsGAPC2, and CsEF1
Partial CsCYP, Nicotiana benthamiana Corte et al., 2020
CsGAPC2, and CsEF1
YAO Arabidopsis thallana Carrizo citrange PDS Zhang F. et al., 2017
Embryo-specific  Dc3 Carrot Hamlin Sweet orange VuMybA1 Dutt et al., 2018b
Fruit-specific CitMT45 Satsuma mandarin Velencia Sweetorange  GUS Endo et al., 2007
Pulp and a1t Acid lemon Acid lemon and acidless Sorkina et al., 2011
flower-specific lime
Flower-specific GISEP, GitWAX, Sweet orange Micro-tom tomato Dasgupta et al., 2020
CitJuSac, CitVO1, and
PamMybA
Seed-specific CUMFT1 Satsuma mandarin Tifoliate orange, satsuma Nishikawa et al., 2008

mandarin, Kishu mikan
and Arabidopsis thaliana

Xylem CsPP Madam Vinous orange  Tobacco and Valencia De Azevedo et al., 2006
vessels-specific orange
Phloem-specific roIC Agrobacterium Mexican lime aus Dutt et al., 2012
rhizogenes
RTBV Rice Tungro Bacillform
Virus
RSst Onyza sativa
ASUC2 Arabidopsis thallana
ASUC2, AtPP2 Arabidopsis thaliana Hamiin, Pera and Miyata et al., 2012
Valencia Sweet orange
CsPP2 Sweet orange
ASUC2, AtPP2 Arabidopsis thaliana Hamlin and Valencia Attacin A Tavano et al,, 2019
Sweet orange
CsPP2 Sweet orange Carizo citrange CoFT3 Soares et al., 2020
ASUC2 Arabidopsis thallana
GRP1.8 Phaseolus vulgaris Tarocco blood Sweet Cecropin B Zousetal., 2017
orange
CsPP2.B1and GsVIE2  Sweet orange Carizo citrange aus Bezerra et al., 2021
Pathogen-inducible ~ gst1 Potato Mexican lime hrpN Barbosa-Mendes et al., 2009
Pineapple Sweet orange  Bs2 Sendin et al., 2017
Jincheng Sweet orange  GUS Zouet al., 2014
PPP1, hsr203J Tobacco
PRS Sweet orange Troyer citrange CsMAPK1 De Oliveira et al., 2013
Heat AHSP70BP Arabidopsis thallana Duncan grapefruit, GUS Jiaand Wang, 2014b
shock-inducible Valencia Sweet orange,
Key lime, Carrizo

ditrange, Sour orange,
and Meiwa kumaquat

Stress-inducible ~ AtRD29A Arabidopsis thallana Duncan grapefruitand ~ CsAP1 and CsLFY Orbovi¢ et al., 2021
Valencia Sweet orange

*hrps: Hairpins to induce RNA silencing.
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Citrus Trait Gene of interest Greenhouse/Field  Strategy References

Species/Variety trial

C. sinensis Resistance to Citrus Canker ~ CsLOB1 G Gene editing Peng et al., 2017

C. sinensis WRKY22 G Gene editing Wang et al., 2019

C. sinensis hrpN G Overexpression Barbosa-Mendes et al., 2009

C. paradisi CsLOB1 G Gene editing Jiaetal., 2016, 2017

C. sinensis Attacin A G Overexpression Boscariol et al., 2006; Cardoso

etal., 2010

C. sinensis MdSPDS1 G Overexpression Fuetal., 2011a

C. sinensis Dermaseptin G Overexpression Furman et al., 2013

Troyer citrange Snakin-1 G Overexpression Conti et al., 2020

C. sinensis Peroxidase25 G Overexpression Lietal., 2020

C. sinensis and FLS2 receptor G Overexpression Hao et al., 2016a

Carrizo citrange

C. sinensis Bs2 G Overexpression Sendin et al., 2017

W. Murcott Xa21 G Overexpression Omar et al., 2018

mandarin

Carrizo citrange Resistance to Citrus M-thionin G Overexpression Hao et al., 2016b
Canker and Huanglongbing

C. sinensis Resistance to NPR1 F Overexpression Dutt et al., 2015
Huanglongbing

C. sinensis Cecropin B G Overexpression Zou et al,, 2017

C. aurantifolia B-defensin 2 and GandF Overexpression Guerra-Lupian et al., 2018

Lysozyme
C. sinensis SAMTA G Overexpression Zou et al., 2021
Citrus sp. SOD2 and SOD7 GandF Overexpression EPA-HQ-OPP-2014-0834,
F.-9926-99, 2015

C. sinensis Reduced attraction to (E)-B-caryophyllene G Overexpression Alguézar et al., 2021
Diaphorina citri synthase

C. sinensis Resistance to CPsV CPsV coat protein G RNA silencing Reyes et al., 2011

C. aurantifolia Resistance to CTV CTV p25 coat protein F Overexpression Dominguez et al., 2002

C. aurantifolia CTV p23 from CTV F Overexpression Soler et al., 2012

C. aurantifolia Drought and Salinity CBF3 G Overexpression Romero-Romero et al., 2020
Tolerance

C. sinensis B-carotene content Csp-CHX G RNA silencing Pons et al., 2014

synthesis
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Publication number:
WO/2015/196275
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1

9

Primer pairs used for am,

F: AACTATTTTATGCTCTAAGAAAGT
R: TITGTTATGAAGTGAGTCATGA
F: AAGTCCCATTTGTTATAGTAGA
R: TTIGACAAGCTCATGTATCTC

F: GGCCAGTATTCTCTGCTC

R: CTAGTTCTGAAGTGAGTCGTG
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EventID Generation :n:ll:::i

Mean+SD
2155-A T 2 1612028
2155-8 T 2 073058
2155-C T 2 0.46:0.06
2156-D To 1 029
2155-E T 3 0992052
2155-A-1 m 4 1.49£0.73
PAHC25-1-1-1 T2 2 3:8120.40

*A 299bp sequence in SbAIs promoter region was used for 2155 events; a 263bp
sequence in gus gene coding region was used for PAHC25 event. See section
Materials and Methods and Supplementary Table S2b for details.
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media seeds seeds rate (%) induction
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1 1/2M8 a7 28 75.68 MSWs7
2 6058
3 MSVS34 35 23 65.71 MSWs7
4 6058

*Regeneration rates with same letters are not statistically significantly different.
WS, whori segment.

Callus induction

Total
number of
ws

No. of WS
forming
callus

Callus
induction
rate (%)

100.00
9167
9091
9091

Regeneration*

No. of WS
regenerated

~awmo

Plant
regeneration
rate (%)

0.0
18.2%
50.0%
70.0°





OPS/images/fpls-12-786328/cross.jpg
3,

i





OPS/images/fpls-12-786328/fpls-12-786328-g001.jpg
Transformation receptor Miatliils Application
Agrobacteriitm-Mediatcd insect
herbicide

Gene gun
wood material

disease
Pollen-tube
abiotic stress
©
flowering regulation
Protoplast

. hormone regulation
Instantaneous transformation






OPS/images/fpls-12-767522/fpls-12-767522-t002.jpg
Crop

Nicotiana benthamiana
harboring a 35S:Cas9
transgene

Nicotiana benthamiana
harboring a 35S:Cas9
transgene

Vitis vinifera (Pixie Pinot
Meunier Purple)

Solanum tuberosum
(Ranger Russet)

Wheat Kronos

Desert King

Fielder

Cadenza

Hahn

Kronos

Triticale

Citrus

Rice Kitaake

Breeding line UC3184

Transcription factor
combinations

All combo = Wus2/STM/BBM/

MPA/ipt, Wus2 + ipt,
Wus2 + STM, ipt

Wus2/ipt, Wus2 + ipt

nos:ZmWus2 +
35S:ipt 4+ 35S:MP
A + 355:STM +
AtUbi10:BBM

ipt, ipt/Wus2

GRF4-GIF1, GRF4-GIF2,
GRF4-GIF3, GRF5-GIF1,
GRF1-GIF1, GRF9-GIF1
GRF4-GIF1
GRF4-GIF1
GRF4-GIF1

GRF4-GIF1

GRF4-GIF1/CRISPR-Cas9-

gRNA-Q

GRF4-GIF1

Citrus GRF-GIF

Vitis GRF-GIF

Vitis rtGRF4-GIF1

GRF4-GIF1

Best transcription factor

combinations

Wus2 + ipt, ipt alone, All
combo

Wus2/ipt

nos:ZmWus2 +
35S:ipt +
35S:MPA +

35S:STM + AtUbi10:BBM

(Unigue combination
tested)

Data not shown

GRF4-GIF1

GRF4-GIF1 (Unique
combination tested)
GRF4-GIF1 (Unique
combination tested)
GRF4-GIF1 (Unique
combination tested)
GRF4-GIF1 (Unique
combination tested)
GRF4-GIF1/CRISPR-
Cas9-gRNA-Q (Unique
combination tested)

GRF4-GIF1 (Unique
combination tested)

Vitis rGRF4-GIF1

GRF4-GIF1 (Unique
combination tested)

Reporter gene

Luciferase

Luciferase

Luciferase

Luciferase

Transformed
plant material

Soil-grown
plants

Soil-grown
plants

Soil-grown
plants

Soil-grown
plants

Immature
embryos

Immature
embryos
Immature
embryos
Immature
embryos

Immature
embryos
Immature
embryos

Immature
embryos
Citrus epicotyls
Citrus epicotyls

Citrus epicotyls

Callus

Edited
gene

PDS

gene Q
(AP2L-AS5)

Observed
phenotype

Distorted
morphology and
luminescence
Green, green and
white chimeric,
white and distorted
shoots

Normal transgenic
shoots

Abnormal shoots
and transgenic
shoots
Transgenic normal
and fertile wheat
plants

Green shoots

Green shoots

Normal and fertile
wheat plants

Green shoots

Plants with an
increased number
of florets per
spikelet

Green shoots

Mostly normal
shoots

Mostly normal
shoots

Normal and
abnormal shoots
Shoots

Time
consumed
(days)

62

Data not shown

40

100

60

60

60

60

60

60

60

60

120

120

70-80

Average
regenera-
tion

Data not
shown

Data not
shown

Data not
shown

Data not
shown

65.1

63

62
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Carbon-based NPs

PEG functionalized CDs

PEI-modified CDs (CDP)

SWCNTs

MWCNTs

CNTs

SWCNTs MWCNTs

PEI-modified CDs (CDP)

Plant species

Wheat, maize, barley, and
sorghum

Rice

Nicotiana tabacum

Nicotiana tabacum

Arugula, watercress, spinach,
tobacco and Arabidopsis
thaliana

Nicotiana benthamiana,
arugula, wheat, and cotton

Nicotiana benthamiana and
tomato

Modes of application

Spray on leaves

— Smearing plants leaves and

soaking roots of mature rice
plants -Dipping and vacuum
mature rice embryo induced
callus

Incubation of protoplasts with
NPs solution

Incubation of protoplasts and
leaf explants treated by
carborundum with NPs solution
Incubation of mesophyll
protoplasts and infiltration of
leaves

Infiltration of leaves and
incubation of protoplasts

Low-pressure
spray + spreading surfactant
leaves

Genetic modification

— Transient expression of GFP,

Cas9, gRNA -Edition of SPO11

genes through Cas9

— Transient expression of
Hydamycin resistance gene
and B-glucuronidase

— Transient expression of yfo
reporter gene

— Transient expression of nptl!
gene

— Transient expression of yfp
reporter gene

— Transient expression of
GFP-encoding DNA plasmids
or linear PCR amplicons

— siRNA for silencing GFP
transgene -siRNA for silencing
two subunits of endogenous
magnesium chelatase

References

Doyle et al., 2019

Wang et al., 2020

Burlaka et al., 2015

Burlaka et al., 2015

Demirer et al., 2019b

Kwak et al., 2019

Schwartz et al., 2020
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Gene edited plant
reagents
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* CRISPR-Cas9

—>=—>_>_,

Callus Stages of Shoot Root

Explant : A
selected 1'_';(’;?:‘2:3 selection induction induction
Agrobacterium carring
CRISPR-Cas9 'SgRNA + Edlted Shoot'like
DR combinations strsetures tonm

Meristem
removal

v

Gene edited plant

Cas9-expressing
Nicotiana
benthamiana
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Goal

Resistance to
grapevine fanleaf virus
(GFLV)

Resistance to viruses
and bacteria

Resistance to GFLV
and Arabis Mosaic
Virus

Resistance to fungi

Resistance to GFLV

Resistance to powdery
mildew and
anthracnose

Resistance to fungi

Resistance to bacterial
diseases

Resistance to Botrytis
cinerea

Resistance to Uncinula
necator and
Plasmopara viticola

Integrated sequence

CP (chimeric Coat
Protein gene)

TomRSV-CP (Tomato

RingSpot Virus Coat
Protein)/Shiva-1 (lytic
peptide gene)

GFLV CP (Grapevine
FanLeaf Virus Coat
Protein)/ArMV CP
(Arabis mosaic virus
Coat Protein)
Glucanase and
chitinase/chitinase and
RIP (Ribosome
Inactivating Protein)
GFLV CP (Grapevine
FanLeaf Virus Coat
Protein)

RCC2 (Rice Chitinase
gene)

SP (Signal Peptide from
pea vicilin
protein)/mag2
(magainin class
gene)/PGL
(Peptidyl-Glycine-
Leucine)

mag2 (natural
magainin-2)/MS199 (a
synthetic derivate)
pPgip (pear
Polygalacturonase-
inhibiting protein
gene)

Chitinase and RIP
(Ribosome-Inactivating
Protein from Hordeum
vulgare)

Cultivar

Chardonnay

Thompson Seedless

Rusalka

Riesling, Dornfelder and
Muller-Thurgau

Rusalka

Neo Muscat

Chardonnay

Chardonnay

Chardonnay and
Thompson Seedless

Seyval blanc

Type of explant

Embryogenic cell
suspensions (from anthers)

Somatic embryos (from
leaves)

Embryogenic callus

(from immature ovules and
vegetative tissues of
anthers)

Somatic embryos (from
anther)

Embryogenic cultures (from
immature zygotic embryos
and leaves)

Embryogenic callus (from
ovules)

Embryogenic cell
suspensions (from anthers
or ovaries)

Embryogenic cell
suspensions

Embryogenic callus (from
anthers)

Leaf disks

Transformation
method

Agrobacterium
infection

Biolistic
transformation and
Agrobacterium
infection
Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Biolistic
transformation

Biolistic
transformation

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
strain

LBA4404

EHA101/EHA105

LBA4404

LBA4404

LBA
4404/GV3101

LBA4404

EHA 101

LBA 4404

Reporter gene

B-glucuronidase
(GUS)

B-glucuronidase
(GUS)

B-glucuronidase
(GUS)

B-glucuronidase
(GUS)

B-glucuronidase
(GUS)

B-glucuronidase
(GUS)

B- glucuronidase
(GUS)

B-glucuronidase
(GUS), pear
polygalacturonase
inhibiting protein
gene (PGIP), green
fluorescent protein
gene (GFP)

Antibiotics

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

References

Mauro et al.,
1995

Scorza et al.,
1996

Golles et al.,
1997

Harst et al.,
2000

Tsvetkov et al.,
2000

Yamamoto
et al., 2000

Vidal et al.,
2003

Vidal et al.,
2006

Aguero et al.,
2006

Bornhoff et al.,
2005





OPS/images/fpls-12-767522/fpls-12-767522-t001b.jpg
Resistance to GFLV

Resistance to
phylloxera

Resistance to fungal
diseases

Resistance to cold
stress

Tolerance to abiotic
stress

Tolerance to powdery
mildew

Resistance to powdery
mildew, black rot, and
sour-bunch rot
Resistance to Pierce’s
disease

Tolerance to
Plasmopara viticola

Resistance to water
stress

Tolerance to freezing

Resistance to
Root-Knot nematodes

GFLV CP (Grapevine
FanLeaf Virus Coat
Protein)

CYP79A and CYP71E1
(cytochrome p450 from
Shorgum)/sbHMNGT
(UDPG
glucosyltransferase-
from Shorgum)

STS (stilbene synthase
gene)

AtDREBT1b (dehydration
response element
binding transcription
factor in Arabidopsis
thaliana)

Ferritin gene (MsFer)
from Medlicago sativa
(alfalfa)

Chi11 (rice chitinase
gene)

witl-1 (Vitis vinifera
thaumatin-like protein)

PGIP (signal peptide
with a lytic domain
derived from cecropin)
Chitinase and
B-1,3-glucanase
WPIP2;4N gene
(PIP-type aguoporine
gene)

WCBF4 (C-repeat
binding factor gene)
PART27-42 (RNA
interference silencing a
conserved Root-Knot
nematode effector gene
16D10/pART27-271)

Nebbiolo Lumassina and
Blaufrankisch

Sultana

Thompson Seedless

Centennial Seedless

Transgenic Vitis
berlandieri x Vitis rupestris
cv. ‘Richter 110’ grapevine
rootstock lines
Pusa Seedless

Thompson Seedless

Thompson Seedless

Crimson Seedless

Brachetto

Freedom

Chardonnay

Embryogenic callus (from
anthers and ovaries)

Embryogenic callus and
whole plants to generate
hairy roots

Embryogenic callus (from
anthers)

Leaf disks

Embryogenic callus (from
anthers)

Embryogenic callus (from
leaves)

Somatic embryos (from
leaves)

Embryogenic callus

Somatic embryos (from
leaves)

Embryogenic callus

Embryogenic callus (from
immature anthers)

Hairy roots

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection
Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection
Agrobacterium
infection

Agrobacterium
infection
Agrobacterium
infection

LBA4404

EHA105/A4

GVv3101

LBA4404

EHA 105

LBA4404

EHA 105

EHA 105

LBA4404

LBA4404

EHA 105

A4

Green fluorescent
protein gene (GFP)

B- glucuronidase
(GUS), green
fluorescent protein
gene (GFP)

Green fluorescent
protein gene (GFP)

B- glucuronidase
(GUS)

Kanamycin

Kanamycin

Hygromycin

Kanamycin

Kanamycin

Hygromycin

Kanamycin

Kanamycin

Kanamycin

Kanamycin

Hygromycin

Kanamycin

Gambino et al.,
2005

Franks et al.,
2006

Fan et al., 2008

Jinet al., 2009

Zok et al., 2009

Nirala et al.,
2010

Dhekney et al.,
2011

Dandekar et al.,
2012

Nookaraju and
Agrawal, 2012
Perrone et al.,
2012

Tillett et al.,
2012
Yang et al.,
2013
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Resistance to Botrytis
cinerea

Resistance to Botrytis
cinerea and Erysiphe
necator

Resistance to Pierce’s
disease

Resistance to powdery
mildew

Resistance to powdery
mildew

Resistance to downy
mildew disease

Resistance to powdery
mildew

Tolerance to
Plasmopara viticola

Vstl (grapevine stilbene
synthase)

ech42
(endochitinase)/ech33
(endochitinase)/nag70
(N-acetyl-b-
Dhexosaminidase
gene)

LIMA-A (synthetic gene
encoding a lytic
peptide)

VpSTS (Vitis
pseudoreticulata
stylbene synthase)

VpPR4-1
(pathogenesis-related
protein from Vitis
pseudoreticulata)
VaTLP (thaumatin-like
protein related to
pathogenesis)
VpRH2 (RING-H2 type
ubiquitin ligase gene)
VPPR10.1
(pathogenesis-related
gene)

Sugraone

Thompson Seedless

Thompson Seedless

Chardonnay

Red Globe

Thompson Seedless

Thompson Seedless

Thompson Seedless

Embryogenic callus

Somatic embryos (from
leaves)

Somatic embryos (from
leaves)

Embryogenic callus,
proembryonic masses,

somatic embryos (anthers,
ovaries and whole flowers)

Pro-embryonic masses
(from immature stamens)

Pre-embryogenic callus
(anthers)

Somatic embryos

Pro-embryonic masses
(from anthers)

Agrobacterium
infection
Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection

Agrobacterium
infection
Agrobacterium
infection

EHATOS

EHA105

EHA105

Gv3101

GV3101

EHA105

GV3101

Gv3101

Green fluorescent
protein gene (GFP)

Green fluorescent
protein gene (GFP)

B-glucuronidase
(GUS)

Green fluorescent
protein gene (GFP)

Kanamycin

Kanamycin

Kanamycin

Hygromycin

Kanamycin

Kanamycin

Dabauza et al.,
2014

Rubio et al.,
2015

Lietal, 2015

Dai et al., 2015

Dai et al., 2016

He et al., 2016

Wang et al.,
2017

Suetal., 2018
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Tree species

Rosa hybrida
Camptotheca acuminata
P alba x P glandulosa
P, .alba x R glandulosa

Characteristics

Flower development
Synthesis of camptothecin
Salt tolerance
Regulation mechanism of xylem development

Gene

RhSAG
pBI121
PdPTP1
eYGFP

Transformation receptor

Cutting seedlings
Seed
Leaf
Stem

References

Wang et al., 2014
Wang B. et al., 2018
Lu et al., 2020
Lietal, 2021b
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Tree species

P, tomentosa

Euonymus japonicus ‘Cu Zhi’
Juglans

P, trichocarpa

P, tremula x P alba
Eucommia ulmoides

Lycium ruthenicum Murr
Populus leucopyrami-dalis 1, L1
P, simonii x P, nigra

Pyrus betulaefolia

Betula luminifera
Cunninghamia lanceolata

Transformation receptor

Tissue culture seedling

Hypocotyl
Somatic embryo

Stem sections of 5-6-month-old trees

Leaf disk
Leaf
Hypocotyl
Leaf disk
Leaf disk
Seedlings
Leaf
Stem

Gene

Antisense CCOAOMT
GAN

GUS

GUS
BpMBF1
PsnHDZ63
mCherry
GUS,GFP
GUS

Infection time

15-20 min
40 min
10-15 min
3-5 min
10 s-30 min
10 min
5 min
8-10 min
10 min
3h
20 min

Co-culture time

2-3 days
3 days
2 days
2 days

2-3 days
3 days
2 days
4 days

2-3 days
18-45d
30 days
3 days

References

Zhao et al., 2004
Shang et al., 2008
Wang, 2015
Wang, 2015
Bruegmann et al., 2019
Liu et al., 2020
Wang et al., 2020
Wang, 2020

Guo et al., 2021
Hao et al., 2021
Liu et al., 2021
Wei et al., 2021
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Tree species Characteristics Gene Transformation receptor References

P, nigra Insect resistant Bt Leaf Li et al., 2000
Citrus medica Selection marker GUS Leaf disk Zhou et al., 2005
P, euramericana cl. ‘Bofeng 1’ Abiotic stress JERF36; SacB; ZxZF; GST; AREB Leaf disk Cui, 2012
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Plant receptors Characteristics Gene References

Juglans regia L. Fruit setting rate Ve Hou et al., 2004
Armeniaca vulgaris Lam Cold hardiness AFP Sun et al., 2005
P, tomentosa x P. bolleana; P, Salt resistance P, euphratica  Chen, 2008
alba x R Tomentosa; Oliv. DNA
P, alba x P, glandulosa
Juglans regia L. Fruit setting rate; Bar Liu, 2012
herbicide
resistance
Populus x Liaoningensis Character P alba DNA  Zhao, 2016

x NOO1 P deltoids cv. ‘NOO1’ combination
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Tree species

Elaeis guineensis

P, davidiana x P. bolleana
P, trichocarpa
Cunninghamia lanceolata
Elaeis guineensis Jacq.

Characteristics

Insect resistant

Subcellular localization
Cells divide and regenerate
Increase in conversion rate

Gene

GFP
cry3Bb
BpFLA20
GFP
GFP; REP

Transformation receptor

Embryogenic cell
Leaf
Leaf
Secondary xylem
Leaf

References

Masani et al., 2014
Xu et al., 2020
Yu et al., 2020
Wei et al., 2021
Wang et al., 2021c
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Tree species

P, tremula x P alba

P, deltoides x P simonii
P, deltoides x P simonii
P, tremula x P alba
Juglans nigra

Betula platyphylla

P, tremula x P tremuloides
P, tremuloides

P, pseudocerasus

P, deltoides

triploid P. tomentosa

P, tomentosa Carr
Cinnamomum camphora
P, tremula x P tremuloides
P, tremula x P alba

P, tremula x P, alba;

P, nigra x R maximowiczii
P, tremula x P alba

P, tomentosa Carr.

P, ciliata Wall.

P, .euramericana cv.

P alba x P tremula var. glandulosa
P, davidiana x P. bolleana

P alba x P tremula var. glandulosa,
P alba x P glandulosa

P, simonii x P, nigra

P, euramericana

P, davidiana x P. bolleana

P, davidiana x P. bolleana

P, simonii x P, nigra

P, densiflora and P, trichocarpa

P, deltoides x P euramericana
‘Nanlin895’

P, alba x P glandulosa
P, canescens
P, euramericana cv.

P, tomentosa Carr.

P, tomentosa

P, alba x P glandulosa
P, alba x P, glandulosa
P, Leucopyrami -dalis 1
P, alba x P glandulosa

P, simonii x P, nigra
Betula platyphylla

Trait

Wood material improvement
Insect-resistant
Insect-resistant

Herbicide resistance
Antimicrobial properties
Insect-resistant

Insect-resistant
Wood material improvement

Antimicrobial properties
Disease resistance
Lignin

Insect-resistant
Selection markers
Herbicide resistance

Disease resistance

Wood material improvement
Disease resistance

Wood material improvement
Cell wall remodeling

Wood material improvement
Salt tolerance

Woody biomass

Drought resistance, salt and
cold tolerance

Salt tolerance

Insect resistant, salt tolerance
Insect resistant

Biomass production

Salt and pathogen resistant
Woody biomass

Drought resistance/salt
tolerance

Adventitious rooting
Wood material improvement

Drought resistance and salt
tolerance

Trichome development
Wood quality

Root development

Salt tolerance

Low temperature stress

Root growth and drought
resistance

Salt tolerance
Abiotic Stress

Gene

CCoAOMT
Bt

AalT

gsh !
ThEn-4

Insecticidal peptide gene of spider;
Nptll; GUS

Cry8Aa

Pt4CL,;

LsCAId5H

Cecropin B/Shiva A
CH5B

Antisense CCoOAOMT
Cry1Ac; APl
GUS/GFP
BARNASE;

BAR

PtWRKY23

GS1a
Bbchit1,
LJAMP2
anti-CAD
PtrMANG
PAGA200x1
PtSOS2
PAGA200x1
CcodA

ERF76

Cry1Ac, Cry3A, BADH

Cry1Ac + SCK, Cry1Ah3, Cry9Aa3
PtCYP85A3

PsnWRKY70
PAGA200x1/PtrMYB221

DRS1

PagFBL1
PCBER1
PtHMGR

miR319a; TCP19
PtSS3

PtoWUSa
PtHDT902

Bp MBF1
PaNF-YB21

PsnHDZ63
BpERFI8

Transformation receptor

Leaf disk/stem

Stem

Leaf disk/stalk

Leaf disk

Somatic embryo
Leaf disk; stem; stalk

Stem
Leaf disk

Stem tip

Leaf disk
Seedling

Leaf disk
Embriotic callus
leaf disc/stem

Leaf disk

Stem
Leaf disk

Stalk
Leaf disk
Stem
Leaf disk
Leaf disk
Shoots

Twigs
Leaves
Leaves
Seedlings
Leaf disk
Leaf disk
Leaf disk

Seedlings
Leaf disk

Leaf disk
Leaf disk
Root
Stem
Leaf disk
Leaf disk

Leaf disk

References

Meyermans et al., 2000
Rao et al., 2000

Wu et al., 2000

Guliner et al., 2001
Tang et al., 2001

Zhan et al., 2001

Génissel et al., 2003
Lietal., 2003

Wang et al., 2003
Meng et al., 2004
Zhao et al., 2004
Li etal., 2007

Du et al., 2008

Li et al., 2008

Levee et al., 2009

Coleman et al., 2012
Huang et al., 2012

Thakur et al., 2012
Zhao et al., 2013
Park et al., 2015
Yang et al., 2015
Jeon et al., 2016
Ke et al., 2016

Yao et al., 2016
Yang et al., 2016
Ding et al., 2017
Jinetal., 2017
Zhao et al., 2017
Cho et al., 2019
Kourosh et al., 2018

Shu et al., 2019
Bruegmann et al., 2019
Wei et al., 2020

Fan et al., 2020

Li etal., 2020a

Li etal., 2020b

Ma et al., 2020
Wang, 2020

Zhou Y. et al., 2020

Guo et al., 2021
Lietal, 2021a
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Genome editing
technology

TALEN

TALEN and
CRISPR/Cas9

CRISPR/Cas9

CRISPR/Cas9

DNA repair
pathway

NHEJ

NHEJ

NHEJ

HDR/NHEJ

NHEJ

NHE

NHEJ

NHEJ

Delivery approach

Agrobacterium tumefaciens

Protoplast transfection with
DNA vector

Protoplast transfection with
DNA vector

Agrobacterium tumefaciens
transformation plus donor
vector (MStALS)

Agrobacterium tumefaciens

Agrobacterium
tumefaciens-mediated
agroinfiltration

Agrobacterium tumefaciens
with either a conventional
T-DNA or a modified
geminivirus T-DNA

Agrobacterium tumefaciens

Agrobacterium tumefaciens
with either a conventional
T-DNA or a modified
geminivirus T-DNA
Agrobacterium tumefaciens

Protoplast transfection with
DNA vector

Agrobacterium tumefaciens
Agrobacterium tumefaciens
Agrobacterium rhizogenes

Protoplast transfection with

RNP
Agrobacterium tumefaciens

Genotype

cv. Sassy

cv. Desiree

cv. Ranger Russet

cv. Ranger Russet

cv. Sayaka

cv. Shepody and cv.
Russet Burbank

cv. Desiree and diploid
self-incompatible
breeding line,
MSX914-10 (X914-10)

DM

cv. Desiree and diploid
self-incompatible
breeding line,
MSX914-10 (X914-10)

cv. Desiree
cv. Kuras

S. tuberosum group
Phureja S15-65 clone

DRH-195 and
DRH-310
cv. Mayqueen

cv. Kuras

cv. Sayaka

Target gene

Sterol side chain reductase 2
(SSR2)

Acetolactate synthase (ALS)

Vacuolar invertase (Vinv)

Acetolactate synthase (StALS)

Granule-bound starch synthase
(GBSS)

Granule-bound starch synthase
(GBSS) and vacuolar invertase
(Vinv)

Acetolactate synthase (ALS)

Phytoene desaturase (PDS) and
StAA2 gene (encoding an Aux/IAA
protein)

Acetolactate synthase (ALS)

Transcription factor gene MYB44

Granule-bound starch synthase
(GBSS)

S-locus RNase (S-RNase)

S-locus RNase (S-RNase)

Steroid 16a-hydroxylase (St76D0X)
Granule-bound starch synthase

(GBSS)

Granule-bound starch synthase
(GBSS)

Objective

Functional genomics

Proof of concept

Nutritional quality. Reduction of
cold-induced sweetening (CIS)
Herbicide resistance. Targeted
T-DNA integration.

Construction of a Gateway-assisted
TALEN system
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Constructs tested *No. of explants No. of explants positive

No. of explants positive

No. of explants PCR

screened for GFP for GFP gene based on for GFP expression and positive for GFP gene
expression PCR analyses (%) PCR analyses (%) but lacking GFP
expression (%)
pILTAB602 (1LB + GFP in VBB) 100 80 (80) 37 (37) 43 (43)
pILTAB607 (2LB + GFP in VBB) 80 49 (61) 19 (23) 30 (38)
pILTAB608 (3LB + GFP in VBB) 90 42 (47) 14 (15) 28 (31)

Explants- FEC, friable embryogenic callus; * Data obtained from 2 independent experiments.
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Total number of Number of plants Transgenic root Positive Total number of Transformation
infected plants with induced induction transgenic hairy induced hairy efficiency
hairy root efficiency root lines root
K599 145 41 28.3% 118 123 95.9%
C58C1 153 0 0 0 0 0
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Up-regulated Proteins found in 0.10% PF-68 when compared to control (0% PF-68)

1 Probable histone H2A.1 Q67143
2 Thioredoxin Y, chioroplastic Q5IMRY
3 Feredoxin-dependent glutamate synthase, chloroplastic QB9RJO
4 Feredoxin-NADP reductase, root isozyme, chioroplastic P41345
5 Probable L-ascorbate peroxidase 6, chloroplastic/mitochondrial POCOL1
6 Glutamate synthase 1 [NADH], chioroplastic QOUIKDO
7 Chaperone protein CIpC1, chioroplastic QrFalt

8  Cupincin ags2L2
9 Phenylalanine ammonia-lyase P14717
10 Non-specific lipid-transfer protein 3 Qavis
11 Putative 12-oxophytodienoate reductase 4 QB9THS
12 Proteasome subunit alpha type-3 QaLSUo
Down-regulated Proteins found in 0.10% PF-68 when compared to control (0% PF-68)
1 Probable histone H2A variant 2 Q8s8s7
2 60S ribosomal protein L3O Q9SDGE
3 GTP-binding nuclear protein Ran-2 Q7GD79
4 Smallubiquitin-related modifier 1 P55857
5 268 proteasome regulatory subunit 6A homolog P46465
6 Mitochondrial outer membrane protein porin 5 Q84Pa7
7 Lascorbate peroxidase 1, cytosolic QioN21
8 Betaine aldehyde dehydrogenase 1 024174
9 Chitinase 2 Q7DNA1
10 608 ribosomal protein L37a-2 PODKK2
11 Histone H3.3 QoucTi
12 Tubulin alpha-1 chain P28752
13 Probable aldo-keto reductase 2 Q7xTe9
14 Tripeptidyl-peptidase 2 QGESI7
15 5-methyltetrahydropteroyitrigiutamate-homocysteine methyltransferase 1~ Q2QLY5
16 Expansin-A7 Qss2A1
17 Plasma membrane ATPase Q7xpY2
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Material Induction  Proliferation = Regeneration  Final

Relincho (glasshouse) 82.32 85.22 87.3%b 61.22
Relincho R1 (1st year) 98.6° 90.12 95.5° 84.8°
Relincho R2 (field) 74.08 85.02 82.52 51.92
Relincho R1 (2nd year) 1000 98.72 80.92 79.80

Different letters indicate significant differences, G-test, (p < 0.05). Source: Schrauf,
2009.
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Genetic sources

Callus

induction (%)

Species Accessions Genotypes without with
PEG PEG
Paspalum dilatatum  Relincho Apomitic genotype 69° 814
Paspalum dilatatum  Virasoro Sexual population 56° 692
Paspalum dilatatum  Las Chilcas Apomitic population 21b 502
Paspalum dilatatum  Paysandu Apomitic population 14P 542
Paspalum dilatatum  Cuculld Apomitic population 5b 232
Paspalum dilatatum  Campomar Apomitic population o 6
Paspalum dilatatum  La Trobe Apomitic population oP 82
Paspalum dilatatum  Covas Apomitic genotype 610 832
Paspalum dilatatum ~ Muller Apomitic genotype 482 532
Paspalum dilatatum  Alonso Apomitic genotype 37° 662
Paspalum dilatatum  Villar Apomitic genotype 170 612
Paspalum urvillei Fauba Sexual population 174 142

Different letters indicate significant differences within rows, G-test, (o < 0.05).
Source: Schrauf, 2009.
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Cultivar Agrobacterium  Total # leaf segments % explants % GFP(+) EC® # shoots/ GFP(+) % GFP(+) EC  Overall transformation

strains! infected? formed callus EC® produced albino® frequency (%)*
Summer No infection 150 156.3 £ 6.1 0.0 0.0 0.0 0.0
LBA4404THY- 500 144 +£56 7.6+ 3.6 53+19 175+ 195 6.0£39
EHA105THY- 500 78+19 1.4 +£0.9 3.8+16 43.3 £ 36.5 08+0.8
Blackwell No infection 150 16.3+7.0 0.0 0.0 0.0 0.0
LBA4404THY- 500 11.6+£35 48+2.2 1.0+£1.2 20.0 +44.7 30+£12
EHA105THY- 500 54+25 10+£1.2 1.2+1.6 0.0 06+09

1Both strains carry PHP93739 (Figure 1A) and PHP71539 vir helper plasmid (Anand et al., 2018).

2Data from five independent infection experiments (100 x leaf segments per infection) for each strain.

3EC, embryogenic callus; Mean percentage + Standard Deviation from five independent infection experiments for each strain.

4Transformation frequency defined as the percentage of rooted shoots of total infected immature leaf segments. Mean percentage + Standard Deviation from five
independent infection experiments for each strain.
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Medium

YP

Resuspension Medium
(RM)

Co-cultivation Medium
(CCM)

Callus Induction
Medium (CIM)

Shoot Induction
Medium (SIM)

Seed
Germination/Rooting
Medium (SG/RTM)

Composition and preparation

10 g/L NaCl, 5 g/L yeast extract, 10 g/L peptone,

15 g/L Bacto™ agar, pH 7.0; autoclave; cool down to
55°C; add 50 mg/L thymidine, 50 mg/L spectinomycin,
50 mg/L gentamicin, all filter-sterilized.

10 mL/L MS major salts stock', 1 mL/L MS minor salts
stock?, 0.5 mL/L MS FeSO4/EDTA stock?, 5 mlL/L MS
vitamins stock®, 30 g/L sucrose, pH 5.4; autoclave;
cool down to 55°C; add 4 mg/L 2,4-D, 50 mg/L
thymidine, 100 wM acetosyringone, all filter-sterilized.
10 mL/L MS major salts stock', 1 mL/L MS minor salts
stock?, 0.5 mL/L MS FeSO,4/EDTA stock®, 5 mL/L MS
vitamins stock®, 30 g/L maltose, pH 5.4, 6 g/L.
Phytagel™ autoclave; cool down to 55°C; add 4 mg/L
2, 4-D, 0.8 mg/L BAP, 50 mg/L thymidine, 100 M
acetosyringone, all filter-sterilized.

MS basal medium with 30 g/L maltose, pH 5.8, 6 g/L
Phytagel™, autoclave; cool down to 55°C; add 4 mg/L
2,4-D, 0.8 mg/L BAP, 2 mg/L L-proline, 150 mg/L
timentin, 100 WM acetosyringone (optional), all
filter-sterilized.

MS basal medium with 30 g/L maltose, 3 g/L
Phytagel™ pH 5.8; autoclave; cool down to 55°C; add
filter-sterilized BAP at 0.5 mg/L.

MS basal medium with 30 g/L maltose, pH 5.8, 3 g/L
Phytagel™, autoclave; cool down to 55°C.

1 MS major salts stock (10x): 19 g/L KNOs, 16.5 g/ NH4NOs, 4.4 g/L
CaClp.2H20, 3.7 g/L MgSQO4.7H20, 1.7 g/L KHaPOy.

2 IS minor salts stock (100x): 620 mg/L H3BOs, 2.5 mg/L. CoClo .6H»0, 2.5 mg/L
CuS04.5H20, 2230 mg/L MnSO4.4H20, 83 mg/L Ki, 25 mg/L Na2MoOy4.2H»O,

860 mg/L ZnSQO4.7H20.

3 MS FeSO,/EDTA stock (100x): 2780 mg/L FeSO,4.7H» O, 3670 mg/L. FeNaEDTA.
4 MS vitamins stock (200x): 400 mg/L glycine, 20 g/l myo-inositol, 100 mg/L
nicotinic acid, 100 mg/L pyridoxine HCI, 10 mg/L thiamine.
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Nutrient content (ppm)
Samples

Control
0.04% PF-68
0.10% PF-68

K

40,600
42,600
39,500

Mg

1,600
1,600
1,500

2,200
2,500
2,400

700
700

Fe

270.00
281.40
291.50

86.89
89.84
87.08

2.08
218
217

101.00
126.20
127.10
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No Protein name Uniprot General function
accession no.

Up-regulated proteins found in 0.04% PF-68 when compared to control (0% PF-68)

1 Apha-amylase isozyme 3A P27932 Carbohydrate Metabolism
2 Heat shock 70 kDa protein BIP4 Q75HQ0 Stress Response

3 60S ribosomal protein L10a B7F845 Protein Biosynthesis

4 Non-specific lipid-transfer protein 1 QoIKY Transporter Protein

5 Obg-like ATPase 1 Qsz1J6 Stress Response

6 GDP-mannose 3,5-epimerase 2 Q2R1VE Secondary Metaboltes Biosynthesis
7 Cysteine proteinase inhibitor 4 Q5N806 Plant Defense

8 Actin-2 A3CED7 Signaling and Celluiar Process
9 Germin-like protein 3-6 Q851K1 Plant Defense

10 Nucleosome assembly protein 11 Q5VNDB Translational Modification

11 Oyanate hydratase QOFWKA Nitrogen Metabolism

12 408 ribosomal protein S21 P35687 Protein Biosynthesis

13 Proteasome subunit alpha type-7-8 Q0J006 Protein Biosynthesis

14 Elongation factor 1-delta 1 Q40680 Protein Biosynthesis

15 Ferredoxin-NADP reductase, root isozyme, chloroplastic P41345 Transporter Protein

16 Histone H3.2 Q2RADY Signaling and Celutar Process
17 Cinnamyl alcohol dehydrogenase 7 QOJA7S Phenylpropancid Biosynthesis
18 Actin7 POC540 Signaling and Celluiar Process
19 Thioredoxin-like protein CXXS1 QOJOV5S Translational Modification

20 Delta-aminolevulinic acid dehydratase, chioroplastic Qs578v9 Secondary Metaboltes Biosynthesis
Down-regulated Proteins found in 0.04% PF-68 when compared to control (0% PF-68)

1 Villin-6 QU716 Signaling and Cellular Process
2 Elongation factor Ts, mitochondrial Qezus7 Protein Biosynthesis

3 Peroxidase 2 QOD3NO Phenylpropancid Biosynthesis
4 Protein argonatte 1A QSEU14 NA

5 Neutral ceramidase QoJL4s Lipid Metabolism

6 Peroxiredoxin-2C QOFR35 NA

7 Glutamate dehydrogenase 2, mitochondial Qa3E23 Amino Acid Biosynthesis

8 12-oxophytodiencate reductase 1 Q84QK0 Lipid Metabolism

9 NADP-dependent malic enzyme, chioroplastic P43279 Carbohydrate Metabolism

10 ATP synthase subunit alpha, mitochondrial POC522 NA

11 Putative 12-oxophytodienoate reductase 5 Qe9TIo Lipid Metabolism

12 Profilin LPO4 Q5VMJU3 Signaling and Cellular Process
13 60S acidic ribosomal protein PO P41095 Protein Biosynthesis

14 ATP synthase subunit beta, mitochondrial Q01859 NA

15 Actin-depolymerizing factor 2 QOAY76 Signaiing and Cellutar Process
16 2-Cys peroxiredoxin BAS1, chloroplastic QGERY4 Plant Defense

17 Oryzain gamma chain P25778 Protein Biosynthesis

18 Clathrin heavy chain 2 QQyw2 NA

19 Ubiduitin-fold modifier 1 Qo4DM8 Translational Modification

20 L-ascorbate peroxidase 1, cytosolic Q10N21 Amino Acid Biosynthesis

The list is sorted in descending order in accordance to decreased and then increased in protein abundance of each protein.
N/A, not available.

Difference in protein
abundance

3.33631
2.66305
2.33374
2.07080
1.53549
1.49322
1.44843
1.43792
1.38362
1.31477
1.28015
1.05259
1.02611
0.99770
0.98280
0.96914
0.92034
0.91432
0.86712
0.84856

—1.31358
—1.30464
-1.27717
—1.22130
—1.00147
—-1.01497
-0.97888
-0.94814
—0.89326
-0.88513
—0.87959
—0.84333
—0.80776
—0.79720
—0.78577
-0.75732
—0.75668
-0.73074
—0.72169
~-0.72137
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VBB integration Low copy High copy
(%) with VBB (%)  with VBB (%)
VBB integration (%) 1
Low copy with VBB (%) -0.052414242 1
High copy with VBB (%) 0.972128239 -0.28508085 il

Data from two independent experiments; p = 0.01.
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No. of plants No. of plants No. of low No. of high

tested with VBB copy plants  copy plants
integration  with VBB (%) with VBB (%)
(%)

pILTAB602 55 44 (80) 10 (19 34 (61)
(1LB + GFPin
VBB)
pILTAB607 58 36 (62) 15 (26) 21 (36)
(2LB + GFP in
VBB)
pILTAB608 47 31 (47) 13 (19 19 (28)
(BLB + GFP in
VBB)

VBB, vector backbone, low defined as 1-2 T-DNA copies, high defined as 3 or
more T-DNA copies.
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Constructs tested No. of NPTII  No. of VBB  No. of single No. of

positive free events  copy events clean
events tested (%) (%) events*
(%)

pCAMBIA2300 48 10 (21) 12 (25) 5(10)
(Control)
p602 (1LB + GFP b5 11 (20 11(20) 5(9)
in VBB)
P607 (2LB + GFP 58 23 (39) 22 (38) 10 (17)
in VBB)
p608 (3LB + GFP 67 36 (563) 29 (43) 20 (30)
in VBB)
p606 (3LB) 78 51 (66) 39 (50) 26 (34)

*Clean events: Single copy and VBB free events.
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No. of petri plates Total seeds No. of germinated seeds  No. of ungerminated seeds Germination index

1 30 19 1" 63.33%
2 30 21
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Herbicide resistance Type of explant Method of Promoter Gene Variety References
transformation
Gilufosinate ammonium Suspension cells Particle bombardment Adh1 Bar CP72-1210 Chowdhury and Vasil,
(Basta, Buster, Ignite) 1992
Protoplast Electroporation
Embryogenic call Particle bombardment Ubi-1 Bar NCo 310 Gallo-Meagher and
Irvine, 1996
Embryogenic call Particle bombardment Pat NCo 310 Snyman et al., 1998
Meristematic explants  Agrobacterium Rice ubiquitin Bar Ja6b0-15 Enriquez-Obregén
etal., 1998
Embryogenic call Particle bombardment Ubi-1 Bar SP80-180 Falco et al., 2000
Axillary bud explants Agrobacterium strains CaMV 355 Bar C092061 and Co671 Manickavasagam et al.,
LBA4404 and EHA105 2004
As effective as Buster Somatic embryos Particle bombardment CaMV 355 N12 and N19 Snyman et al., 2001
Glyphosate (Round up) Embryogenic call Particle bombardment CaMV 355 Glyphosat CPF-234, CPF-213, Nasir et al., 2013
tolerant HSF-240 and CPF-246
Embryogenic call Particle bombardment Rice Actin Epsps RA87-3 Noguera et al., 2015
Embryogenic calli Agrobacterium Ubi-1 Epsps ROC22 Wang et al., 2017b
(Cry1Ab)
Embryogenic calli Particle bombardment Rice Actin Epsps TUC 03-12 Racedo et al., 2019
Leaf roll disk
ALS-inhibiting herbicides Embryogenic call Particle bombardment CRISPR/Cas9 ALS Tufan Oz et al., 2021
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Abiotic Promoter Candidate Gene function Transformation Variety Stress time Experimental References
stress Gene method (days) conditions
Drought p35S Tsase Biomolecules stabilization Agrobacterium ROC10 15 G/F Zhang et al., 2006
enhanced
Cold pCOR15a ipt Cytoquinin synthesis Biolistic RB855536 7 G Belintani et al.,
inducible 2012
Drought p35S AVP1 Osmotic regulation Agrobacterium CP-77-400 15 G Kumar et al., 2014
Drought pRab17 DREB2A CA Gene regulation Biolistic RB855156 6 G Reis et al., 2014
Salinity PAIPC P5CS Proline synthesis Biolistic RB855156 28 G Guerzoni et al.,
inducible 2014
Drought/ pUBI PDH45/ Nucleic acids metabolism;  Agrobacterium/ Co 86032 10 G Augustine et al.,
Salinity DREB2 gene regulation biobalistic 2015b
Drought/ puBI HSP70 Cellular components; Agrobacterium Co 86032 10 G Augustine et al.,
Salinity stabilization 2015a
Drought puBI BI-1 Program cell death Biolistic RB835089 21 G Ramiro et al. (2016)
regulation
Drought p35S AVP1 Osmotic regulation Biolistic CSSG-668 180 G Raza et al. (2016)
enhanced
Drought pUBI SoP5CS Proline synthesis Agrobacterium Guitang 21 3 G Lietal, 2018
Salinity puBI EaGly Il Reduce oxidative damage  Biolistic Co 86032 15 G Mohanan et al.,
2021
Drought puBI AtBBX29 Gene regulation Biolistic NCo310 21 G Mbambalala et al.,
2021
Drought p35S TERF1 Gene regulation Agrobacterium XintaitangR22 21 G Rahman et al.,
2021
Cold pUBI SoTUA a-tubulin synthesis Agrobacterium ROC22 10 G Chen et al., 2021

G, greenhouse; F, field.
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Transformation
method

Biolistic

Biolistic

Biolistic

Biolistic

Agrobacterium

Agrobacterium

Biolistic

Agrobacterium

Biolistic

Agrobacterium

Biolistic

Biolistic

Agrobacterium

Variety

ROC16 and
YT79-177
CP-88-1762
CP 88-1762
Q117

Q117

Co 62175, Co 6304,
Co 8021, Co 86032,
and Co 6907

RA87-3

ROC22

Badila
ROC22
SPF-234 and
NSG-311
Saccharum spp.
hybrids

Co 86032

Selection
gene

aphh

nptll

nptll

aphall

aphall

nptll
PMI

hptll

hptll

Southern blot

N° of plant
analyzed

6
8

48

53

55

Transgene N°
copy (min-max)

6-8

15

18

0-7

Efficiency

50%

0.57

32.6%

2.1

0.58

7.3

29%

39%

35.8%

Efficiency defined as

N° of PCR positive regenerates
plants
Transgenic lines per shot

Ne of transgenic plant expressing
NPT

Independent resistant plant lines/g
fresh weight of bombarded callus

Independent resistant plant lines/g
fresh weight of callus

Ne of GUS positive plants/total n®

of sugarcane setts infected * 100

PCR positive transgenic
plants/ombardment callus

Ne of PCR positive transgenic
shoots/weight (g) calli used for
transformation

13 southern blotting positive lines.
from 2251 bombarded call

32 transgenic lines POR
positive/4.3 g fresh weight of callus
N of PCR and southern blot
positive regenerates plant

N of independent transgenic lines
expressing the gene of interest/n®
of bombardments

N° of GUS positive plants/total n®
of infected callus

References

Weng etal.,
2011

Tapariaetal.,
2012a

Tapariaetal.,
2012b

Jackson et al.,
2013

Jackson et al.,
2013

Mayavan et al.,
2015

Noguera et al,
20156

Wang etal.,
2017a

Yeo et al., 2017

Wang etal.,
2017b
Aslam etal.,
2018
Ramasamy
etal, 2018

Sathish et al.,
2020
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Type of explant

Calli
Calli

Calli
Calli

Calli
Calli

Calli

Cell cultures
Leaf

axillary bud
Shoots

Calli

Calli

Promoter

Emu and Ubi
Maize Ubi-1

Ubi

Ubi
Ubi

Ubi
Ubi
358
358
358
Ubi
Ubi

Method of transformation

Particle bombardment
Particle bombardment

Particle bombardment
Agrobacterium

Particle bombardment
Particle bombardment

Particle bombardment
Particle bombardment
Agrobacterium
Agrobacterium
Agrobacterium
Particle bombardment
Particle bombardment

Transgene

CcP
CcP

Albicidin detoxifying
Glucanase and a
chitinase

Segment 9 of ORF 1
CcP

CP
CcP
CcP
B-1,3-glucanase
CcP
CcP
Chitinase class-II

Target disease

SCMV
SrMvV

Leaf scald
Brown rust

FDV
SCMV

SCYLV
SCYLV
SrMv

Red rot
SCMV
SCMV
Red rot

Variety

Q95, Q153 and Q155

CP65-357 and
CP72-1210

Q63 and Q87
JaB0-5 and B4362

Q124

CP 84-1198 and CP
80-1827

CP 92-1666

H62-4671

ROC22

Cod 83

Bululawang

SPF-234 and NSG-311
S2006SP-93

References

Joyce et al., 1998
Ingelbrecht et al., 1999

Zhang et al., 1999
Enriquez et al., 2000

McQualter et al., 2004
Gilbert et al., 2005

Gilbert et al., 2009
Zhu et al., 2011
Guo et al., 2015
Nayyar et al., 2017
Apriasti et al., 2018
Aslam et al., 2018
Tarig et al., 2018
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Type of Promoter Method of Candidate gene Target Pest Variety References
explant transformation
Calli CaMV35S Electroporation cry1Ab D. saccharalis Ja 60-5 Arencibia et al., 1997
Not Maize ubi-1 Particle bombardment Gna Antitrogus Allsopp et al., 2000;
reported consanguineous Nutt et al., 2001
Calli Maize PEPC Particle bombardment crylAb D. saccharalis SP80-1842 Braga et al., 2001, 2003
Not Maize Ubi-1 Paint-sprayer delivery Snowdrop lectin Eoreuma loftini; D. CP65-357 Sétamou et al., 2002
reported saccharalis
Calli Maize Ubi-1 Particle bombardment Soybean Kunitz trypsin D. saccharalis SP80-1842 and Falco and Silva-Filho,
inhibitor (skti) Soybean SP80-3280 2003
Bowman-Birk inhibitor (sbbi)
Calli Maize Ubi-1 Particle bombardment Synthetic-cry1Ac P, venosatus YT79-177 and ROC16 ~ Weng et al., 2006
Calli RSs-1 Maize Agrobacterium Gna Ceratovacuna FN81-745 and Badila Zhangsun et al., 2007
Ubi-1 lanigera
Calli Ubi-1 Agrobacterium Fusion Amaranthus viridis D. saccharalis ROC25 Deng et al., 2008
agglutinin and skti genes

Calli Ubi Particle bombardment crylAc D. saccharalis Gui94-119 Xu et al., 2008
Calli Maize ubi-1 Plasmid transformation HIS Cane CPI -1 Sphenophorus levis  SP80-185 Ribeiro et al., 2008
Leaf roll CaMV35S Agrobacterium cry1Aa3 C. infuscatellus, C. ~ CoC671 Kalunke et al., 2009

sacchariphagus

and S. excerptalis
Calli Maize Ubi-1 Particle bombardment cry1Ab C. infuscatellus Co 86032 and CoJ 64  Arvinth et al., 2010

Agrobacterium
Calli Maize Ubi-1 Particle bombardment Aprotinin S. excerptalis CoC 92061 and Co Christy et al., 2009
86032
Calli Maize Ubi-1 Particle bombardment Modified-cry1Ac P, venosatus YT79-177 and ROC16 ~ Weng et al., 2011
Calli CaMV35S Particle bombardment crylAc D. saccharalis FN15 Gao et al., 2016
Calli CaMV35S Agrobacterium cry1Ab D. saccharalis LK 92-11 Islam et al., 2016
Calli Maize ubi-1 Particle bombardment CaneCPI-1 Sphenophorus levis  SP80-185 Schneider et al., 2017
Calli Ubi-1 Agrobacterium cry1Ab D. saccharalis ROC22 Wang et al., 2017b
calli CaMV35S Particle bombardment crylAc D. saccharalis FN15 and ROC22 Zhou et al., 2018
Calli CaMV35S and  Agrobacterium cry1Ab and cry2Ab D. saccharalis SP 803280 Cristofoletti et al., 2018
FMV

Calli ST-LSI Particle bombardment cry2A C. sacchariphagus, ~ROC22 Gao etal,, 2018

S. nivella, C.

infuscatellus, A.

schistaceana and

S. inferens
Calli PEPC Agrobacterium crylAb D. saccharalis Event CTC175-A Cheavegatti-gianotto

etal., 2018

Calli Maize ubi-1 Agrobacterium Crylac D. saccharalis Event CTC91087-6 Gianotto et al., 2019
Calli RUBISCO Agrobacterium CrylAb-CrylAc Scripophaga Bululawang Koerniati et al., 2020

excerptalis
Young leaf ~ CaMV 35S Agrobacterium crylAc Sesamia cretica GT54-9(C9) Dessoky et al., 2020
Calli Maize Ubi-1 Agrobacterium Vip3A Chilo infuscatellus CPF-246 Riaz et al., 2020

Table adapted from Igbal et al. (2021).
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Specie

Eragrostis
curvula
Eragrostis
curvula

Eragrostis
curvula
Eragrostis
curvula

Eragrostis tef

Panicum
virgatum

Panicum
virgatum

Panicum
virgatum, P.
maximum, P
longijubatum, P
meyerianum, P
capilare, P. halli,
R, stapfianum
Panicum
virgatum
Panicum
virgatum

Panicum
virgatum

Panicum
virgatum

Reproductive
mode

Sexual
Apomictic
Apomictic

Apomictic

Apomictic

Sexual

Sexual

Sexual

Sexual
Apomictic

Sexual

Sexual

Sexual

Sexual

Explant
source

Immature
inflorescences
Immature
inflorescences,
embryo, seed,
leaves bases

Leaf, seed

Immature
inflorescences

Immature
embryos

Inflorescences

Mature seed

Immature
embryos, shoot
apices, mature

seeds

Mature seed

Mature seed

Mature seed

Mature seeds,
inflorescences

Callus i cells
method genes selection
MS not evaluated -
medium + 2,4-D + BAP
MS medium + 2,4- not evaluated -
D + BAP + caseine
hydrolyzates + sucrose
MS medium + 2,4- Biolistic Hsp12, gus GUS-screening
D + BAP + sucrose
MS medium + 2,4- Biolistic uidA GUS-screening
D + BAP + caseine
hydrolyzates + sucrose
KBP Agrobacterium PcGA2ox1, nptll Kanamycin
medium + 2,4-D + caseine (LBA4404) (200 mg/L)
hydrolyzates + glutamine
+ MES + maltose
MS Agrobacterium hph RFP-screening,
medium + 2,4-D + BAP; (EHA105) pporRFP Hygromicin
LP9 (NB-based) (60 mg/L)
medium + 2,4-D + L-
proline + sucrose
+ glutamine + caseine
hydrolyzates
MS medium + 2,4- Agrobacterium hpt, sGFP GFP-screening,
D + BAP + maltose + L- (EHA105) Hygromicin
proline (100-200 mg/L)
MS not evaluated -
medium + 2,4-D + sucrose
MS Agrobacterium CAD RNAI Hygromycin
medium + 2,4-D + sucrose (EHA105) (76 mg/L)
NB medium + 2,4-D + L- Agrobacterium hpt, gus Hygromycin
proline + maltose (EHA105) (50-100 mg/L),
GUS-screening
NB medium + 2,4- Agrobacterium hph, gus Hygromycin
D + BAP + L-proline (EHA105) (60-100 mg/L)
MS medium + 2,4- Agrobacterium hpt, pporRFP RFP-screening

D + BAP + L-proline + B5
vitamin 4+ maltose

(GV3101, Gv2260,
EHA105, GV3850)

Regeneration

MS medium + NAA + BAP

MS medium + 2,4-D + caseine

hydrolyzates + MS vitamins

MS medium + 2,4~
D + BAP + sucrose
MS medium + sucrose

K4NB
medium + BAP + CuSO4
+ glutamine + maltose

MS medium + BAP

MS medium + NAA + BAP
+ GA + maltose

MS medium + NAA + TDZ
+ maltose

MS medium + Kinetin
+ sucrose
MS
medium + NAA + GA + BAP
+ maltose
MS
medium + BAP + IAA + Kinetin
+ NAA + L-proline
MS medium + NAA + BAP
+ GA + maltose

References
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Ncanana et al.,
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Gebre et al., 2013

Burris et al., 2009

Liand Qu, 2011

Seoetal, 2010
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Linetal.,, 2017

Ondzighi-Assoume
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Pennisetum
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Poa pratensis

Poa pratensis
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Cenchrus
ciliaris
Cenchrus
ciliaris
Cenchrus
ciliaris

Urochloa
ruziziensis

Urochloa
brizantha

U. brizantha,
U. decumbens,
U. humidicola,
U. ruziziensis
U. brizantha,
U. decumbens,
U. ruziziensis

Sexual

Sexual

Sexual

Apomictic

Apomictic

Sexual

Apomictic

Apomictic

Apomictic

Apomictic

Sexual

Sexual
Apomictic

Apomictic
Sexual

Apomictic
Sexual

Inflorescences

Immature
embryos

Shoot apices

Immature
embryos

Shoot apices

Mature seeds,
shoot apices,
immature
inflorescences
Anthers

Shoot apices

Immature

inflorescences

Shoot apices

Mature seeds,
leaf base
segments

Mature seeds

Leaf base
segments

MS
medium + 2,4-D + sucrose

MS
medium + 2,4-D + sucrose
L3 medium + 2,4-D + L-
proline + maltose

MS medium + 2,4~
D + BAP + sucrose

MS

medium + 2,4-D + BAP
MS

medium + 2,4-D + BAP

MS
medium + 2,4-D + sucrose

MS medium + 2,4~
D + BAP + sucrose

MS medium + 2,4-
D + BAP + sucrose

MS medium + 2,4-
D + BAP + Caseine
hydrolyzate
MS medium + 2,4-D or
p\c\oram + sucrose
+ Caseine hydrolyzate

MS medium + 2,4-D or
picloram or

TDZ + sucrose + proline
+ hydrolyzed

caseine + myo-inositol

Biolistic bar, uidA, gfip
Biolistic manA
Agrobacterium hptll, gus
(EHA105)
Biolistc hpt, gus. bar
Agrobacterium betA, als
(LBA4404)
not evaluated .
not evaluated -
not evaluated =
Biolistc, hptll, gus
Agrobacterium
(EHA105)
Biolistic gus, bar
Biolistic hptll, gus
Not evaluated =
Biolistic gus

PPT (3-10 mg/L),
GUS-,
GFP-screening
Mannose

Hygromycin
(30 mg/L),
GUS-screening
Bialaphos (2 mg/L),
Hygromycin
(100 mg/L)
Chlorsulfuron
(6 mg/L)

GUS-screening,
Hygromycin
(30 mg/L)

GUS-screening,
bialaphos
(10-2 mg/L)
GUS-screening,
Hygromycin
(5-10-20 mg/L)

GUS-screening

MS medium + TDZ + BAP

MS medium + IAA + Kinetin
+ AgNOg

MS medium + sucrose

MS medium + Kinetin

MS medium + BAP

MS medium + 2,4-D + BAP or
Kinetin

MS
medium + BAP + NAA + sucrose
MS medium + TDZ + GA

MS medium + 2,4~
D + BAP + Caseine
hydrolyzate + L-proline + L-
arginine
MS medium + BAP + NAA

MS
medium + BAP + NAA + kinetin
+ Caseine hydrolyzate
1/2M8 medium + BAP

1/2M8 medium + BAP

Goldman et al.,
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O’Kennedy et al.,
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Gao et al., 2006

Zhang et al., 2010

Yadav et al., 2009
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Kumar and Bhat,
2012
Laishram et al.,
2020
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2009, 2012

Cabral et al., 2011,
2018

Takamori et al.,
2015

Yaguinuma et al.,
2018
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notatum
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Sexual
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Sexual
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Mature seeds

Mature seeds

Mature seeds

Mature seeds

Mature seeds,
shoots

MS
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(50 mg/L)
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(50 mg/L)

MS medium + BAP + sucrose
+ CuSQOyq4

MS medium + 2,4-D,
BAP + CuSOq4
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vitamins + BAP + GAg
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Arabidopsis thaliana

LEC1
BBM
FUs3
EMB2757
ETG1
MCM4
RPL39
248

ACT

Coffea arabica

XP_027085797
XP_027082561
XP_027102113.1
XP_027089900.1
XP_027110645.1
XP_027112176.1
XM_027221565.1
XM_027261007.1
XM_027221492.1

Query cover

46%
67%
85%
99%
97%
100%
100%
100%
99%

Ident

T74.77%
56.00%
44.44%
59.53%
59.01%
74.77%
99.66%
99.12%
99.44%

Forward

CCAGGAATGTGTATCGGAGTAC
TTCAACCCCAACGAGATCAG
GGCTTACGACATGGAGACTAC
CCATCCCTCCAAGAACATACTG
GTGCCTCGTATCCATTGTCTAG
ACCCTATCCAGCACAAATCC
GCGAAGAAGCAGAGGCAGAA
GACCAATCGTCTTCTTTCCAGAAA
GCCAGATGGACAAGTGATTACCA

Reverse

GAAAGCGGTGGAGATATAGGG
GTTGTAGTTCTCCTTCCAGTCC
GCATTTATCTCCGACTCAGGG
CTCCAATCAAAGGACTAGCCG
CCGTCATTTCCAAGAACAGC
ACGCTTATGTTAGTTCCCCAG
TTGGCATTGTAGCGGATGGT
TCAACTCAGCCTTGGAAACATTAG
CAGCAGCTTCCATTCCTATGATAG
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Transgenic line Clone SEMs (ng/g
fresh weight)
Event 1 6 13.88
Event 2 8 12.7
Event 3 9 46

Leaves (1g/g
fresh weight)

8.67
78
3.25
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Total no. of infected Total no. of shoots survived Total no. of Total no. of GUS Total no. of Southern Stable transformation

cotyledon explants under third selection rooted shoots positive plants blot positive plants efficiency (%)
128 64.0b 38.0b 24.0b 18.0a 14.0a
128 72.0a 42.0a 26.0a 19.0a 14.8a
128 58.0c 34.0c 21.0c 17.0a 13.2a

Values represent the mean of three experiments.
Transformation efficiency = (number of southern positive plants/total number of infected cotyledon explants)/100.
a=C\Means with the same letter are not significantly different at 5% level according to Duncan’s multiple range test.
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