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Editorial on the Research Topic 
Genome editing for agricultural sustainability: developments in tools, potential applications, and regulatory policy


In this Research Topic, nine articles were published, contributing to the expanding corpus recognising the need to adopt innovations in plant breeding to enhance the sustainability of agricultural production and to address broader global issues. In regard to crop improvement, the articles exemplify the application of genome editing in the development of new traits for preventing significant yield losses (Hoffie et al.), examine its application for de novo domestication of wild crop relatives (Abdullah et al.), and review the scope and types of genetic changes that are possible with genome editing in comparison to that possible with conventional breeding tools (Martinez-Fortún et al.). The potential contributions to agricultural sustainability are examined in national (Matsuo and Tachikawa), regional (Tripathi et al., Hingsamer et al.) and international (Smyth; Spök et al.) contexts, and the importance of capacity building and an enabling regulatory environment recognised (Smyth; Keiper and Atanassova; Tripathi et al.).
It is evident in these articles that the accessibility of genome editing tools offers great potential for delivering improved varieties, with applications in a diversified range of crops extending beyond staple crops to others that also have an important role in food security. Improved nutrition and food security are elements of the United Nations Sustainable Development Goals (SDGs), which are the focus of Smyth. In this work, developments in applications impacting crop yield and nutrition, and improved sustainability in crop and meat production, are reviewed in the context of their potential contributions to the first three SDGs: ending poverty (#1); zero hunger (#2), which encompasses improved nutrition and food security, and promotion of agricultural sustainability and productivity; and good health and wellbeing (#3). The implications of the regulatory environment for realising potential benefits are also discussed.
Two articles in this Research Topic examine aspects of these global goals in different regional contexts. The review by Tripathi et al. emphasises the need to realise the full potential of all tools available for crop improvement if sustainable intensification of agriculture, along with food security and improved nutrition, are to be achieved in Africa. This work reviews recent developments in genome editing applications for African staple and orphan crops, as well as developments in the applicable regulatory landscape. Hingsamer et al. present a case study on root chicory, which provides an important source of inulin. Drawing on research developing root chicory as a multipurpose crop in the European Union, this work undertakes a socio-economic and environmental impact assessment of the value chain. The findings indicate the potential for new traits developed using genome editing for boosting economic activity and regional agricultural competitiveness, as well as improving process (and energy) efficiencies.
The potential application of genome editing to de novo domestication is examined by Abdullah et al. This work reviews recent advances in genome editing in rice, and examples of its application to rapidly introduce beneficial traits in wild plant relatives. While beneficial traits have successfully been transferred from wild rice using conventional tools, limitations of existing approaches could be overcome by editing wild rice homologs of domestication-related genes. The biotic and abiotic stress tolerance traits in Australian wild rices that could contribute to yield improvements in domesticated rice breeding programs are also highlighted.
One of the drivers for optimism around the opportunities and potential benefits of genome editing is an expectation for a more favourable regulatory environment—compared to that for genetically modified (GM) crops—that should facilitate greater technology adoption. This is evident in many of the articles in this Research Topic, with four specifically examining regulatory policy and societal dynamics (Keiper and Atanassova; Matsuo and Tachikawa; Martinez-Fortún et al.; Spök et al.).
The review by Martinez-Fortún et al. analyses spontaneous and induced genetic variation that is generated and selected in conventional plant breeding as a baseline for comparing the genetic changes possible with genome editing. Based on this, they contend that the outcomes of genome editing, specifically products that do not contain transgenes, could have been generated using conventional breeding tools, and regulating them in the same manner as GM products would not be proportionate or appropriate. An example of the regulatory approach taken in a jurisdiction based on this premise is reviewed by Matsuo and Tachikawa. In Japan, three genome edited food products have completed the requisite notification process for commercial use: one plant (GABA-enriched tomato), and two fish. This work examines the factors contributing to societal acceptance of these products, as contrasted with the historical controversy accompanying GM crops. The authors note shifts in societal values, including greater awareness of sustainability, but also that these are niche products and that food crops for mass production and trade may face a greater test.
The review by Spök et al., takes a deep dive into genome editing regulatory policy developments and their drivers in “adopter” (of commercial GM crop cultivation) and “non-adopter” jurisdictions throughout the world. They report 18 jurisdictions have either exempted certain genome edited organisms from regulation (as GM) or established fast-tack procedures, with many of these being major producers and exporters of agricultural commodities, whereas the non-adopters (of which Japan is an example) rely on imports of agricultural commodities from the adopters. The authors examine the changing policy dynamics in these jurisdictions, which include pressure to improve agricultural sustainability.
Collectively, the articles in this Research Topic demonstrate the potential for genome editing to have a prominent role in improving the sustainability of agriculture, with broader implications for the global challenges of food security and nutrition. A strong theme throughout these articles is the need for an enabling regulatory environment if this potential is to be realised. Keiper and Atanassova examine the evolving global regulatory landscape and its implications for commercialising improved crop varieties developed using genome editing. The regulatory challenges that currently exist for globally traded GM crop commodities, and the resulting restrictions on technology adoption and innovation, are highlighted to contend that genome editing provides an opportunity to revise regulatory policies to support a more proportionate and enabling approach.
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The Eukaryotic Translation Initiation Factor 4E (EIF4E) is a well-known susceptibility factor for potyvirus infections in many plant species. The barley yellow mosaic virus disease, caused by the bymoviruses Barley yellow mosaic virus (BaYMV) and Barley mild mosaic virus (BaMMV), can lead to yield losses of up to 50% in winter barley. In autumn, the roots of young barley plants are infected by the soil-borne plasmodiophoraceous parasite Polymyxa graminis L. that serves as viral vector. Upon viral establishment and systemic spreading into the upper parts of the plants, yellow mosaics occur as first symptoms on leaves. In the further course of plant development, the disease entails leaf necrosis and increased susceptibility to frost damage. Thanks to the rym4 and rym5 allelic variants of the HvEIF4E gene, more than two thirds of current European winter barley cultivars are resistant to BaYMV and BaMMV. However, several strains of BaYMV and BaMMV have already overcome rym4- and rym5-mediated resistance. Accordingly, new resistance-conferring alleles are needed for barley breeding. Therefore, we performed targeted mutagenesis of the EIF4E gene by Cas9 endonuclease in BaMMV/BaYMV-susceptible winter barley cv. “Igri”. Small insertions were generated, resulting in a shift of the translational reading frame, thereby causing the loss-of-function of EIF4E. The mutations occurred in the homozygous state already in the primary mutants. Their progeny proved invariably homozygous and fully resistant to mechanical inoculation with BaMMV. EIF4E knockout plants showed normal growth habit and produced grains, yet exhibited a yield penalty.
Keywords: Cas9, CRISPR, genome editing, RNA-guided endonucleases, targeted mutagenesis, protoplasts, doubled haploid

INTRODUCTION
The Eukaryotic Translation Initiation Factor 4E (eIF4E) and its isoform [eIF(iso)4E] are known as susceptibility factors for potyvirus infection in a variety of plant species such as melon, tomato and pepper (Wang and Krishnaswamy, 2012). The eIF4E protein interacts with the 5′ 7-methylguanosine (m7G) cap of eukaryotic mRNA to recruit the translation complex for protein biosynthesis. Potyviruses are single stranded (+)RNA viruses that mimic the structure of the eukaryotic mRNA’s m7G cap by their genome-linked viral protein (VPg) cap, thus taking advantage of host metabolism for translation of their RNA (Sanfaçon, 2015). The plasmodiophorid Polymyxa graminis serves as a vector of Barley yellow mosaic virus (BaYMV) and Barley mild mosaic virus (BaMMV), both of which are bymoviruses of the Potyvirideae family. P. graminis transmits these viruses mainly to winter barley seedlings, particularly under cool and moist weather conditions in autumn, which results in high yield losses and renders bymoviruses major pathogens in Europe and Asia. Barley was among the first species in which resistance-mediating alleles of the EIF4E gene were described and utilized in breeding (Kanyuka et al., 2005; Stein et al., 2005). The rym4 and rym5 alleles of HvEIF4E carry mutations that result in amino acid changes in the binding domain of the encoded protein. Consequently, the interaction between the host’s eIF4E and the viral RNA cap-like structure formed by the genome-linked viral protein (VPg), is hampered, thereby preventing the translation of viral RNA and thus the replication and spread of the virus in the plant (Li and Shirako, 2015). In total, seven allelic variants of the EIF4E gene have been shown to confer resistance to different isolates of the BaMMV/BaYMV complex [reviewed in Jiang et al. (2020)]. Based upon this principle, barley cultivars resistant to BaYMV and BaMMV have been bred and widely grown in temperate climate regions. However, the comprehensively used rym4- and rym5-based resistances have already been overcome by some strains such as BaYMV-2 (overcoming rym4) as well as BaMMV-Sil and BaMMV-Teik (overcoming rym5) (Habekuss et al., 2008; Jiang et al., 2020). Consequently, there is an urgent need for new resistance-conferring HvEIF4E alleles or novel resistance mechanisms, especially in winter barley breeding. Besides the EIF4E alleles rym4 and rym5, several other bymovirus resistance loci have been described in barley [reviewed in Jiang et al. (2020)]. Most of these are recessive and were found in Asian landraces. However, only for rym1/rym11, the responsible gene, i.e., the Protein Disulfide Isomerase-Like 5-1 (PDIL5-1), has been identified (Yang et al., 2014). Nevertheless, winter barley breeding still relies on rym4 and rym5, since the introduction of new resistance sources into current elite lines requires time-consuming backcrosses. Taking advantage of the CRISPR-associated (Cas) endonuclease technology (Koeppel et al., 2019), targeted knock-outs of EIF4E were reported to be associated with Potyvirus resistance in other plant species such as cucumber and cassava (Chandrasekaran et al., 2016; Gomez et al., 2019). In barley, however, only non-synonymous single nucleotide polymorphisms (SNPs) have been described that lead to amino acid changes in the mRNA cap-binding domain of eIF4E. Therefore, it is assumed that the loss-of-function of EIF4E might be lethal in barley even though HvEIF(iso)4E does exist as a conserved paralog (Yang et al., 2016). Here, we addressed four positions in the EIF4E gene previously described to carry different SNPs in the rym4 and rym5 resistance alleles of the virus-susceptible winter barley cv. “Igri” using Cas9 and accordingly customized guide RNAs (gRNAs). Via Agrobacterium-mediated DNA transfer to embryogenic pollen cultures, target motif-specific mutant plants were generated and their progeny were tested for resistance against BaMMV.
MATERIALS AND METHODS
Target Selection
As targets for Cas9-induced mutagenesis, regions within the HvEIF4E gene (Gene ID: 100527994) on Chromosome 3 were selected, in which previously non-synonymous single nucleotide polymorphisms (SNPs) have been described for the resistance-conferring rym4 and rym5 alleles which are, respectively, associated with four and three SNPs (see Figure 1A). The aim was to induce knockout mutations as well as new alleles by random nucleobase exchanges at the target sites. Within the four target regions, target motifs were selected based on available NGG protospacer-adjacent motifs (PAM). Target motifs including their PAMs are shown in Figure 1B. An off-target analysis was performed by comparison of the selected target motifs with the barley reference genome “Morex” Version 3 and the pan-genome sequence of “Igri” using the GrainGenes BLAST Service (Priyam et al., 2019). Only for target motif 3, a similar sequence is present on Chromosome 1 but a 2-bp mismatch within the seed region renders this sequence a rather unlikely off-target. For target motifs 1, 2, and 4, no potential off-targets were identified in the “Morex” genome v3 (see Suppl. S1).
[image: Diagram labeled A shows target sites for gene editing within five exons of the HvEF4E gene, with red scissors indicating cut sites. Table labeled B lists target motifs, sequences, mutation efficiencies, and the number of primary transgenic and mutant plants for four targets.]FIGURE 1 | (A) Gene structure of EIF4E, positions of previously described single nucleotide polymorphisms in rym4 and rym5 resistance alleles and positions of Cas9/gRNA target motifs for site-directed mutagenesis in Hordeum vulgare. Targets indicated by scissors symbols, genomic EIF4E sequence shown by grey line and exons by grey boxes. (B) Summary of target sequences, results of protoplast-based pre-validation of mutation efficiency, number of regenerated plants upon Agrobacterium-mediated DNA transfer to embryogenic pollen cultures of winter barley cv. “Igri”, and mutant plants detected amongst transgenic regenerants.
Vector Cloning
The target-specific sequences of the four gRNAs (see Figure 1B; Supplementary Table S1) were ordered as forward and reverse DNA oligo-nucleotides, hybridized and individually cloned in the format of double-stranded DNA into the plasmid pSH121 [GeneBank-ID: MW145140.1; Gerasimova et al. (2018)]. This generic vector contains the Oryza sativa U3 (OsU3) promoter in front of a gRNA scaffold as well as the maize codon-optimized cas9 gene under control of the Zea mays Polyubiquitin 1 (ZmUBI1) promoter. From each target-specific pSH121 derivative named pInt_EIF4E_TM1, pInt_EIF4E_TM2, pInt_EIF4E_TM3, and pInt_EIF4E_TM4, the SfiI fragment including the gRNA and cas9 expression units was transferred into the binary vector p6i-2x35S-TE9 (Gerasimova et al., 2020) that carries in its transfer-DNA an hpt gene under the control of a doubled-enhanced CaMV35S promoter for plant selection, resulting in the respective binary vectors pBin_EIF4E_TM1, pBin_EIF4E_TM2, pBin_EIF4E_TM3, and pBin_EIF4E_TM4.
Pre-Validation of Constructs via Protoplast Transformation
The intermediate pSH121 derivatives were first tested by transient expression in mesophyll protoplasts isolated from leaves of one week-old, etiolated seedlings of winter barley cv. “Igri” based on the protocol of Shan et al. (2014). In brief, thirty leaves of barley seedlings were chopped into small fragments using a razor blade, and cell walls were digested with Macerozyme R-10 and cellulase R-10 (DUCHEFA BIOCHEMIE B.V, Haarlem/Netherlands). Protoplasts were purified by sieving, and after PEG-mediated transformation with pInt_EIF4E_TM1 to pInt_EIF4E_TM4, they were incubated for 60 h at 21°C in the dark. All protoplast transformations were conducted in three replications. To check for transformation efficiency, a GFP construct was used to transform a control sample of protoplasts. After incubation, the GFP expressing portion of protoplasts of this control sample was determined using an epifluorescence microscope (AX200M, Zeiss, Oberkochen/Germany), and DNA was extracted from the other protoplast samples transformed using the intermediate cas9/gRNA constructs pInt_EIF4E_TM1, pInt_EIF4E_TM2, pInt_EIF4E_TM3, and pInt_EIF4E_TM4. Around 150 bp of the target regions were amplified using specific primers (see Supplementary Table S1), followed by deep-sequencing of amplicons, which was performed by a commercial service provider on an Illumina MiSeq platform. Mutation efficiencies were calculated individually for each replicate as proportion of sequencing reads with mutation in relation to the total number of reads including those with the wild-type sequence.
Agrobacterium-Mediated Transformation Using Embryogenic Barley Pollen
The binary vectors pBin_EIF4E_TM1, pBin_EIF4E_TM2, and pBin_EIF4E_TM3 were transfected by electroporation into the Agrobacterium strain LBA4404 harboring the hypervirulence-conferring plasmid pSB1 (Kumlehn et al., 2006). In brief, pre-mitotic (highly vacuolated) microspores were isolated from winter barley cv. “Igri”. After microspore cultivation for 1 week in KBP medium (macro and micro nutrients, L-glutamine and maltose) to initiate cell proliferation, resultant embryogenic pollen were subjected to DNA transfer by co-cultivation with Agrobacterium carrying the binary vectors as mentioned above in CK medium (macro and micro nutrients, maltose, acetosyringone, MES, and phosphate buffer). Then, transgenic plantlets were generated from embryogenic structures cultivated on KBP4PT (macro and micro nutrients, L-glutamine, maltose, hygromycin, Timentin, and Phytagel) followed by K4NBT medium (macro and micro nutrients, with increased dosage of CuSO4, L-glutamine, maltose, hygromycin, Timentin, and Phytagel) under hygromycin selection as previously described in detail by Kumlehn et al. (2006).
Genotyping of Primary Transgenics and Mutants
Leaf samples were taken from primary transgenic plants and DNA was extracted and analyzed for the presence of the cas9 transgene by PCR using specific primers (see Supplementary Table S1). The plants were screened for mutations by PCR amplification of the target regions using specific primers (see Supplementary Table S1) followed by Sanger sequencing of the amplicons.
BaMMV Inoculation and Resistance Screening by DAS-ELISA
To screen progeny of primary mutants P1, P3, and P4 for Bymovirus resistance, plants were mechanically inoculated with BaMMV according to a protocol of Habekuss et al. (2008) which had been established as a more reliable alternative to vector-mediated virus infection using the soil-borne plasmodiophorid Polymyxa graminis. Depending on the number of grains obtained from primary mutants, 13, 9, and 16 M2 siblings were grown and screened (see Figure 2C). For this purpose, a total of 38 seedlings were cultivated in a growth chamber at 12°C and 16 h photoperiod and inoculated twice with an interval of five to 7 days at the three-leaf stage with leaf sap of BaMMV-ASL-infected barley plants. Six to 8 weeks after the first inoculation, visible symptoms as shown in Figure 2B were assessed. Additionally, the plants were screened for virus particles by double-antibody sandwich enzyme-linked immunosorbent assay (DAS-ELISA). Plants exhibiting an extinction E405 of 0.1 or below were considered resistant to BaMMV. Simultaneously, DNA was extracted from leaf samples of all test plants, PCR was performed for the cas9 transgene and the target region was amplified and sequenced as described above. As control, non-transformed (non-edited) “Igri’ plants, referred to as “wild-type”, were included to the tests.
[image: Panel A presents two side-by-side cell images: the left shows unstained cells under a microscope, while the right displays fluorescently labeled cells indicating nuclei in green. Panel B lists DNA sequences with wild type and several mutant variants, each marked with an "X" to denote edited sites. Panel C displays Sanger sequencing chromatograms with mutations highlighted at the "X" position, alongside sequence alignments comparing wild type and edited samples.]FIGURE 2 | (A) Mesophyll protoplasts of winter barley cv. “Igri” after PEG-mediated transformation with a GFP-carrying vector, after 60 h of incubation at 21°C. These protoplasts serving as positive control for viability and genetic transformation, respectively, were recorded using bright field (left) and epifluorescence (right) microscopy. (B) Deep-sequencing of amplicons of target region 1 after transformation of barley protoplasts using vectors carrying cas9 and target motif 1-specific gRNA expression units. (C) Chromatograms of Sanger sequencing target region 1 of wild-type “Igri” as compared with primary mutant plants. The unambiguous DNA sequence indicates homozygosity of the inserted A nucleotide. Grey vertical bars: cleavage positions, horizontal lines: deletions, red letters: insertions, wt: wild-type sequence, target motifs underlined with PAMs being double underlined, +A: 1-bp insertion of adenine nucleobase, +T: 1-bp insertion of thymine nucleobase.
Yield Data
After resistance screening, M2 plants were cultivated in a glasshouse with 18–20°C/ 12–14°C day/night with 16 h light to maturity, harvested and ears were threshed. The total grain number of each individual plant was counted and total grain weight was measured. Thousand grain weight (TGW) was calculated as
[image: Mathematical formula showing TGW equals grain weight divided by grain number, multiplied by one thousand, where TGW likely refers to thousand grain weight.]
An analysis of variance (ANOVA) and Post-Hoc Test (Tukey HSD) were performed using the statistics software R version 3.6.1 (R Core Team, 2019). Plots were generated with R package ggplot2 (Wickham, 2016).
RESULTS
After cloning pInt_EIF4E_TM1, pInt_EIF4E_TM2, pInt_EIF4E_TM3, and pInt_EIF4E_TM4 bearing cas9 and target motif-specified gRNA expression units, a barley protoplast-based test assay was performed to pre-validate the construct performance in terms of mutagenesis efficiency. After transformation and incubation of protoplasts (see Figure 3A), their genomic DNA was extracted and PCR amplicons of target regions were deep-sequenced. For each target motif, several hundred reads were obtained. The alignment of the sequencing reads to the “Morex” reference sequence revealed that the proportions of mutated sequence reads related to the total read numbers (including wild-type) were as high as 17.1%, with the best results being achieved in target motif 1 (see Figure 1B). The most frequent mutations observed in protoplasts were small deletions of 1–5 base pairs or insertions of one base pair (A or T) at the expected Cas9 cleavage site residing three to four base pairs upstream of the protospacer-adjacent motif (PAM) (Jinek et al., 2012) as shown in Figure 3B. Unfortunately, only after sequencing, the PAM of target motif 4 was found to be unsuitable, because it features a single nucleotide polymorphism in “Igri” as compared to the barley genomic reference sequences of cv. “Morex”.
[image: Panel A shows a close-up of a green plant stem with no visible discoloration. Panel B displays a similar stem with a pale, chlorotic section. Panel C presents a table comparing mutant and wild type plants, listing mutation type, number of plants tested, and BaMMV detection by ELISA, with mutants showing no virus detection and wild type showing positive detection in all samples.]FIGURE 3 | (A) Healthy leaf of winter barley “Igri” approximately 2 months after sowing. (B) Symptoms of Barley Mild Mosaic Virus (BaMMV) infection 7 weeks after mechanical inoculation of wild-type “Igri”. (C) Results from mechanical BaMMV inoculation of M2 plants followed by DAS-ELISA for detection of virus particles and concomitant molecular characterization of mutation status. All M2 plants carried the same mutation as their parental plant, confirming homozygosity of the latter. All mutants proved resistant against BaMMV infection.
After cloning the binary vectors pBin_EIF4E_TM1, pBin_EIF4E_TM2, and pBin_EIF4E_TM3 with the expression cassettes for cas9 and the gRNAs against target motifs 1, 2, and 3, Agrobacterium-mediated DNA transfer to embryogenic pollen cultures of winter barley cv. “Igri” was used to produce transgenic plants. Addressing target motifs 1, 2, and 3, four, twenty-seven and fifty primary transgenic plants were obtained from one, five and one transformation experiments, respectively. All regenerated plants were PCR-positive for the cas9 gene and were subjected to Sanger sequencing of the addressed target motifs. Whereas independent 1-bp insertions of T or A were found three base pairs upstream of the PAM in each of the four plants carrying pBin_EIF4E_TM1 (see Figure 3C), no mutations whatsoever were detected in plants transformed using pBin_EIF4E_TM2 and pBin_EIF4E_TM3. The undisturbed chromatograms obtained for the four primary mutant plants were taken as indication for homozygosity of the induced mutations. Progenies of three independent primary mutants were genotyped by PCR screening for the cas9 transgene and by Sanger sequencing of the target region. All individuals carried the same mutations known from their respective parent, thereby confirming its homozygous state. In addition, these M2 plants were mechanically inoculated with BaMMV, whereby all of them proved resistant to the infection (see Figure 2C).
The insertion of one base pair at position 169 of the EIF4E coding sequence results in a shift of the reading frame during translation of the mRNA, which itself causes a non-sense amino acid sequence downstream of this insertion site including a premature stop codon at position 306 (after approx. one third) of the coding sequence (see Supplementary Material).
Yield was assessed based on thousand-grain weight and grain number per plant (GNP) of the three analyzed M2 families. The thousand-grain weight of the mutant families P1 (mean 46 g, ±3.5), P3 (47 g ± 3.1), and P4 (45.7 g, ±2.4) was on a par with that of non-mutated, transgenic segregants from a similar experiment (50.7 g, ±4.9) and of “Igri” wild-type (48.9 g, ±3.2) grown under the same glasshouse conditions (see Figure 4A; Supplementary Table S2). According to a one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test, no significant differences in the thousand-grain weight were observed (p ≥ 0.05). However, the total grain yield per plant was decreased owing to a reduction in the number of grains produced per plant. This phenomenon was consistent across all three analyzed mutant lines (P1: 72 grains, ±29; P3: 79 grains, ±25; P4: 72 grains, ±30) which were compared to wild-type (220 grains, ±59) and non-mutated segregants (198, ±37) (p < 0.001; see Figure 4B; Supplementary Table S2).
[image: Two scatter plots with error bars labeled A and B compare wild-type and mutant plants for grain characteristics. Panel A shows hundred-grain weight remains similar across groups, while panel B shows a significant reduction in the number of grains per plant for mutant lines, highlighted by asterisks indicating statistical significance.]FIGURE 4 | (A) Thousand-grain weight of three M2 populations (9–16 siblings each), compared to non-mutated segregants from a comparable transformation experiment (n = 5) and “Igri” wild-type (n = 8), grown under the same conditions. Black dots show the average weights of 1,000 grains in g, error bars indicate standard errors. Statistically significant differences were not detectable (Tukey’s test, p ≥ 0.05). (B) Total number of grains per plant of three M2 populations (9–16 siblings each), compared to non-mutated segregants from a comparable transformation experiment (n = 5) and “Igri” wild-type (n = 8), grown under the same conditions. Black dots show the average numbers of grains per plant, error bars indicate standard errors. Samples without statistically significant differences (Tukey’s test, p > 0.8) are indicated by same letters, statistically significant differences between the two groups indicated by ‘***’ (Tukey’s test, p < 0.0001).
DISCUSSION
The pre-validation of cas9/gRNA constructs via protoplast assay proved conclusive for targeted mutagenesis at the whole-plant level. Notably, comparatively low mutation rates were expected, because targeting specifically those regions known for resistance-conferring mutations required trade-offs with respect to some efficiency-related criteria for the selection of target motifs (Kumlehn et al., 2018). Target motifs 2 and 3 showed zero to very low mutation rates in protoplasts and so they did in cas9/gRNA transgenic plants. Positional effects might have played a role, since both target motifs mutated with low efficiencies are located close to each other on exons 2 and 3. Furthermore, the protospacer-adjacent motif (PAM) of target motif 4 was found to be unsuitable only after sequencing, because it features a single nucleotide polymorphism in “Igri” as compared to the barley genomic reference sequences that were used for target motif selection (see also Supplementary Material). For target motif 1, the insertions found in transgenic plants were also amongst the most frequent mutations detected in the respective protoplast assay (see Figure 3B). The mutations proved instantly homozygous in all four primary transgenic plants, most likely due to the particularity of the applied transformation method which involves gene transfer to haploid cells followed by whole-genome duplication (Kumlehn et al., 2006; see Figures 2C, 3C). To the best of our knowledge, this represents the first example of generating homozygous mutations via transfer of cas9/gRNA-encoding DNA to haploid cells that are capable of giving rise to (doubled haploid) plants. This enables us to evaluate phenotypes of homozygous mutants already in early generations after transformation. As a trade-off, these plants are most likely also homozygous for the cas9/gRNA-transgene. However, this disadvantage is considered irrelevant in the scientific exemplification demonstrated in the present study, in which also a rather outdated barley cultivar was used to take advantage of its amenability to genetic transformation. Moreover, there is the option of crossing these mutants with wild-type plants, followed by selfing of F1 plants, which would readily result in T-DNA-free segregants that still carry the mutated eif4e allele in the homozygous state. Also, the mutation at the target motif itself prevents the occurrence of new mutation events by disturbing the gRNA to bind to the target sequence. To exclude any effects of the transgene itself, five non-mutated plants carrying events of the same transgene except from the 20 bp target-specific gRNA sequence were used as control and their grain yield was on a par with that of “Igri” wild-type plants.
The one-base pair insertion between position 169 and 170 in the EIF4E coding sequence (position 400-401 in the genomic sequence) causes a frameshift in the translational reading frame, resulting not only in a nonsense amino acid sequence downstream of the mutation, but also in a premature stop codon at position 265 bp of the coding sequence (see Supplementary Material). Consequently, the resultant protein sequence is non-functional with very high certainty. Owing to the loss-of-function of the eIF4E protein, the plant lacks one of its most important interaction partners for bymoviruses (Wang and Krishnaswamy, 2012). That mechanism has been reported to confer broad resistance to several bymoviruses in a number of dicotyledonous plants as, for instance, cucumber, tomato and Arabidopsis (Chandrasekaran et al., 2016; Pyott et al., 2016; Atarashi et al., 2020; Moury et al., 2020). However, in a temperate cereal such as barley, the full knock-out of EIF4E was rather expected to be lethal; Yang et al. (2016) screened over 2,900 wild and domesticated barley accessions and identified 65 haplotypes for HvEIF4E, of which 19 were associated with resistance to bymoviruses. The allelic diversity included various non-synonymous point mutations, whereas knockout alleles were not present. Hence, it was concluded that a knockout of HvEIF4E cannot be complemented by its paralogue HvEIF(iso)4E without disadvantage for the plants. Hofinger et al. (2011) described the haplotype diversity of EIF4E in barley in comparison to its paralogue EIF(iso)4E. While a rather high diversity was described for the first, most likely due to positive selection pressure by co-evolution with bymoviruses, rather low haplotype diversity was found for the latter, suggesting different functions of EIF4E and EIF(iso)4E in barley. Nevertheless, during our experiments in climate chamber and glasshouse, HvEIF4E knockout plants grew vigorously and produced grains. However, the total number of grains per plant was significantly affected. Previous publications on targeted EIF4E knockouts with resulting resistance to Potyviruses in other plant species unfortunately did not contain yield data to refer to here (Chandrasekaran et al., 2016; Gomez et al., 2019). Since isogenic wild-type lines for barley accessions with rym4- or rym5-mediated resistance are not yet available, it is not even known whether these widely used resistances are associated with yield reduction. The results of our study need confirmation under field conditions to elucidate whether the eif4e knockout represents a viable novel source of resistance to bymoviruses in barley, which most likely, in contrast to rym4 and rym5 and the other alleles known at this locus, may be effective to all strains of BaMMV and BaYMV. In the event that the yield penalty seen in the present investigation will be confirmed under field conditions, the option remains for future biotechnological approaches to generate mutant alleles with sufficient functionality for the plant by inducing in-frame mutations, such as via base editing, so that a recruitment of the corresponding gene products by bymoviruses is no longer possible.
The availability of eif4e knockout mutants further offers the opportunity to dissect the effects of the individual SNPs jointly present in the rym4- and rym5-alleles as well as to elucidate the impact of various EIF4E alleles on yield, which could be achieved via complementation using synthetic alleles each carrying only one of those SNPs or various combinations thereof. The identification of effective SNPs will facilitate further efforts to generate novel resistance-conferring alleles by precise genome editing approaches.
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The Sustainable Development Goals (SDGs) were launched in 2015, with the top three goals being poverty eradication, improved food security and increased human health. All 17 SDGs have a target achievement date of 2030. These are ambitious and inspirational goals that require substantial innovation and technology adoption for successful achievement. Innovations in plant breeding have substantially contributed to transforming the efficiency of food production since the mid 20th century, with innovations emerging in the current millennium demonstrating enhanced potential to improve crop yields, the nutritional values of food crops and environmental impacts. These outcomes underpin several SDGs, but in particular the first three. As climate change is expected to become increasingly variable, with greater impacts on agriculture, the ability to ensure increased food production is going to be increasingly important, as higher yields directly contribute to reducing poverty. This article reviews recent reports of potential contributions from genome editing technologies in terms of increased yield, enhanced nutrition and greater sustainability, highlighting their importance for achieving the leading three SDGs.
Keywords: benefits, human health, innovation, sustainable development goals, yield increase

INTRODUCTION
Transformational innovations are rare occurrences within global economies. Some of the historical transformative innovations required several decades, or longer, to reach their full potential. The creation of the combustion engine, airplanes and computers are but a few examples of transformative innovations that had lengthy ramp up periods. The most recent transformative innovation, genome editing, is poised to have a relatively short ramp up period, with significant application being reported since its first discovery less than a decade ago (Doudna and Charpentier 2014). Genome editing is the ability to target and control mutagenic breeding technologies to a specific gene or genes, as compared to the insertion of genes utilized by genetic modification (GM) technologies. There are numerous genome editing technologies, such as clustered regularly interspaced short palindromic repeats (CRISPR), site directed nuclease and oligonucleotide-directed mutagenesis. These are genome site-directed technologies, capable of up-regulating, down-regulating or silencing a specific gene or genes.
Innovations and their systemic integration into farming practices have always been vital for agriculture and food production. Without the invention of synthetic fertilizers, farmers would face nutrient depleted soils. In the absence of herbicides, fungicides and insecticides, farmers would experience substantial yield losses from weeds, diseases and insects. Innovative plant breeding technologies like mutagenesis and GM have contributed to higher yielding varieties with strengthened pest resistance and stress tolerance traits. In combination, these innovations liberated farmers and consumers from ancient, food insecure crop and food production practices.
Innovations in other sectors of the agricultural industry have provided additional important technology advancements. The use of global positioning systems (GPS) has allowed farmers to minimize seed, fertilizer and spray overlaps, reducing input amounts required to produce a crop, resulting in greater farmer profitability. Advancements in seeding equipment have facilitated the transition away from the need to till the soil prior to seeding, as well as disturbing the soil while seeding. Modern drills and seeders are capable of sowing crops with virtually no soil disturbance, preserving soil moisture for seed germination. The scale of equipment has also significantly contributed to improved crop production, allowing farms to expand and increase economic efficiencies.
While innovations more than 100 years ago in chemicals and fertilizers began the transformation process in agriculture, it was not until the middle part of the 20th century that increases in production were decoupled from increases in land used for crop and food production (OECD 2021). Over the past 60 years, food production has increased 390%, while the amount of land used to produce food has only increased by 10%. This demonstrates the substantial impact the Green Revolution had beginning in the 1960s to identify innovative means of producing greater yields on the same amount of land. While all of the innovations outlined above have been important in this transition, perhaps none is more important than innovative technologies in plant breeding. Without investments into new and improved plant breeding technologies and their adoption, increased food production would still be reliant on increasing the amount of land used for food production. It is estimated that if GM crops had not been developed, commercialized and adopted, the 2018 production of canola, corn, cotton and soybeans would have required an additional 60 million acres of cropland, an area equivalent to 14% of cropland in the United States (Brookes and Barfoot 2020).
Breeding new plant varieties is not a simple, or rapid process, with development times of 12–15 years common. One estimate identifies that the application of genome editing technologies could shorten this time requirement to as few as 2–3 years (Friedrichs et al., 2019). One challenge of older plant breeding technologies was the accuracy of the resulting genetic changes. Mutagenic technologies introduce changes throughout the plant genome, affecting many genes, thus requiring substantial testing and breeding cycles to determine which changes proved advantageous. The advent of GM technologies allowed for improved breeding accuracy, with scientists able to introduce specific genetic traits with greater testability, such as herbicide tolerance or insect resistance. In the short time period of use, genome editing technologies offer further enhanced predictability and accuracy of modifying or deleting specific endogenous genes by making targeted genetic changes (or targeted mutations), as well as the ability to introduce new genes. This article examines the potential contributions with the wide-scale adoption of current applications of genome editing technologies in plant breeding towards achievement of the first three Sustainable Development Goals (SDGs).
In 2000, the United Nations (UN) established the Millennium Development Goals (MDGs)1 with a target achievement date of 2015. The first of the 10 MDGs was to eradicate extreme poverty, which is commonly defined as living on less than US$2/day. Significant progress towards this goal was achieved as nearly 200 million fewer people were identified as being undernourished in 2015, as compared to 2005 (FAO 2021). Households with higher levels of disposable income are able to allocate a greater percentage to food, contributing to lifting them out of extreme poverty and hunger. In 2015, the UN proposed 17 SDGs, with a target date of 2030.2 The first three SDGs expand on the first MDG and are identified as: 1) end poverty in all its forms, everywhere; 2) end hunger, achieve food security and improved nutrition and promote sustainable agriculture; and 3) ensure healthy lives and promote well-being for all at all ages.
Genome Editing and the UN Sustainable Development Goals
With the application of many genome editing technologies in plant breeding being less than a decade old, few commercialized products have reached the market, making it a challenge to quantify the economic, environmental and nutritional benefits. Given that genome editing technologies are an evolution of existing mutagenesis and GM plant breeding technologies, it can be expected that they will further the benefits already observed and quantified with earlier technologies, when new crop varieties developed by genome editing become more commonplace (Ricroch et al., 2022). Furthermore, genome editing may overcome previous limitations of GM technologies, such as allowing improvement of existing local and regional crop varieties, rather than working on introducing new crop varieties into a region, with emerging evidence indicating that plant breeders are applying genome editing to local crops that both farmers and consumers are familiar with (Abdallah et al., 2015; Venezia and Creasey Krainer 2021). A significant benefit of genome editing technologies is that they can be seamlessly applied to existing variety development research programs, especially in developing countries.
Given the anticipated broader range of application of genome editing in breeding and the improved performance of genome editing compared to earlier breeding tools, it is relevant to examine genome editing in the context of innovations that contribute towards the achievement of the SDGs. The remainder of this section examines components of the first three SDGs that the application of genome editing in food crops has the potential to contribute to, concluding with the sub-section on poverty.
Genome Editing and Yield Increases
Multiple technologies, factors, policies and programs will be required to enable achievement of the set of SDGs, with agriculture being capable of anchoring much of the fundamental elements. Continuous improvement of crop breeding programs is crucial for increasing crop yields, leading to higher household incomes, which ultimately contributes to reduced poverty and SDG #1. This relationship has been quantified by research examining yield and profitability impacts of GM crops. In a review of the economic impacts resulting from the adoption of GM crops, 147 peer reviewed journal articles were analyzed, demonstrating that GM crop adoption resulted in yield increases of 22%, with farm profitability rising by a significant 68% (Klümper and Qaim 2014). A subsequent assessment of yield increases from GM corn adoption between 1996 and 2016 found increases of up to 24% (Pellegrino et al., 2018). An assessment of Bt brinjal in Bangladesh found yield increases of 20 and 22% higher revenues (Shelton et al., 2020). Over the past 20 years, evidence quantifying increased yields (along with safety and other benefits) resulting from the adoption of GM crops has continually accumulated, with estimates placing the total number of peer reviewed journal articles at over 3,000 (European Commission 2010; Nicolia et al., 2013; Van Eenennaam and Young 2014; National Academies of Sciences, Engineering, and Medicine 2016).
Breeding efforts to improve yields continue with the adoption of genome editing as a promising tool. To date, much of the global research investment into improved crop varieties has focused on the three global food staples: rice, wheat and corn. Rice plays an important role in the daily diets of people in many food insecure countries, often accounting as the sole source of nutrition. Considerable genome editing research has been directed at enhancing rice yield and improving other key traits. Researchers in China have been able to demonstrate increased yield and cold tolerance through the editing of just three genes (Zeng et al., 2020). Additional Chinese research has focused on improving disease resistance (Li et al., 2019). A global collaboration of researchers have focused on using genome editing to improve rice’s resistance to bacterial blight diseases, which reduces rice yields throughout Asia and Africa (Oliva et al., 2019).
Wheat is the second global food staple and genome editing is being applied to a wide range of traits. Considerable research is being undertaken focusing on increasing yields and improving both quality and disease resistance (Li et al., 2021). Other yield research is targeting increases in seed size and seed weight (Wang et al., 2018). With the sequencing of the wheat genome, genome editing is also being applied to enhance wheat traits based on those found in weedy relatives, thereby increasing the ability of new wheat varieties to better withstand changing climates (Pearce 2021).
The third staple for human food consumption to which genome editing is being applied is corn. The presence of mycotoxins in corn has long been an issue of high concern for its use in livestock feed and research is underway in the US utilizing genome editing to reduce mycotoxin levels (Bluhm and Swift 2019). Other American research focused on yield increases using genome editing has increased the number of rows of seed per cob (Cyranoski 2021). Genome editing is also being applied to develop semi-dwarf corn varieties that have equivalent yields but lower plant height, thereby lowering the amount of moisture and nutrients required to maintain yields (Bage et al., 2020). While the future of genome editing for plant breeding in Europe remains uncertain, researchers at Belgium’s Vlaams Instituut voor Biotechnologie (VIB) recently applied to conduct field trials involving three genome-edited corn varieties that have increased tolerance to climactic changes and improved digestibility (VIB 2022).
In a review of genome editing applications in plant breeding, Zhang et al. (2017) identify that research is globally proceeding in many other food crops besides the three staple crops discussed above, but also in citrus, vegetable and oilseed crops, with the leading traits including yield increases, increased disease and virus resistance and herbicide tolerance. Plant diseases can result in up to a 40% yield loss in food crops (Sastry and Zitter 2014) and genome editing technologies are providing advantages in mitigating these losses (Sharma et al., 2021). Wang et al. (2021) report that genome editing has been applied to improve disease resistance to fusarium wilt in bananas. Similar research is underway against fusarium wilt in Colombia (Maxmen 2019). Research applying genome editing technologies to cassava to improve resistance against cassava brown streak disease is also underway (Gomez et al., 2018).
With significant research underway utilizing genome editing to increase yields of the three global staple food crops, as well as other important food crops, genome editing technologies are demonstrating potential to substantially contribute to the components of SDG #2 focused on ending hunger and achieving food security. These applications are also important contributors to the component of SDG #2 focused on promoting sustainable agriculture (see the section on sustainability below).
Genome Editing and Nutritional Enhancements
Extensive research involving a variety of breeding technologies has been undertaken over the past 20 years on nutritional quality that includes: enhanced protein (canola, corn, potato, rice, wheat); increased oils and fatty acids (canola, corn, rice, soy); improved carbohydrates (corn, potato, sugar beet, soy); increased vitamins (potato, rice, strawberry, tomato); and increased mineral availability (lettuce, rice, soy, corn, wheat) (Newell-McGloughlin 2014). Early evidence is indicating that research on nutritional quality will benefit from genome editing technologies. It is also evident that public sector research institutions and laboratories are particularly active in this research. The application of GM technologies was predominantly confined to a small number of traits and multinational corporations due to the significant regulatory approval time and costs (Ku and Ha 2020).
Hefferon (2014) identifies that nutritional enhancement of the three staple crops has a lengthy period of research effort. Rice research has focused on addressing iron, folate and beta-carotene deficiencies (Majumder et al., 2019) as part of the effort to address micronutrient deficiencies, which are estimated to affect over 1.2 billion individuals globally and more commonly affecting children and women in developing countries (Wakeel et al., 2018). Numerous micronutrients, such as iron, zinc, selenium, magnesium, calcium and iodine, along with vitamins like provitamin A and folate play essential roles in the healthy development of children and the nutrition of nursing women and vegetables are increasingly the focus of research addressed at increasing these vital nutritional compounds (Lal et al., 2020). Israeli research involving genome editing applied to lettuce, has resulted in the creation of a new variety capable of expressing higher levels of beta-carotene, vitamin C and thiamine (Southy 2022). Vitamin A deficiencies annually results in over 250,000 instances of childhood blindness and contributes to other childhood and development problems like anemia, immune system deficiencies and stunted growth (Wesseler and Zilberman 2014; West and Darnton-Hill 2008). Ensuring that food nutrition is improved in childhood diets increases the capability of providing life-long benefits as individuals are less likely to have to manage debilitating diseases throughout their lifetime.
Another crop that is being utilized for increased micronutrient content is barley, which traditionally played a larger role in human food consumption, but has frequently been replaced by wheat in many modern diets (Sakellariou and Mylona 2020). Corn research has involved efforts to address beta-carotene, ascorbate and folate deficiencies. Biofortification research in wheat has improved zinc and selenium, both of which are important micronutrients. Research is additionally underway to enhance vitamin A content (Xiao et al., 2020) and provitamin A (Maqbool et al., 2018) in corn. In the United States (US), one focus of genome editing research in wheat has focused on fiber, which has led to field trials of a new high fiber wheat variety (Knisley 2021).
With genome editing technologies being broadly applied to nutritional enhancements in staple and other crops with promising results, particularly for food insecure developing countries, genome editing is poised to make significant contributions to the portion of SDG #2 that is focused on achieving improved nutrition. Improved nutrition additionally contributes to SDG #3, as the consumption of food with higher nutritional content contributes to healthier lives and improved well-being.
Genome Editing and Sustainability Improvements
While there are only a small number of genome-edited crops commercialized to date, they are demonstrating strong potential to both increase yields (see above) and improve agricultural sustainability (Qaim 2020). Field trial and experimental data show genome-edited crops can contribute to increased sustainability through improved water use efficiency (Glowacka et al., 2018) as well as nitrogen use efficiency (Wen et al., 2021). Research on improving yield, increasing fiber quality and enhanced environmental sustainability through enhanced drought tolerance of cotton is demonstrating how reductions in the environmental footprint of cotton production may be possible (Luo et al., 2019; Kumar et al., 2019; Peng et al., 2021). The environmental footprint of producing cotton can be reduced through integrating existing insect resistance and drought tolerance as these varieties will require fewer insecticide applications as well as lower amounts of water. Potato production requires extensive fungicide use and Norwegian research indicates that genome-edited potato varieties with increased resistance to late blight may be produced with significantly reduced volumes of fungicide applications (Turnbull 2021).
The application of genome editing technologies in agriculture has been dominated by plant research applications, but there have also been significant advancements in genome-edited meat. Leading the way is research in Japan that has resulted in the approval of two genome-edited fish for commercial sale (Nature Biotechnology 2021). Both the tiger puffer and the red sea bream fish have been edited to grow at a more rapid rate, on the same amount of feed. The tiger puffer is 90% heavier, while the red sea bream is 20% heavier. The ability to grow more rapidly reduces the amount of food required to raise each kilogram of meat, compared to non-edited fish. In a literature review of the application of genome editing technologies in aquaculture that focused on edits capable of contributing to improved sustainability, Blix et al. (2021) identify that China, Norway and the US have invested in this research. Changing climates are not restricted to land food production, with fish populations experiencing changes, contained aquaculture offers significant potential to ensure that fish supplies can continue to be a sustainable source of nutritional food in numerous countries.
Applications of genome editing in plants and livestock indicate that the technology is capable of contributing to the third component of SDG #2, promoting more environmentally sustainable agriculture. These applications also contribute to the other components of SDG #2 of ending hunger and achieving food security. Further advancements in increasing the sustainability of current food production practices are necessary in the face of pressures including climate changes and population growth and preventing conversion of more land from forest and other non-agricultural uses to agriculturally productive land. Without these areas of research focus, yields will decline with the effects of changing climates, which will adversely impact food security.
Genome Editing and Human Health
The third SDG focuses on ensuring that human health is promoted at all stages of life. It is well documented that GM crops have made substantial contributions to this through reductions in chemical exposure and improving food safety. For example, Kouser and Qaim (2011) estimate that as many as 9 million individuals per year in India no longer suffer from pesticide poisonings in the product of cotton following the adoption of GM varieties in 2003. Further, an assessment of over 20 years of GM corn production data identified that GM corn varieties exhibited 30% lower rates for the presence of cancer causing mycotoxins (Pellegrino et al., 2018). The use of genome editing may enable a more diverse scope of such benefits in an extended range of food crops.
An early example of this is a genome-edited tomato that has received commercial regulatory approvals in Japan. This product was developed to have increased levels of γ-aminobutyric acid (GABA) in the fruit, which may support lower blood pressure in consumers (Waltz 2021). In other tomato work in the US, genome editing is being used with a wild tomato variety from South America to increase lycopene, an antioxidant that has been linked to a lower risk of cancer and heart disease (Zaraska 2021).
In 2021, Rothamsted Research in the United Kingdom received approval for field trials of genome-edited wheat modified to produce less asparagine, a cancer causing compound when bread is toasted (Case 2021). Wheat consumption is problematic for people with gluten sensitivities or more serious celiac diseases. Genome editing has been applied to down regulate, silence and even delete gliadin genes, creating the potential for new wheat varieties that are safe for celiacs (Jouanin et al., 2020).
These applications of genome editing contribute to SDG #3, as they promote human health and well-being. When genome editing is capable of directly improving human health through the development of foods for consumption that may prevent specific diseases are integrated with applications that increase the nutritional values of foods, genome editing has the potential to make a substantial contribution to the achievement of SDG #3.
Genome Editing and Poverty
The combination of crops with higher yields and the resulting higher farm and household incomes contribute to poverty reduction goals. While a limited number of studies exist to date on this specific topic, one study has reported that the adoption of Bt cotton in India raised the income of adopting households living on less than US$2/day by 134% (Subramanian and Qaim 2010). This was achieved through a combination of higher yields and reduced input costs. The early evidence regarding the potential for yield increases using genome editing technologies indicates that, like GM crop adoption, their adoption could make significant contributions to the #1 SDG of ending poverty.
One proven means of reducing extreme poverty is through increasing the rate of education (Kulild 2014). Increases in household income provides opportunity for higher levels of child education. In some instances, children that are malnourished, are often unable to even attend school due to their physical weaknesses. Research on the importance of education and improved crop production, shows that an additional 4 years of education increases farm productivity by 8.7% (Lockheed et al., 1980). This is accomplished through a combination of higher education rates which increases farmers knowledge, awareness and importance of new methods of farming and food production and greater willingness to engage with, and accept the advice of, extension specialists.
Regulation of Genome Editing
With the commercialization of genome-edited crops just beginning, regulatory frameworks range from non-existent to equivalent to GM crop regulations, which ultimately amounts to a ban on the technology. As of 2019, GM crops were produced in 29 countries and imported by a further 43, having undergone over 4,400 risk assessments in all countries since 1992 (ISAAA 2020). Many countries have not undertaken risk assessments of GM crops and still prohibit the import of these products.
Argentina and the US have been the global leaders on the regulation of genome editing technologies and products. In 2015, Argentina enacted new regulations for products of new breeding techniques, which included genome editing, becoming the first country to enact such regulations. Regulated on a case-by-case basis, the Argentine regulations stipulate that as long as no foreign DNA is present in the commercialized variety, the new variety will not be subject to additional regulatory oversight, thus being regulated as equivalent to conventional non-GM crop varieties (Whelan et al., 2020). In March 2018, the US Secretary for Agriculture issued a statement, indicating that the USDA would not regulate plants that were developed using any technology that resulted in a final variety that could have naturally developed and was not considered to be a potential plant pest (USDA 2018).
Argentina’s regulatory framework has been viewed by numerous other Latin American countries as reasonable and functional. Countries that have followed Argentina’s lead include: Chile, Brazil, Colombia, Paraguay, Ecuador, Honduras and Guatemala (Entine et al., 2021). Harmonized genome editing regulations will facilitate innovation and trade throughout Latin America, as barriers will be minimized due to variation in regulatory requirements between countries. Similarly, Canada has adopted genome editing regulations that align with its largest trading partner, the US. Both Health Canada and the Canadian Food Inspection Agency have indicated that genome-edited products are safe and if no foreign DNA is present in the final variety, these products will be exempt from regulatory oversight (Fawcett-Atkinson 2021). Presently, both regulatory bodies are revising existing regulations to enable these exemptions.
Australia has followed a similar path to Canada and the US, as it has stated that some genome editing technologies will not require additional regulation. Those technologies that are capable of inserting foreign DNA in the final product will require regulation as equivalent to a GM crop. As a result of this determination, some applications of site directed nucleases (SDN) are regulated as equivalent to GM crops (Entine et al., 2021).
Japan’s regulation of genome editing is similar to Australia’s, in that SDN technologies that do not contain inserted nucleic acid in the final variety will not be regulated under GM regulation, while those technologies capable of inserting foreign DNA will be regulated as utilizing GM regulations (Entine et al., 2021). Varieties containing inserted nucleic acid in the development process, but where it is removed in the commercialized variety, would not be regulated as equivalent to GM varieties.
Genome editing research exploded on the scene in China with the November 2018 announcement regarding the birth of twins that had been created from genome-edited embryos (BBC 2019). This announcement caught not only the world by surprise, but the Chinese government as well and resulted in a 3-year jail sentence for the lead scientist. As a result of this unsanctioned use of genome editing technologies, Chinese scientists involved in using these technologies as part of their plant breeding research were unsure as to what the government would decide and there was a period following the 2018 announcement with minimal application of genome editing. China has reaped significant benefits from GM cotton (Qiao and Huang 2020) and invests significantly in agriculture research, with one estimate of US$10 billion annually (Cohen 2019). As the regulations for genome editing became clearer, advancements in the use of genome editing technologies have been rapidly occurring as the Chinese government began to signal that genome editing technologies offered a viable solution for improving domestic food security (Patton 2022). Based on patent applications and those granted, there is substantial genome editing research underway in China (Turnbull et al., 2021). Given the significant investments the Chinese government has been making in agricultural research and with a clearer regulatory framework for genome editing technologies, it is reasonable to expect genome edited products to be entering the market within the next 5 years.
India was an early adopter of GM cotton, as 2022 marks its 20th year of production. However, India’s regulatory system has not approved any subsequent GM crop, as it has adopted Europe’s precautionary approach, resulting in gridlock that has prevented further GM crop commercialization. The lack of innovation in crop variety development has been very frustrating for Indian farmers as they observe farmers in neighboring countries increase profitability from the adoption of other GM crops. This has resulted in Indian farmers illegally growing GM brinjal, highlighting just how desperate Indian farmers are for innovative technology (Hindustan Times 2019). Given India’s political aversion to further commercial use of GM crops, adoption of genome editing technologies and the commercialization of any resulting products appears to be a long way from a reality.
Currently, the European Union (EU) is revising its regulations in relation to genome editing for plants with the objective to address the failures of its current GM framework which was identified as stifling innovation and not ‘fit for purpose’ by the EU Commission (European Commission 2021). While there is a concerted effort to effect regulatory reform for genome-edited crops, the changes that will be required to precipitate this will be contested and lengthy (Smyth and Wesseler 2022). It is important that the EU implement risk appropriate regulations for genome editing as the EU’s regulatory framework for GM crops was based on precaution, not risk, which had negative spillover effects on GM crop adoption in many developing countries (Paarlberg 2009; Smyth et al., 2016). Achievement of the SDGs by 2030 requires a more risk appropriate EU regulatory system.
Similar to how the EU’s GM regulatory framework affected regulation in African countries, the same is being observed with genome editing. South Africa has indicated that it will revise its regulatory framework to ensure that the application of genome editing technologies will result in them being regulated as equivalent to GM varieties (Government of South Africa 2021). The other two leading GM crop adopting countries, Kenya and Nigeria, are indicating they will not follow South Africa, rather the proposed regulatory revisions are inline with Argentina’s regulatory system (Entine et al., 2021). Nigeria is a regional influencer in terms of crop adoption and regulations and their position on genome editing regulation may encourage other nations in central Africa to adopt similar regulatory frameworks. For the most part, the regulation of genome editing in most African countries remains uncertain, as regulatory frameworks for GM technologies are lacking and by result, there are no regulatory frameworks for genome editing technologies either.
While the regulatory environment is evolving for genome editing, it is widely hoped that GM history will not be repeated and prevent realization of its potential, including application to local issues by agricultural research in developing countries. In many countries, GM regulations were not risk relevant and instead, were based on avoiding risk, which effectively resulted in bans on the application of GM technology. Developing countries will require innovative breeding tools if they are effectively able to respond to the SDGs. Application to local needs would include increased nutritional composition in local and regional varieties that farmers and consumers are familiar with. In addition to improved nutrition, applications such as improving disease resistance in local food crop varieties, improved drought tolerance and increased insect resistance would be of vital importance.
CONCLUSION
The United Nations has charted an ambitious call for action by all countries through the launch of the SDGs, with an achievement target date of 2030. Agriculture has played, and will continue to play, a central role in achieving the SDGs, but the first three in particular: hunger eradication, improved food security and increased human health.
As reported by the OECD (2021), since 1960, food production has increased nearly four-fold, while the land used to produce this food has risen by only 10%. Driven by the Green Revolution, food production has vastly benefited from improved plant breeding investments and technologies. The widespread adoption of mutagenic plant breeding technologies to all crop variety development programs, which includes bulk commodities, fruits and vegetables, was a catalyst for the significant rise in food production. As the plant breeding technologies expanded to GM and now to genome editing, the ability to produce more per unit of land is expected to further increase, given that early evidence indicates higher rates of yield increases than previously achieved might be possible. The first of the commercial genome editing products and ongoing research in many areas of application also strongly suggest that a greater diversity of human health benefits may be possible. Regrettably, biotechnology-based agricultural innovations have long faced considerable opposition in parts of the world where the notion persists that older (pre-Green Revolution) food insecure production methods alone are the solution for improving food security, food quality and environmental impact. This is a dangerous fallacy and rejection of innovative plant breeding technologies, or insurmountable regulatory burdens imposed on them, will only perpetuate or worsen existing levels of food insecurity, malnourishment and adverse human health impacts, preventing progress towards the SDGs.
As production uncertainty increases in the face of changing climates, ensuring consistent yields and adaptable crops will be fundamental for improved food security and the societal benefits that arise from this. Modern plant breeding technologies have demonstrated significant successes in raising yields, increasing household wealth and improving food security. All plant breeding technologies will be required to further contribute to this and genome editing technologies may well be the 21st century drivers of food security, improved nutritional and human well-being and reduced poverty.
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Rice, a staple food worldwide and a model crop, could benefit from the introduction of novel genetics from wild relatives. Wild rice in the AA genome group closely related to domesticated rice is found across the tropical world. Due to their locality outside the range of domesticated rice, Australian wild rice populations are a potential source of unique traits for rice breeding. These rice species provide a diverse gene pool for improvement that could be utilized for desirable traits such as stress resistance, disease tolerance, and nutritional qualities. However, they remain poorly characterized. The CRISPR/Cas system has revolutionized gene editing and has improved our understanding of gene functions. Coupled with the increasing availability of genomic information on the species, genes in Australian wild rice could be modified through genome editing technologies to produce new domesticates. Alternatively, beneficial alleles from these rice species could be incorporated into cultivated rice to improve critical traits. Here, we summarize the beneficial traits in Australian wild rice, the available genomic information and the potential of gene editing to discover and understand the functions of novel alleles. Moreover, we discuss the potential domestication of these wild rice species for health and economic benefits to rice production globally.
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INTRODUCTION
The CRISPR-Cas system has quickly gained popularity as a strong and widely used tool for genome editing as compared to traditional inefficient and laborious random mutagenesis and screening methods (Ma X. et al., 2015; McCarty et al., 2020). The introduction of genome edits, like substitutions, insertions, and deletions, using the CRISPR-Cas 9 system, can speed up the breeding of plants including rice (Romero and Gatica-Arias, 2019). Australian wild rice represents an untapped source of important alleles that are missing from the rice gene pool (Henry et al., 2010). To ensure rice food security, it is necessary to increase productivity which relies on continuous genetic improvement (Brar and Khush, 2018; Henry, 2019). The wild rice species have higher drought, salinity, lodging, disease, and insect resistance than the most tolerant or resistant rice genotype. Additionally, they have unique traits such as acid soil tolerance, shade tolerance, high micronutrient content and are not only known to tolerate biotic and abiotic stress but also to exhibit extraordinary growth and development traits, such as profuse tillering and the existence of a salt gland that might be transferred to cultivated rice, increasing production and profitability (Henry, 2018; Moner and Henry, 2018).
The primary gene pool of rice comprises the Oryza A-genome species that are easily interfertile with rice (Wambugu et al., 2015). Previous research indicates two separate and unique perennial wild populations in tropical Australia (Brozynska et al., 2017; Moner et al., 2020), an O. rufipogon-like population, that has been referred to as Taxa-A, and O. meridionalis, including both perennial and annual forms and sometimes, referred to as Taxa-B. Genome analysis suggests that the O. meridionalis populations diverged from the lineage that became O. sativa approximately 3 Mya, while the Australian O. rufipogon like populations diverged approximately 1.6 Mya. The phylogenetic relationships between these species have been studied using both chloroplast and nuclear genome sequences (Wambugu et al., 2015; Brozynska et al., 2017). Taxa A (O. rufipogon-like taxa) has a chloroplast that is more similar to that of O. meridionalis and a nuclear genome that is more similar to that of O. rufipogon from Asia (Brozynska et al., 2017). A recent analysis of these taxa has confirmed that there is ongoing reticulate evolution, with rare hybrid plants being found in the wild (Hasan et al., 2022). O. meridionalis is the most distant species in the AA genome group that includes domesticated rice making it a significant resource for improving rice and studying rice evolution. In addition to being a source of slowly digestible starch and higher amylose content, its photosynthetic traits and abiotic stress tolerance make it an excellent candidate for use in the rice improvement (Scafaro et al., 2009; Tikapunya et al., 2017). Until recently, Australian wild rice was generally undisturbed by the impact of rice domestication, resulting in the persistence of wild Oryza in vast populations across a large area of northern Australia (Henry et al., 2010). These Australian Oryza may be critical in adapting rice to rapidly changing climate conditions and altering consumer preferences and needs. Moreover, recent data reveals that, even though the rice was first domesticated in Asia, Australian wild rice populations have provided genes to the domestication of rice (Huang et al., 2012; Fujino et al., 2019).
Seed shattering is a significant drawback affecting yield loss in both taxa of Australian wild rice. Gene editing using CRISPR-Cas to induce loss of function in shattering genes could allow rapid production of potentially new wild rice cultivars (Bohra et al., 2021). Advancement in genome and transcriptome sequencing has been a major contributor to improving gene target identification. The genomes of many wild rice species have been sequenced allowing the discovery of the genes responsible for desirable characteristics. The availability of these genetic resources is highly beneficial in supporting molecular breeding by horizontal transfer of key traits from wild species to cultivated rice.
In this review, we will discuss genome editing and how it has been used to capture diversity in rice (Figure 1). Furthermore, we will discuss how the function of novel alleles have been identified in domesticated rice using CRISPR/cas9 and how these studies can guide the identification of useful alleles in wild rice (especially in the Australian species) with the potential of being used in rice breeding.
[image: Flowchart illustration showing the process of developing transgene-free rice varieties: starting with Australian wild rice, progressing through genome sequencing and gene selection, CRISPR-Cas9 gene editing, Agrobacterium transformation, plant regeneration, genotyping, phenotyping, and ending with field trials of improved rice plants and selection of new transgene-free variety.]FIGURE 1 | Schematic diagram shows the denovo domestication of Australian wild rice through genome editing.
GENE EDITING OF RICE
Genome editing tools have broadened the range of options for rice research and improvement, giving scientists innovative ways to make new varieties that are more productive and better for the environment. The small size of the rice genome, high efficiency of transformation, abundance of genetic resources, and genomic synteny with other cereals provides an excellent model system for the study of functional genomics. In recent years, rice has been used to evaluate the efficacy of several genome editing methods, as well as to explore gene functions and their potential in the rice improvement (Li et al., 2012; Feng et al., 2013; Zafar et al., 2020) as briefly discussed below and highlighted in Table 1. CRISPR/Cas9-mediated editing of the bsr-k1 gene produced higher-yielding rice plants resistant to leaf blast and bacterial leaf blight (Zhou et al., 2018). When Bsr-d1, Pi21, and ERF922 were mutated using CRISPER/Cas-9 in all single and triple mutants of TGMS rice line (Indica thermosensitive genic male sterile) and longke638S (LK638S) were more resistant to rice blast than the wild type (Zhou et al., 2021). To find new sources of RTD (rice tungro disease) resistance, a CRISPR/Cas9 system was used to create mutations in the eIF4G gene in the RTSV-susceptible variety IR64, which is grown all over tropical Asia. eIF4G alleles with mutations in the SVLFPNLAGKS (mostly NL) close to the YVV residues were the only ones that were identified resistant (Macovei et al., 2018). Overexpression of OsAAP3 in transgenic plants resulted in reduced bud outgrowth and rice tillering while OsAAP3 RNAi slightly reduced the transport of amino acids, with lower concentrations of Arg, Lys, Asp, and Thr, but increased the number of bud outgrowth, tillers, grain production, and nitrogen usage efficiency (NUE). OsAAP3 promoter sequences differed in Japonica and Indica rice, and expression was higher in Japonica, which had fewer tillers. CRISPR technology was used to create OsAAP3 knockout lines in Japonica ZH11 and KY131 resulting in an increased grain yield (Lu et al., 2018).
TABLE 1 | Summary of gene edited traits in rice.
[image: Table displaying gene names, their effects on plants, genome-editing systems used, and references. Gene functions include tolerance to stress, grain yield, disease resistance, and quality traits, with CRISPR-Cas9 commonly used. References are listed alongside each entry.]Recent Advances in Editing Technology
The CRISPR-Cas9 system is mainly confined to genome editing at canonical NGG protospacer adjacent motif (PAM) sites. These sites are extremely important for nuclease identification, cleavage and efficient editing. Cas9 orthologs with changed PAM specificities have been discovered such as SaCas9 (Staphylococcus aureus) and Cas9-VQR (D1135V/R1335Q/T1337R) (Kleinstiver et al., 2015; Hu et al., 2016). Cas9-VQR has been designed to cleaves the sites containing a NGA PAM, however its editing efficiency was found to be insufficient in rice. To boost the VQR variant’s editing efficiency, the sgRNA structure was changed and significantly increased the editing efficiency (Hu et al., 2018). The CRISPR-SaCas9 toolkit was recently refined in rice by adding three important mutations (E782K/N968K/R105H) to improve the editing efficiency (Qin et al., 2019; Zafar et al., 2020). The editing efficiency of SaCas9 in the PDS and DL genes was determined via Agrobacterium-mediated transformation of Japonica rice. After mutagenesis, 34 out of 53 lines (64.2%) and 28 out of 36 (77.8%) lines had targeted mutations in the PDS/T1 and DL/T1 areas, respectively (Qin et al., 2019).
Cas9 with extended PAM SpCas9 (xCas9) and Cas9-NG (Cas9-NG) have also been tried in rice (Zhong et al., 2019) with xCas9 technology showing a better outcome in the rice genome editing (Wang J. et al., 2019; Endo et al., 2019). These enzymes can detect NG and GAA PAMs. The Cas9-NG also detects non-canonical PAM sites such as NCGAA and NG in addition to NCG (Ren et al., 2019; Zhong et al., 2019). These findings have broadened the breadth of rice genome editing.
Base editing is a novel approach to genome editing that enables irreversible base alterations at target loci without the use of double-stranded breaks or homology guided repair. (Hua et al., 2019). The combination of Cas9 nickase and cytidine deaminase enzymes allows for the creation of C to T or G to A substitutions anywhere in the genome (Komor et al., 2016; Mishra et al., 2018). For instance, the substitution of C-to-T in the OsALS gene resulted in an amino acid change at position 96 from alanine to valine conferred herbicide tolerance in Oryza sativa L (cv. Nipponbare) (Sun et al., 2016; Shimatani et al., 2017) (Table 1).
The tandem use of adenine and cytosine base editors in rice also shows their potential for use in the rice improvement (Hua et al., 2018). Human APOBEC3A and Cas9 nickase were used together to improve the efficiency of base editors (Zong et al., 2018). This fusion protein effectively converts cytidine to thymidine, allowing for larger editing frames, from 5 to 17 nucleotides in rice (Zong et al., 2018). Other recent examples of better base editing toolkits include (ABE)-nCas9 tool, SpCas9-NGv1, and ABE-P1S (Hao et al., 2019; Negishi et al., 2019; Hua et al., 2020). Although base editing is a highly effective method for inducing point mutation with high efficiency, base editors can’t generate exact indels, transversions, insertions, or avoid other mutations (Lin et al., 2020).
In contrast, prime editors have the ability to insert any of the 12 conceivable transition and transversion mutations as well as minor indels into the genome. Prime editing is a revolutionary method of genome editing (Anzalone et al., 2019). Instead of using a donor repair template, prime editing installs the desired modifications directly into the pegRNA sequence. Over the last few years, several attempts have been made to develop a reliable primary editing system in rice, with some success in creating herbicide-tolerant cultivars of rice (Li et al., 2020). Base and prime editing could contribute to domesticating Australian wild rice and significantly improving cultivated rice to overcome food security challenges.
Applications of Gene Editing to Wild Rice Relatives
CRISPR-Cas technology allows for rapid de novo domestication of wild plant relatives. Traditional domestication requires considerable cross-breeding and selection of naturally occurring genetic alterations. Groundcherry (Physalis pruinosa) and wild tomato were recently de novo domesticated by utilizing genome editing (Li T. et al., 2018; Lemmon et al., 2018; Zhu and Zhu, 2021). Yu et al., 2021 outlined a de novo domestication strategy for Oryza alta, an allotetraploid rice with high biomass that is widely adapted to the environment (Yu et al., 2021). Yu et al., 2021 knocked out genes associated with seed shattering and awn length (qSH1 and An-1 orthologues), resulting in a considerably lower seed shattering rate and shorter awn length. To improve additional traits, they edited several orthologues of rice genes semi-dwarf stature (SD1), grain length and size (GS3), heading date (Ghd7, DTH7), and ideal plant architecture (IPA1) in O. alta. This remarkable study introduced a new era of rapid domestication of crops with desired traits by applying precise genome editing technologies. To domesticate a wild crop relative, it must have a well-sequenced genome and be amenable to tissue culture and transformation. The capacity to induce callus and regenerate plantlets is frequently a bottleneck to build a plant genetic transformation system. Only a few plant species, including a few Oryza sativa cultivars, have adequate and robust transformation procedures, several hurdles remain in applying genome editing to rice wild relatives.
AUSTRALIAN WILD RICE
Henry et al., 2010 reported four Australian wild relatives Oryza rufipogon like population (Taxa-A), Oryza meridionalis like population (Taxa-B), Oryza officinalis, and Oryza australiensis (Henry et al., 2010; Brozynska et al., 2017). The characterization of unique wild rice species in Australia, via genetic and morphological investigation, has led to the discovery of novel Oryza gene pools (Waters et al., 2012; Sotowa et al., 2013; Brozynska et al., 2014). The AA genome species of most interest have been described above but the much more divergent O. australiensis is also of potential value in rice improvement. Oryza australiensis, the only known member of the E genome in the genus Oryza has unique characteristics such as an underground rhizome that a prospective source of novel genes for rice development because it allows plants to survive during the dry season (Henry et al., 2010). The relationships of Oryza australiensis with other species in the Oryza genus suggested that it may be useful in understanding the evolution of the Oryza genus. Oryza australiensis has a large and poorly characterised, with a high proportion of repeated sequences, making it challenging to study (Henry, 2018). In addition, the species shows outstanding grain properties, which suggests that it might potentially be used as a crop if domesticated (Tikapunya et al., 2016).
Genomic sequencing of these novel Australian wild rice species has been reported (Brozynska et al., 2017) but improved genome sequences are required to facilitate genome editing of rice to transfer their desirable traits.
Potential Applications to Introgression of Genes From Australian Wild Rice
Biotechnological and genomic breakthroughs in rice genomic studies have created new prospects for improving rice germplasm with unique genetic features and better knowledge of rice gene activity. High-yielding improved rice varieties have been developed by applying traditional breeding procedures and manipulating the rice (Oryza sativa) gene pool resulting in better quality features. The cultivated rice gene pool has little genetic diversity hence interspecific hybridization could play a role in introducing economically important agronomic traits from wild to cultivated rice. However, due to incompatible obstacles, including pre-and postfertilization barriers, seed shattering, hybrid sterility, poor grain properties, and linkage drag, gene transfer from wild to domesticated species is challenging (Brar and Khush, 2018). Interspecific hybridization has enabled researchers to get and measure the genetic diversity of aliens from different Oryza genomes. Wild rice species have provided functional genes that make plants resistant to bacterial blight, tungro, brown planthoppers and acidic soils (Table 2).
TABLE 2 | List of the key biotic stress resistance genes and QTLs identified within wild rice species.
[image: Table listing rice genes and QTLs related to resistance to bacterial blight, rice blast, and brown planthopper, showing gene names, associated markers, inheritance patterns, wild species sources, and literature references.]To capture useful genetic diversity, screening and phenotyping of many different accessions are very important. For example, only one O. nivara accession (IRGC101508) from India proved resistant to grassy stunt virus out of 6,000 cultivated and wild rice accessions examined.
Potential Applications to the Domestication of Australian Wild Rice
Population growth and climate change threaten global agriculture productivity. To feed 10 billion people by 2050 is a massive challenge. To meet the world’s food needs and increase crop yields quickly, existing methods of domesticating crops are insufficient. Together with a deeper understanding of domestication’s genetic foundation, provided by pangenomes, recent advancements in gene editing technologies open the intriguing probability of developing novel crops by modifying few genes in wild species. Using a new platform for domestication, it may be possible to convert crop wild relatives quickly and precisely into economically desirable crops while keeping some of the beneficial resilience and nutritional properties that have been lost during domestication and breeding.
Australian wild rice has many unique and novel traits that can feed the future population. Australian wild rice domestication can potentially be achieved by following and optimizing the de novo route highlighted by Li’s group; the development of a high-performance transformation system, putting together and annotating a high-quality reference genome, and editing several genes that are important for domestication, e.g., shattering, awn length, panicle architecture and nutritional benefits to improve a variety of features. In this way, genome engineering might be used to generate nutritionally and climate-smart crops from the start in a wide range of crops currently used for human consumption, food production, animal feed, or biofuel.
FUTURE PROSPECTS
Traditionally, domestication of wild plants into commercial crops took hundreds or even thousands of years, but newly emerging genome editing technologies enable this to be accomplished in a few generations (Van Tassel et al., 2020). As a result, effective genome editing techniques are critical for accelerating the speed of domestication. Only the O. sativa subspecies japonica and indica have been successfully transformed using Agrobacterium-mediated transformation systems (Hiei et al., 1994). To determine the most promising starting material, priority must be given to callus induction and regeneration capacities with suitable biomass traits and stress tolerance etc. During the domestication, traits that were good for farming instead of natural growth were chosen and improved, such as grain size, hull colour, erect growth, shattering, pericarp colour and awn etc (Chen et al., 2019). Many traits of Australian wild rice species are similar to those of the wild ancestors of the present cultivars because they are closely related. Identifying the wild rice homologs of the domestication-related genes from domesticated rice is the first step, for example qSH1gene homolog for seed shattering, Bh4 homolog gene for hull colour, An-1 and An-2 for awn length, Rc for pericarp colour, OsLG1 for panicle shape, and GW5 for grain width. Editing these homologs genes by utilising a CRISPR/Cas9-mutagenesis technique may genuinely achieve quick domestication of Australian wild rice.
Most crop improvements have involved targeted editing and transformation, which require the efficient transformation and precise large-scale genome editing system. For example, RNA viral vectors, may infect plants and deliver gene-editing reagents to the germline, inducing hundreds to thousands of different mutations. Using developmental regulators, altered somatic cells can generate meristems that produce seed-bearing branches, boosting productivity and minimizing timeframes (Nasti and Voytas, 2021). These and other techniques will allow faster breeding, domestication of Australian wild rice, and metabolic reengineering than previously conceivable. So, developing an efficient transformation and genome editing system for Australian wild rice is very important.
Furthermore, Australian wild rices have beneficial traits including biotic and abiotic stress tolerance that can be used in breeding programs for improved yield. Studies on the loss or gain of function of the genes associated with these traits need to be conducted to definitively understand their mechanisms and potentially edit them into cultivated rice varieties.
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Sustainable intensification of agriculture in Africa is essential for accomplishing food and nutritional security and addressing the rising concerns of climate change. There is an urgent need to close the yield gap in staple crops and enhance food production to feed the growing population. In order to meet the increasing demand for food, more efficient approaches to produce food are needed. All the tools available in the toolbox, including modern biotechnology and traditional, need to be applied for crop improvement. The full potential of new breeding tools such as genome editing needs to be exploited in addition to conventional technologies. Clustered regularly interspaced short palindromic repeats/CRISPR-associated protein (CRISPR/Cas)-based genome editing has rapidly become the most prevalent genetic engineering approach for developing improved crop varieties because of its simplicity, efficiency, specificity, and easy to use. Genome editing improves crop variety by modifying its endogenous genome free of any foreign gene. Hence, genome-edited crops with no foreign gene integration are not regulated as genetically modified organisms (GMOs) in several countries. Researchers are using CRISPR/Cas-based genome editing for improving African staple crops for biotic and abiotic stress resistance and improved nutritional quality. Many products, such as disease-resistant banana, maize resistant to lethal necrosis, and sorghum resistant to the parasitic plant Striga and enhanced quality, are under development for African farmers. There is a need for creating an enabling environment in Africa with science-based regulatory guidelines for the release and adoption of the products developed using CRISPR/Cas9-mediated genome editing. Some progress has been made in this regard. Nigeria and Kenya have recently published the national biosafety guidelines for the regulation of gene editing. This article summarizes recent advances in developments of tools, potential applications of genome editing for improving staple crops, and regulatory policies in Africa.
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INTRODUCTION
The greatest challenge in agriculture is to feed the growing population and mitigate the negative impact of climate change. Agriculture production needs to be doubled to feed the increasing global population projected to grow from 7.5 billion to 9.8 billion in 2050 (UNDESA, 2017). Africa’s population will double by 2050, making food security the main challenge for Africa (UNDESA, 2017). The biggest global challenges are producing more food with the same or less land and water, improving nutrition, and helping farmers adapt to climate change (Searchinger et al., 2019). The world can only meet its future food needs by harnessing scientific agriculture innovation.
The adverse impacts of climate change are already being felt in the form of increasing temperatures, weather variability, and invasive crops and pests. Some reports provide evidence to show the effects of climate change on agriculture production (Iizumi et al., 2018). The global yields of several grain crops such as maize, wheat, and soybeans have decreased due to climate change. The extreme climate is anticipated to have harmful influences on plant agronomic traits, pathogens and pests, and soil fertility, affecting crop productivity (Dhanker and Foyer, 2018). In Africa, climate change is predicted to negatively impact the food system due to extensive dependence on rainfed agriculture and the dominance of subsistence farming (Manners et al., 2021). Smallholder farmers in Africa are mainly dependent on root, tuber, and banana crops. A significant impact of variation in temperature and rainfall is reported on banana yields, mainly in the regions where the crop is cultivated with no or minimal irrigation (Sabiiti et al., 2016). Strategies need to be developed for African crops to adapt to extreme changes in climate, particularly drought.
Sustainable agriculture is vital for accomplishing food and nutritional security, as we are aware of the United Nations’ Sustainable Development Goals (SDGs) 2030 and addressing the rising concerns of climate change. Broad-ranging support is required for agricultural improvements in Africa, including recognizing farmer needs, high-yielding varieties, widely available and affordable planting material, and access to markets. Sustainable intensification of farming systems in developing countries, particularly in Africa, is essential to meet this growing global food demand (Tilman et al., 2011). Sustainable intensification of crop productivity requires agriculture innovation. There is an urgency to close the yield gap in staple crops and enhance food production to feed the world (Pixley et al., 2019).
In order to meet the increasing demand for food, more efficient approaches to produce food are required. The full potential of new breeding tools such as genome editing needs to be exploited in addition to conventional technologies (Pixley et al., 2019). Genome editing technologies are simple, precise, and accurate, allowing targeted manipulation of the plant genomes, thereby speeding up the breeding efforts for developing improved crop varieties. Genome editing has the potential to reduce inputs such as fertilizers, pesticides, etc., increase yields, improve nutrition, and develop climate-resilient crops. Intensive efforts are underway; however, little has gone up to commercialization. Since the discovery of CRISPR/Cas9 technology, several Africa experts have been using this technology for crop improvement (Karembu, 2021). This article summarizes recent advances and highlights the progress in the CRISPR/Cas9-based genome editing efforts with major staple food crops grown in several countries in Africa (Figure 1).
[image: Map of Africa showing the distribution of major crops—banana, cassava, maize, sorghum, wheat, and yam—by colored dots and locations of genome-edited crop projects in select countries marked with green stars.]FIGURE 1 | Map of Africa showing the major staple food crops addressed in this article. Also indicated are the countries where genome-edited projects are being implemented in Africa (based on the information from Karembu, 2021).
GENERAL OVERVIEW OF GENOME EDITING TOOLS
Genome-editing technologies using site-directed nucleases (SDNs) have become powerful tools for modifying plant genomes. These tools, including meganucleases, zinc-finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENs), and clustered regularly interspaced short palindromic repeats/CRISPR-associated protein (CRISPR/Cas), achieve precise genetic modifications by inducing targeted DNA double-strand breaks (DSBs). The DSB may then be repaired by either non-homologous end-joining (NHEJ) or homology-directed repair (HDR), depending on the cell cycle stage and the presence or absence of a repair template containing homologous terminal regions (Tripathi et al., 2020; Ntui et al., 2021). Mechanisms involving HDR have been achieved in crops discussed here, including cassava and maize (Hummel et al., 2018; Gao et al., 2020b; Veley et al., 2021). Additionally, base and prime editing have been achieved in some of the cereal crops, such as maize (Zong et al., 2017).
Meganucleases, encoded by mobile genetic elements or introns, are naturally occurring, compact DNA cleavage enzymes that recognize long (∼20 base pairs) DNA targets. ZFNs are based on a custom-designed Cys2-His2 zinc-finger protein and the FokI restriction endonuclease cleavage domain. TALENs are derived from TALEs of bacteria and consist of an amino-terminal TALE DNA-binding domain fused to a carboxy-terminal FokI cleavage domain. CRISPR/Cas9 is derived from the adaptive immune system of Streptococcus pyogenes. Among all the genome editing tools, CRISPR/Cas9 has become the most popular approach due to its simplicity, efficiency, specificity, easy to adapt, and capability of multiplexing traits.
The main components of CRISPR/Cas9 are the guide RNA (gRNA) and the Cas9 nuclease. The Cas9/gRNA complex recognizes target DNA and the protospacer adjacent motif (PAM) sequence and begins editing the DNA upstream of the PAM segment. The PAM is a three-nucleotide sequence that serves as a recognition site for Cas9 to start editing upstream. It is usually NGG or NAG, where N is any nucleotide. The gRNA, consisting of a scaffold and a user-defined spacer sequence of about 20 nucleotides, directs the Cas9 to create precise double-stranded breaks (DSBs).
Other Cas proteins such Cas12a (Cpf1) and Cas13a have also been used in several crops. Cas12a is a class 2, type V-CRISPR system, which harbours a RuvC domain, possesses crRNA biogenesis RNase and single-strand DNase activities and recognizes a T-rich PAM, TTN/TTTN/TTTV (N = A/T/C/G; V = A/C/G) (Bandyopadhyay et al., 2020). Cas13a is a ribonuclease of class 2 type VI-A that targets and cleaves single-stranded RNA (ssRNA) molecules in the phage genome (Aman et al., 2018). It does not require a PAM and can be used to detect RNA viruses.
Based on the repair mechanism, the editing can lead to three different outcomes: site-directed nuclease-1 (SDN1), where after a cut by the CRISPR/Cas9 of the host DNA, non-homologous end joining (NHEJ) introduces indel mutations during repair leading to gene knockout, gene silencing, and gene inactivation; SDN2, which involves template-mediated sequence alteration to change the gene function; and SDN3, where a DNA fragment is inserted or replaced at a precise location in the genome (Podevin et al., 2013; Svitashev et al., 2015). SDN1 is like mutations obtained through chemical mutagenesis, irradiation, or spontaneous natural mutations and are not regulated as genetically modified organisms (GMO) in many countries (Tripathi et al., 2020).
Base and prime editing techniques have also recently been developed. Base editing requires the fusion of a DNA deaminase to dCas9 (dead Cas9) to generate a base editor that enables a single base substitution without involving a DSB. In this system, a guide RNA binds to the target DNA, and during the process of the base pairing of the guide RNA with the target DNA, a DNA bubble having a short segment of ssDNA is created. The deaminase enzyme then modifies the targeted base of the ssDNA, and depending on the DNA deaminases, C:G-to-T:A or A:T-to-G:C substitution could be achieved. Prime editing uses the exact mechanism as classical CRISPR/Cas9 systems, mediating DNA base pair substitutions, small insertions, or small deletions (indels), but does not induce a DSB and does not require a donor template (Matsoukas, 2020; Chen et al., 2021). It requires a longer-than-usual gRNA, known as pegRNA, and a fusion protein consisting of Cas9 H840A nickase fused to an engineered reverse transcriptase enzyme to edit the genome. Since base editing and prime editing do not require a DNA donor template, they might be considered as SDN1 type of gene editing, which can be treated like non-GMO products and do not require biosafety regulations similar to transgenic products.
To expand CRISPR/Cas9 functions, a CRISPR tool known as CRISPR activation (CRISPRa) was developed. CRISPRa uses a modified version of Cas9 without the endonuclease activity (dead Cas protein; dCas) with added transcriptional activators or repressors VP64, VPR, or Mxi1 to enhance or repress the expression of the desired gene (Chen and Qi, 2017). Fusion of dCas9 with activation or repression domains allows specific and efficient transcriptional regulation of any gene without introducing any mutations in the endogenous gene.
POTENTIAL APPLICATIONS FOR IMPROVEMENT OF STAPLE CROPS IN AFRICA
Banana
Banana, including plantain, is an important staple food crop and a source of income for millions of resource-poor farmers in Africa. The crop is primarily grown by smallholder farmers for domestic consumption and local or regional markets, and less than 15% enter the international markets. Africa produces one-third of the global bananas, with East Africa the leading producer accounting for about 40% of the total African production (FAOSTAT, 2020). East Africa is the largest banana-growing and -consuming region, with the most substantial consumption at 220–460 kg per person annually, which is six times Africa’s average and 15 times the world’s average (Ainembabazi et al., 2015). According to Food and Agriculture Organization (FAO) data, over 60% of the total banana cultivation across Africa is from East Africa (FAOSTAT, 2020). Still, there is a huge yield gap for banana and plantain production in Africa. Banana and plantain yield in most African countries is among the lowest globally. The average yield for banana and plantain is 12 tons/ha and 5.5 tons/ha annually (FAOSTAT, 2020), which is relatively low compared to the potential yield of 70 tons/ha/year for banana and 35 tons/ha/ton for plantain. This yield gap is because the crop is vulnerable to several diseases, mainly when many diseases are present together in the same region. The most significant diseases are bacterial [banana Xanthomonas wilt (BXW) caused by Xanthomonas campestris pv. musacearum, moko and bugtok disease, caused by Ralstonia solanacearum, and blood disease, caused by Ralstonia syzygii subsp. Celebesensis], fungal (black Sigatoka caused by Pseudocercospora fijiensis, Fusarium wilt, commonly known as Panama disease, caused by Fusarium oxysporum f. sp. cubense), and viral (banana bunchy top disease, and banana streak disease) (Blomme et al., 2017; Tripathi et al., 2020).
The CRISPR/Cas9-based genome editing tool has successfully been established in banana using the phytoene desaturase (PDS) gene (Kaur et al., 2018; Naim et al., 2018; Ntui et al., 2020). PDS is a key enzyme in the carotenoid biosynthesis pathway and is widely used as a visual marker to optimize genome editing protocols. It encodes a crucial enzyme that converts phytoene to ζ-carotene in the pathway. Functional disruption of PDS produces albino and dwarf plantlets. Kaur et al. (2018) established genome editing in a banana for the cultivar “Rasthali” (AAB genome). The authors used a single gRNA to generate mutations in the PDS gene, producing albino phenotypes, but with only 59% mutation efficiency. Further, Naim et al. (2018) reported mutation of the PDS gene in the cultivar “Cavendish Williams” (AAA genome) with a 100% editing efficiency using polycistronic gRNAs. Later, Ntui et al. (2020) reported 100% mutation efficiency in banana cultivar “Sukali Ndiizi” (AAB genome) and plantain cultivar “Gonja Manjaya” (AAB genome) by multiplexing gRNAs targeting the PDS gene. As an alternative to PDS gene, Zorrilla-Fontanesi et al. (2020) edited RP43/CHAOS39 as a visual marker to optimize genome-editing procedures in banana. RP43/CHAOS39 is a gene that encodes the chloroplast signal recognition particle (cpSRP) machinery. The CHAOS39-edited banana plants had pale-green phenotypes and normal growth. The CRISPR/Cas9-based genome editing techniques established in various laboratories are currently being used to produce edited banana with important agronomic traits such as disease resistance and nutrient enhancement (Kaur et al., 2020; Tripathi et al., 2021; Tripathi et al., 2019b; Tripathi et al., 2020).
The CRISPR/Cas9-based genome editing established for banana is paving the way for functional genomics allowing the identification of genes associated with biotic and abiotic stress tolerant traits and nutrition enhancement, which could be used to improve banana for enhanced nutrition and adaptation to a changing climate (Figure 2).
[image: Diagram illustrates a plant at the center with arrows labeling biotic stress resistance, abiotic stress resistance, and biofortification. Biotic stress resistance lists bacterial wilt, Fusarium wilt, black Sigatoka, BBV, and BSV. Abiotic stress resistance is represented by drought, flood, and nematode in colored triangles. Biofortification highlights beta-carotene, zinc, and iron in a yellow section.]FIGURE 2 | Application of genome editing in banana for developing improved varieties with biotic and abiotic resistance and enhanced nutrition. BSV, Banana Streak Virus; BBTV, Banana Bunchy Top Virus.
Disease Resistance
Targeted genome editing technology such as CRISPR/Cas9 can be used efficiently to develop disease-resistant bananas. The accessibility of full banana genome-sequences and the CRISPR/Cas9 gene-editing systems has made it easy to generate disease-resistant banana by precisely knocking out the endogenous genes (Ntui et al., 2020). Several susceptibility genes associated with bacterial resistance have been identified and targeted for editing in several plants (Tripathi et al., 2020).
Researchers at the International Institute of Tropical Agriculture (IITA) are developing banana resistant to BXW disease. All the cultivated varieties are susceptible to BXW disease. There is no known source of resistance against the bacterial pathogen within Musa germplasm except for the wild-type diploid banana progenitor “Musa balbisiana” (Tripathi et al., 2019a). The knowledge of resistance mechanisms in wild-type banana against a bacterial pathogen can be utilized for developing resistant varieties through the editing of genes related to susceptibility and/or negative regulation of plant immunity or activating the defense genes. To identify the Musa genes for developing the BXW-resistant varieties, we investigated the molecular basis of disease resistance in banana progenitor Musa balbisiana. The comparative transcriptomic analysis of Musa balbisiana, a wild-type progenitor resistant to BXW, and the highly susceptible banana cultivar “Pisang Awak” inoculated with Xanthomonas campestris pv. musacearum, identified a couple of susceptibility genes, nutrient transporters, E3 ubiquitin-protein ligase, pathogen-associated molecular patterns, receptor kinases, antimicrobial peptides, resistance proteins, and defense signaling genes associated with BXW resistance (Tripathi et al., 2019a).
Another approach we are using is to transfer the knowledge on bacterial pathogen resistance from other plant species to the banana. We have demonstrated the knockout of Musa Downy mildew resistance 6 (Musa DMR6) gene in edited banana cultivar “Sukali Ndiizi” enhanced resistance to BXW disease (Tripathi et al., 2021). DMR6 encodes a 2-oxoglutarate Fe (II)-dependent oxygenase (2OGO) and was characterized as a negative regulator of plant defense by hydrolyzing the plant defense signaling molecule salicylic acid (Zhang et al., 2017). It is upregulated during pathogen infection (Low et al., 2020). We performed a phylogenetic analysis of the 2-oxoglutarate Fe(II)-dependent oxygenase gene family with five plant species, including Musa acuminata, Musa balbisiana, Arabidopsis thaliana, Solanum lycopersicum, and Nicotiana tabacum (Tripathi et al., 2021). AtDMR6 orthologues were identified in Musa spp., and one of the MusaDMR6 orthologue (Ma04_p20880.1) was selected for analysis as a putative candidate. Banana mutants were generated targeting the MusaDMR6 orthologue, and mutations were confirmed by sequencing. The Musadmr6 mutants generated by a multiplexed CRISPR/Cas9 construct were evaluated in the greenhouse for resistance to BXW disease. The edited events showed enhanced resistance to BXW, and no morphological abnormalities were observed (Tripathi et al., 2021).
Banana streak virus (BSV), a dsDNA virus belonging to badnaviruses, integrates into the host plant genome creating a significant challenge in banana breeding and germplasm movement. A CRISPR/Cas9 system was used to inactivate the integrated endogenous BSV (eBSV) by targeting all three open reading frames (ORF) of the virus (Tripathi et al., 2019). The regenerated genome-edited plants of “Gonja Manjaya” showed targeted mutations in the integrated eBSV sequences in the host genome. As the eBSV gets activated into infectious viral particles under stress conditions leading to the development of disease symptoms, the genome-edited plants were water stressed in the greenhouse. Most of the mutants remained asymptomatic compared to the control non-edited plants under water stress conditions, confirming the silencing of the reactivation of eBSV into infectious viral episomal proteins.
Several banana researchers are developing banana varieties resistant to fusarium wilt disease. In the 1950s, Fusarium wilt race 1 outbreak wiped an entire “Gros Michel” farm and was replaced by “Cavendish” varieties, which currently cover about 90% of export markets (Ploetz, 2015). Management of diseases has mostly been achieved using chemical and resistant cultivars (Tripathi et al., 2019b). However, the evolution of new ecotypes makes using new breeding tools such as genome editing to generate resistance a continuous requirement. As of now, no work has been published on the use of genome editing in a banana for resistance to fungal pathogens. However, editing of susceptibility genes such as Mildew resistance locus O (MLO), LATERAL ORGAN BOUNDARIES (CsLOB1), DMR6, ERF922, amongst others, have been shown to confer resistance to fungal diseases (Jia et al., 2016; Wang et al., 2016; Peng et al., 2017; de Toledo Thomazella et al., 2021; Li et al., 2022). These approaches can be adopted in banana to generate resistance against fusarium wilt and black Sigatoka. Currently, researchers at IITA are testing the edited banana with S gene knockout in the greenhouse for resistance against fusarium wilt disease.
Nutrition Enhancement
Biofortification is a cost-effective approach to increase vitamins and minerals in food crops and ameliorate malnutrition (hidden hunger). Vitamin A deficiency, one of the most dominant micronutrient deficiencies, affects people in Africa. Genome editing has significant potential to enhance micronutrient bioavailability in crops through biofortification.
Some progress has been reported in enhancing nutrients such as iron, zinc, carotenoid, and amino acids in different crops like camelina, grape, potato, rapeseed, rice, sweet potato, tomato, and wheat using CRISPR/Cas9 technology targeting various genes (Liu et al., 2021). Recently, Kaur et al. (2020) applied CRISPR/Cas9 technology to increase β-carotene content in the Cavendish cultivar “Grand Naine” by editing the lycopene epsilon-cyclase (LCYε) gene. They showed that the edited lines had enhanced accumulation of β-carotene content up to 6-fold (∼24 μg/g) in the fruit pulp compared to the unedited plants. The editing of genes regulating zinc, iron, amino acids, and other nutrients could also be targeted in banana to increase the nutrient contents.
Plant Architecture
Most of the cultivated banana varieties are very tall, and some of them are challenged by the weak lodging and severely damaged during storms. Dwarf and semi-dwarf varieties are better for crop growth and harvesting. Therefore, researchers are trying to develop semi-dwarf and dwarf banana varieties. Gibberellin (GA) is a critical gene determining plant height and mutations in its biosynthesis genes usually produce dwarf phenotypes. Shao et al. (2020) demonstrated that CRISPR/Cas9 tool could be applied to develop semi-dwarf plants by editing the Musa acuminata gibberellin 20ox2 (MaGA20ox2) gene, disrupting the GA pathway in banana cultivar “Gros Michel.”
Delay Ripening
Banana is a climacteric fruit with a soft texture upon ripening. Generally, banana ripens fast and start decaying within a week. The delay in the ripening of banana fruit can enhance its limits on storage, transportation, and marketing and reduce postharvest losses. CRISPR/Cas9-mediated genome editing of banana targeting the aminocyclopropnae-1-carboxylase oxidase (MaACO1) demonstrated delayed ripening, enhancing the shelf life of fruit (Hu et al., 2021). The edited banana fruits showed reduced ethylene synthesis and extended shelf life under natural ripening conditions.
Cassava
Cassava is an important crop cultivated for its edible tuberous roots and minimally for its leaves in tropical and subtropical regions. Its production in Africa is mainly constrained due to two viral diseases [Cassava Mosaic Disease (CMD) and Cassava Brown Streak Disease (CBSD)] and a bacterial disease [Cassava Bacterial Blight (CBB)]. CMD, a major cassava disease, is caused by a group of related whitefly transmitted bipartite, single-stranded circular Geminivirus variants called Cassava Mosaic Viruses (CMV). The variants include East Africa and South African Cassava Mosaic and others named after the geographical regions they are endemic to (Legg, 2008). The CMD manifests itself in cassava through mosaic-like chlorosis, leaf twisting, and distortion, a combination of which results in reduced photo assimilation and root yield (Legg, 2008). The CMD disease is devastating and can result in yield losses of between 20 and 100%. Improvement of cassava against CMD has consistently been achieved through conventional breeding approaches that have been very successful, resulting in disease-resistant cultivars. There are three known mechanisms for CMD resistance in cassava; the CMD1 (recessive QTL), CMD2 (dominant gene CMD2), and CMD3 (recessive QTL) (Hahn et al., 1980). A recent report of CMD2 loss of resistance in cassava plants that have gone through tissue culture is worrying (Beyene et al., 2016; Chauhan et al., 2018).
The second major viral disease of cassava is CBSD, caused by Cassava Brown Streak Virus (CBSV) and its variants Uganda Cassava Brown Streak Virus (UCBSV) (Mohammed et al., 2016). The CBSV and UCBSV are positive single-stranded RNA viruses of the genus Ipomovirus family Potyviridae. Unlike CMD, which reduces yield, CBSD destroys roots leading to total harvest loss (Gomez et al., 2019). Approaches that can complement traditional breeding in quickly introducing resistance to CMD and CBSV would go a long way in ensuring improved resistance to these destructive viral diseases.
CBB is the major bacterial disease of cassava caused by Xanthomonas axonopodis pv. manihotis (Xam). The disease has a global distribution, with reports of its presence in all the major cassava growing areas (Lamptey et al., 1998; Oduro et al., 2004). Predictions of yield losses resulting from CBB are difficult owing to the high environmental influence on the disease’s severity (Banito et al., 2008). However, it has been observed that CBB can result in up to 100% loss in productivity during high humidity and moisture, conditions that allow maximum severity (López and Bernal 2012). Efforts to map the sources of CBB resistance in different cultivars have been carried out mainly through QTLs (López et al., 2007; López and Bernal, 2012; Soto Sedano et al., 2017). Due to high levels of environmental influence on CBB severity, no major QTLs have been mapped yet. Most of the QTLs account for less than 20% resistance. Genome editing approaches could complement conventional breeding efforts in enhancing resistance to CBB.
The revolutionary genome editing has opened opportunities for the improvement of cassava and could complement conventional breeding. CRISPR/Cas9-based genome editing in cassava was successfully established by targeting the PDS gene (Odipio et al., 2017). The Cas9 and two gRNAs targeting exon 13 of the cassava PDS (MePDS) were delivered into the friable embryogenic cells (FECs) of cassava (cv. 60444 and TME 204) via Agrobacterium tumefaciens (Odipio et al., 2017). The authors reported multi-allelic mutations in MePDS at a high frequency and set the stage for using this method in cassava. However, the main challenge in cassava remains the development of FECs, which is variety dependent; therefore, there is a need to improve this method. Approaches that may not require the generation of FECs through tissue culture would be an improvement. One such would be the de novo meristem induction system that does not require the long tissue culture process required in generating FECs (Maher et al., 2020). In a more recent study, another approach that transiently expresses CRISPR/Cas9 components in protoplasts has been reported in cassava (Chatukuta and Rey, 2020). However, this approach is restricted to the functional characterization of genes. The authors could not regenerate complete plantlets from the cassava protoplast. Therefore, there is a need to develop a cassava regeneration system using protoplast to develop improved varieties suitable for the farmers.
Disease Resistance
Development of resistance to the two major devastating viral diseases of cassava, CMD and CBSD, has been attempted using CRISPR/Cas9 technology (Gomez et al., 2019; Mehta et al., 2019). To generate plants with resistance to CMD, Mehta et al. (2019) targeted the viral AC2 gene coding for the multifunctional TrAP protein involved in gene activation, virus pathogenicity, and suppression of gene silencing, and the AC3 gene coding for the REn protein involved in replication enhancement using single gRNA. In this study, the transgenic cassava lines expressing Cas9 gene along with a gRNA targeting the viral genome did not show resistance to CMD under greenhouse conditions. The authors further sequenced full-length viral amplicons from the infected transgenic and wild type plants. Different types of mutations in the viral genome were observed, including deletions within the gRNA target site that resulted in premature stop codon within the AC2 and AC3 ORFs. The indels were observed in viruses infecting all plants, including control wild-type plants. One major observation from this study was the introduction of histidine (H) to glutamine (Q) amino acid in the AC2 ORF of the viruses infecting the transgenic cassava plants. This H to Q mutation was a result of a single nucleotide (“T”) insertion that rendered the gRNA target impossible to bind and cleave. The authors observed about 33–48% of edited virus genomes evolve a conserved single nucleotide mutation in AC2 that confers resistance to CRISPR/Cas9 cleavage. The authors concluded that the CRISPR/Cas9 system may not be effective for developing resistance against Geminivirus as it may lead to virus evolution. However, this generalization has since been rebutted (Rybicki, 2019). The major argument in the rebuttal by Rybicki (2019) is that the mutation could have arisen spontaneously even in the wild-type virus rather than it being selected by CRISPR/Cas9 as detailed in Mehta et al. (2019). Rybicki (2019) further argues that resistance to other begomoviruses has been successfully demonstrated in other plants without resulting in Mehta’s observations (Baltes et al., 2015). The other major limitation of the Mehta et al. (2019) study is using only one gRNA that targeted one viral region (AC2). It would be ideal to experimentally target other viral ORFs and check if similar trends in virus evolution are observed.
The use of CRISPR/Cas9 to generate cassava resistant to the CBSD, the second major cassava virus, has also been attempted (Gomez et al., 2019). In this study, they used the fact that viruses in the potyviridae family use the eukaryotic translation initiation factor 4E (eIF4E) and novel cap-binding protein (nCBPs) to initiate cap-dependent messenger RNA translation. A CRISPR/Cas9 system targeting nCBPs was developed to introduce mutations that attenuated CBSD aerial symptoms in the mutants. This study only targeted the two nCPBs in cassava and multiplexing to target the other three eIF4Es could be done to achieve increased resistance.
The plant bacterial pathogens of the genus Xanthomonas promote pathogenicity by injecting effector proteins through the type III secretion system. Some of the injected proteins are transcriptional activator-like effectors (TALE), which control transcription in a manner similar to eukaryotic transcription factors (TFs) (Cox et al., 2017). The TALEs bind at specific promoter regions in the susceptibility genes called effector-binding elements (EBEs). These susceptibility genes are involved in sugar transport (SWEET genes), and their expression possibly provides energy source for the bacteria. Modification of Xanthomonas EBEs through genome editing has been observed to result in disease resistance (Xu et al., 2019; Li et al., 2020; Zafar et al., 2020). Similar efforts could be applied in cassava where promoters of susceptibility genes can be identified and modified to generate resistance lines. A recent report details efforts to develop CBB resistance through CRISPR/Cas9-based editing of the promoter of the cassava MeSWEET10a gene (Wang et al., 2022). The cassava mutants conferred enhanced resistance to CBB disease. The events also showed normal morphological and yield-related traits similar to the wild type.
Early and Synchronized Flowering
Conventional breeding in cassava is time-intensive, taking a minimum of 6 years to get to cultivar trials and even longer to release a cultivar. The breeding time is lengthened by variation in plant performance on the physiological status of the vegetative cutting and mostly by delayed and non-synchronized flowering of cassava breeding lines (Adeyemo et al., 2019). Approaches that can shorten the flowering time and synchronize flowering will go a long way in enhancing breeding and cultivar improvement in cassava (Ceballos et al., 2015).
Targeting flowering-related genes using CRISPR/Cas9 is a plausible approach that can be used to induce flowering in cassava. Silencing of flowering repressor using CRISPR/Cas9 has resulted in early flowering mutants in soybean (Han et al., 2019). In this study, CRISPR/Cas9 targeted a soybean flowering repressor gene E1, resulting in early flowering. The edited soybean line showed photoperiod insensitive flowering, allowing it to grow at different altitudes. Cassava, just like soybean, is a long-day crop and is dependent on extended photoperiod to flower. Mapping the major genes involved in photoperiod-dependent flowering in cassava could facilitate a study like Han et al. (2019) to develop photoperiod-insensitive cassava lines. Early flowering through CRISPR/Cas9 has also been achieved in Chinese cabbage (Jeong et al., 2019). This study used six gRNAs to target the Flowering locus C (FLC) in Chinese cabbage. The knockout obtained had early flowering as well as vernalization-independent phenotypes. Cassava has multiple FLC locus that needs to be experimentally characterized. The CRISPR/Cas9 editing approach by Jeong et al. (2019) is applicable in cassava for first functionally characterizing the FLC and target FLC versions involved in repressing flowering.
Induction of flowering through an inducible CRISPR/Cas9 system is a better option compared to constitutive overexpression. Inducible CRISPR/Cas9 systems are still under development, but recent progress has been made. One such CRISPR system takes advantage of a light-inducible heterodimerizing Cas9 protein (Polstein and Gersbach, 2015). Inducible systems would be ideal for overexpression of genes like FT in cassava which requires controlled expression. Overall, these studies point towards possible applications of CRISPR/Cas9 in the induction of flowering in cassava.
Maize
Maize (Zea mays L.) is a staple food in sub-Saharan Africa, which, aside from providing nutrition and food security, supports the livelihoods of smallholder farmers (Nuss and Tanumihardjo, 2011; Boddupalli et al., 2020). Biotic and abiotic stresses underlie the gap between the potential and the harvested grain yield (Duvick, 2005). Maize grain yield in most African countries is among the lowest globally (Anon., 2018). Any further reduction by environmental stresses exacerbates food in security (Wulff and Dhugga, 2018).
Maize was one of the first crops where genome editing was used to introduce gene variants to improve corresponding traits, for example herbicide tolerance and grain biofortification (Shukla et al., 2009; Zhu et al., 1999; 2000). One of the first editing report involved using ZFNs to modify INOSITOL PHOSPHOKINASE1 (ZmIPK1) by inserting PAT gene cassettes, resulting in herbicide tolerance and alteration of the inositol phosphate profile of developing maize seeds (Shukla et al., 2009). Later, meganucleases-based editing was developed and demonstrated using a derivative of I-CreI named LIG3::4, which recognizes a site upstream of the LIGULELESS1 (LG1) gene solely in the genome of the maize inbred EXT (Gao et al., 2010). In 2015, Char et al. (2015) demonstrated the use of TALEN for editing maize for the glossy phenotype and reduced epicuticular wax in the leaves by knocking out the GL2 gene. However, the extremely low frequency of the edited events posed a hurdle for this technology to go mainstream.
Following the development of CRISPR, genome editing in maize expanded rapidly. Svitashev et al. (2015) were the first to demonstrate CRISPR/Cas9 genome editing in maize by editing multiple genes such as LG1, the male fertility genes MS26 and MS45, and the acetolactate synthase genes ALS1 and ALS2. Waxy allele was deleted directly in elite maize lines using SDN1, which not only saved time and field resources, but the hybrids produced from those lines outyielded their counterparts produced by conventional introgression of the waxy allele (Gao et al., 2020a). Further, the production of DNA-free genome-edited maize by delivering Cas9/gRNA ribonucleoproteins (RNPs) into the plant cells was reported (Svitashev et al., 2016). Maize is one of the few crops where genes have been edited using all three scenarios: SDN1, SDN2, and SDN3 (Svitashev et al., 2015; Shi et al., 2017).
A potential challenge in genome editing of maize is the ability to transform elite lines, particularly those that are parents of commercial hybrids in Africa. This hurdle has been recently overcome by including genes for cell morphogenesis in the transformation plasmids (Lowe et al., 2016, 2018). Under a partnership, Corteva Agriscience and CIMMYT have used this technology to transform elite CIMMYT inbred lines from eastern Africa. The ability to transform tropical maize lines has paved the way for gene editing directly in the commercial lines.
Maize lethal necrosis (MLN), a viral disease, has wreaked havoc in eastern Africa since it first appeared in Kenya in 2011 (Boddupalli et al., 2020). It was first reported in the USA some four decades ago and appeared in Kenya in 2011, from where it spread to the surrounding countries (Boddupalli et al., 2020; Mahuku et al., 2015; Redinbaugh and Stewart, 2018). MLN symptoms include yellowing and drying of the leaves from the edges, stunting, and premature plant death (Figure 3) (Wangai et al., 2012).
[image: Panel A shows rows of corn plants in a field displaying uneven growth and patchy development. Panel B presents a close-up of a corn leaf with yellow streaking and discoloration. Panel C depicts another corn leaf with similar streaky yellow patterns, indicative of disease or nutrient deficiency.]FIGURE 3 | Plants resistant or susceptible to maize lethal necrosis (MLN) in Naivasha. Susceptible (in front) and resistant (in the back) plants 2 weeks after inoculation with a combination of MCMV and SCMV (A). A closeup of the leaves from plants susceptible (B) or resistant (C) to MLN.
MLN is caused by a combination of two plant viruses: maize chlorotic mottle virus (MCMV) from the Tombusviridae family and any of the viruses from the family Potyviridae (Niblett and Claflin, 1978). Some examples of the potyviruses are sugarcane mosaic virus (SCMV), maize dwarf mosaic virus (MDMV), or wheat streak mosaic virus (WSMV). As SCMV is endemic globally, MLN outbreaks in Africa could be attributed to the emergence of MCMV.
The potyviruses in dual-viral synergistic diseases have been reported to promote accumulation and symptoms of the heterologous virus through compromising the plant’s defense machinery (Pruss et al., 1997; Fedorkin et al., 2000; González-Jara et al., 2005; Ivanov et al., 2016). This characteristic has also been observed for MLN. Co-inoculation with SCMV caused a two-fold higher accumulation of MCMV in the plant cells as compared to MCMV inoculation alone (Xia et al., 2016).
Recent studies using next-generation sequencing suggest, however, that MCMV alone might be sufficient in causing MLN (Wamaitha et al., 2018; Mwatuni et al., 2020). In plants from geographically distant counties (Bomet, Kajiado, and Machakos) in Kenya, several plants that exhibited severe MLN symptoms tested positive only for MCMV as studied with next-generation sequencing and RT-PCR and showed no trace of SCMV. In another set of plants that exhibited MLN symptoms, another virus, maize streak virus, which belongs to the family Geminiviridae, was also detected along with MCMV, but no SCMV was detected. SCMV may lower the threshold of intrinsic defense in partially resistant plants to an extent where MCMV could readily replicate and spread. In genotypes with a weaker constitutive defense, MCMV alone might be sufficient to cause MLN.
The sudden appearance of MLN severely affected maize production in eastern Africa. The disease could destroy 20–100% of the crop. In 2013, it was estimated to have reduced maize production by half a million tons in Kenya (De Groote et al., 2016). The disease continues to threaten the maize crop in eastern Africa (Boddupalli et al., 2020). In addition to the resource-poor farmers, MLN has affected the small and medium companies involved in seed production and sales and processing of the grain. Naturally, there is a strong demand for MLN resistant hybrids.
MLN Resistance
The molecular mechanism of exactly how the causal viruses (MCMV and SCMV) together cause the MLN disease is not yet known. Regardless, if a large-effect QTL for MLN resistance is identified and validated, then it could be fine-mapped to identify the underlying gene. Genome editing could recreate appropriate favorable polymorphisms in the MLN-susceptible maize lines. However, the challenge is to edit the exact causal allele in the susceptible but elite maize lines, especially parents of popular commercial hybrids in Africa, and create resistant versions directly. Another potential route is to use a translational approach: identify maize orthologs of the genes for virus resistance from other crop species and edit them to determine whether they confer resistance against MLN.
Conventional plant breeding involves crossing an elite, commercial line (as a recurrent parent) to a donor parent (with MLN resistance) and then backcrossing over many cycles to recover the recurrent parent genome while introgressing the trait of interest from the donor parent. Backcrossing is a resource-intensive and time-consuming process. Even after eliminating a substantial proportion of the donor genome in the converted elite line, some of the not-so-desirable genes from the donor parent continue to be present, leading to unpredictable effects on agronomic performance. For example, after four backcrosses, ∼3% of the donor genes continue to persist in the converted line (Dhugga, 2022). Genome editing directly in elite, commercial but susceptible lines could eliminate the need for continued backcrossing, saving resources, speeding up product delivery, yet at the same time sparing the converted line the yield drag that accompanies backcrossing.
As most of the hybrids grown in Africa are three-way crosses, all three lines for each hybrid would require the introduction of the recessive resistance allele. CIMMYT focused on a large-effect QTL for resistance against MLN from an exotic maize line, KS23-6, which was validated in several populations derived from its crosses with CIMMYT lines (Murithi et al., 2021). The QTL mapped near the telomere of the long arm of chromosome 6 (Figure 4). In partnership with Corteva Agriscience and under a grant from Bill and Melinda Gates Foundation (BMGF), CIMMYT has fine mapped this QTL to a ∼100 kb genetic interval (Boddupalli et al., 2020). Recessive inheritance suggests either a loss of function, which could result from an inactive form of the corresponding protein required by the virus for its replication or movement, or an altered protein sequence with a different conformation, which the virus is unable to recognize.
[image: Four stacked Manhattan plots display –log10(p-value) versus chromosome number for genome-wide association studies, with panels labeled A to D. Each panel uses color to distinguish chromosomes. Panel A and B show large spikes in significance on chromosome seven; panels C and D show generally distributed points with no single prominent peak.]FIGURE 4 | Mapping of QTL for resistance against maize lethal necrosis in CIMMYT germplasm. Figure reproduced from Murithi et al., 2021. Manhattan plot of GWAS using MLM in the selective genotyping populations. Combined genome-wide association scan for MLN disease severity (MLN_DS) (A) and the area under the disease progressive curve (AUDPC) values (B) based on the first three F2 populations (selective genotyping - SG) with KS23 background. Manhattan plots for MLN_DS (C) and AUDPC values (D) based on two F2 populations (CML494 X CZL068 and DTP-F46 X CML442) with no KS23 background. The horizontal dotted line indicates genome-wide significance and the plots above the line represent SNP markers that showed significance above threshold of p = 5 × 10−7.
Maize lines susceptible to MLN were edited using CRISPR/Cas9 technology targeting the candidate genes for MLN resistance. After an outcross to the unedited parent and simultaneous screening for unintended changes in the genome with highly sensitive molecular tools, the lines are ready to be tested in the field (Zastrow-Hayes et al., 2015). The major QTL for MLN resistance identified in KS23-6 could act as a background source of resistance or could be directly created in other genetic backgrounds to further fortify their partial MLN resistance.
Deletion of various parts of the 100 kb genetic interval where the KS23-6 QTL for MLN resistance resides should allow identification of the causal polymorphism. Once validated, the causal gene could be directly edited in the CIMMYT lines, followed by reconstitution of the original three-way hybrids.
A translational approach by transferring knowledge on virus resistance from other plant species to maize is another avenue to improve resistance against MLN. Viruses are known to hijack their host’s protein translation machinery to replicate themselves. The host could become resistant if one or more of the components that virus hijacks is mutated (Sanfacon, 2015; Miras et al., 2017). Eukaryotic translation initiation factors (eIF) and two types of elongation factors have been reported to be recruited by the viruses to translate their RNA in plant species (Riis et al., 1990; Jackson et al., 2010). Mutants in several of them are known to confer resistance (Sanfacon, 2015). No eIF has yet been reported for virus resistance in maize, which has more than 25 eIF genes. An option is to use phylogenetic analysis to identify the maize orthologs of the genes from other plant species where they are known to be involved in virus resistance and then knock them out using SDN1 to determine whether and which ones confer resistance to MLN.
Tropical maize lines require 5–6 months in the greenhouse for each generation. In contrast, a fast-flowering line, referred to as mini-maize, cycles from seed to seed in 2 months (McCaw et al., 2016). Mini-maize is highly susceptible to MLN, providing a tool to expeditiously test genes for MLN resistance. Once the efficacious genes are identified, they could be altered directly in commercial CIMMYT lines.
Sorghum
Sorghum (Sorghum bicolor) is the second most important cereal after maize in semi-arid and tropical areas of Africa. The demand for this crop is continuously increasing, as reflected by the increasing area under its cultivation trend. However, the current sorghum production cannot fulfill the increasing demand. The yields are low due to low-input farming systems, extreme environmental conditions, and limited crop improvement efforts in sorghum compared to other cereals.
Striga Resistance in Sorghum
Striga is a genus of parasitic plants that significantly limits agricultural production in Africa. Particularly, two species, S. hermonthica, and S. asiatica, limit sorghum and other cereal production in SSA. Currently, about two-thirds of the farmland under cultivation is infested with one or more species of Striga, directly impacting over 300 million peasant farmers in over 25 countries with yield losses of USD 7 billion annually (Ejeta, 2007).
The parasite is hard to manage because of its well-adopted parasitic lifestyle (Runo and Kuria, 2018). Current control strategies used for Striga management are based on cultural practices (e.g., crop rotation, intercropping/trap crops, different planting techniques, hand weeding, management of soil fertility), use of herbicide containing seed dressing, and direct chemical treatment of soil to reduce seed levels in the soil, and identification of resistant or tolerant varieties (Kanampiu et al., 2018). These methods are either ineffective or too expensive for smallholder farmers in Africa. Experts agree that effective control of parasitic plants can only be achieved through an integrated approach that highly exploits host-based resistance (Mwangangi et al., 2021). Modern techniques make such an approach feasible because of the increasing knowledge of the genetic mechanisms that underpin Striga-host interactions. Such advances can be combined with versatile genome editing tools to introduce host-based resistance against the parasite.
In our view, current opportunities for controlling Striga using genome editing point to three possibilities that hinge on interfering with the communication exchange that is intricately coupled between Striga and its hosts. The first approach could be developing Striga resistance by uncoupling Striga-sorghum interactions during germination and haustorium formation. Striga’s life cycle begins with germination induced by chemical cues produced by the host root exudate called strigolactones (Matusova et al., 2005; Gomez-Roldan et al., 2008). Subsequently, the parasite develops a specialized organ (haustorium) using chemical cues from the host referred to as haustorium inducing factors (HIFs) (Bandaranayake et al., 2010; Wada et al., 2019). Host triggered germination and haustorium induction represent the pre-attachment stages of the parasite, and hosts that “disallow” these processes to occur are said to harbor pre-attachment Striga resistance. The genetic cause of pre-attachment resistance in sorghum is due to mutations on the LOW GERMINATION LOCI 1 (LGS1). Loss of function lgs1 mutants are not effective in stimulating seeds of the parasite to germinate. Following on this information, gene-edited sorghum varieties were developed using CRISPR/Cas9 targeting the LGS1. The lgs1 mutants showed high levels of resistance against the parasite (Bellis et al., 2020).
Aside from the LGS1 loci in sorghum, other genes in the strigolactone biosynthetic pathway can be used to disrupt the flow of information from the host to the parasite. For example, (Bari et al., 2019) developed a tomato variety resistant to obligate root parasite P. aegyptica, by modifying the carotenoid cleavage dioxygenase 8 (CCD8), critical in the strigolactone biosynthesis pathway. Obliteration of CCD8 by CRISPR/Cas9 genome editing approach resulted in reduced production of orobanchol in tomato and subsequently less germination and resistance against the parasite. Similarly, (Butt et al., 2018) developed a rice variety using CRISPR/Cas9 with reduced S. hermonthica germination by targeting OsCCD7.
A second approach for Striga resistance could be uncoupling Striga-sorghum interactions mediated by host-derived susceptibility factors such as DMR6, a well-studied susceptibility gene in Arabidopsis (Damme et al., 2008). CRISPR/Cas9-mediated editing of the DMR6 gene in tomato, banana, and sweet basil showed broad-spectrum resistance against fungal and bacterial pathogens (de Toledo Thomazella et al., 2021; Hasley et al., 2021; Tripathi et al., 2021b). Mutants of DMR6 display reduced susceptibility to the pathogen. Based on these observations, one can hypothesize that Striga resistance can be achieved through uncoupling critical Striga-host interactions mediated by compatibility factors. Such a hypothesis is supported by recent findings that showed significant associations of sorghum resistance against Striga in a single nucleotide polymorphism on sorghum’s ortholog of AtDRM6 (Kavuluko et al., 2021).
Finally, it is desirable to stack multiple levels of Striga resistance for durable and broad-spectrum resistance (Figure 5). Preferably, such a strategy should target both stages of the Striga lifecycle: pre- and post-attachment resistance. To achieve stacked resistance, a two-pronged approach can be used: Firstly, by simultaneously targeting loci such as the lgs1 and dmr6 during genome editing, and secondly, by selecting and crossing products of two loci such as lgs1 and dmr6 editing. In any case, an initial detailed characterization of the mechanisms of resistance is critical.
[image: Diagram illustrating four types of plant resistance or susceptibility to parasitic plants. Each segment shows a plant with labeled stages: pre-attachment resistant, pre- and post-attachment resistant, post-attachment resistant, and susceptible, with variations in parasite attachment and root health.]FIGURE 5 | A schematic diagram summarizing potential genome editing approaches for Striga resistance in sorghum. Resistance can be imparted at the pre-attachment stage (gray arrows) by CRISPR/Cas9 mediated knock out of the LOW GERMINATION LOCI I (LGS1) to obtain lgs1 edits that do not effectively stimulate parasite seed germination. And post-attachment resistance (peach arrows) can also be imparted by CRISPR/Cas9 mediated knock out of susceptibility genes such as DOWNY MILDEW RESISTANT 6 (DMR6) to create host-parasite incompatibility that inhibits unsuccessful parasite attachments (red spots). Both approaches can be used to develop multi-level resistance using breeding or CRISPR/Cas9 double knockouts of LGS1 and DMR6.
Improved Nutrition Quality
Although sorghum is a staple food for millions of people in Africa, its grain has poor nutritional quality mainly because of low levels of essential amino acids, such as Lys, poor protein digestibility (Taylor and Schüssler, 1986; Aboubacar et al., 2001). Protein quality and digestibility is attributed to prolamins called kafirins, particularly the α – kafirin. Studies of the α-kafirin floury sorghum mutant P721Q, reveal that the genotype has low levels of α-kafirin and increased Lys (Oria et al., 2000; Wu et al., 2013). In addition, the reduced kafirin alters the protein structure to make it more accessible to gastric proteases, thereby increasing protein digestibility (Oria et al., 2000; Duodu et al., 2003; Wong et al., 2009). These studies have, therefore, made Kafirin a target for improving protein quality in sorghum. For example, RNA interference (RNAi) was used to reduce α-kafirins in sorghum (Kumar et al., 2012). More recently, a genome editing approach using CRISPR/Cas9 was used to create variants with reduced kafirin levels and improved protein quality and digestibility (Li et al., 2018).
Wheat
Wheat is a source of carbohydrate and one of the main staple foods worldwide. The tetraploid durum wheat (Triticum turgidum ssp. durum L.) and the hexaploid bread wheat (Triticum aestivum L.) are the most widely grown types of wheat. Both species have highly conserved gene sequences and homoeologs among subgenomes, which allows CRISPR/Cas9 technology to simultaneously target mutations using single or multiple gRNAs (Smedley et al., 2021). The availability of reference genome sequences for different wheat cultivars has facilitated genome editing to modify several genes. However, the major challenge in wheat editing is that many elite cultivars are recalcitrant to Agrobacterium-mediated transformation. Nevertheless, several reports using TALENs and CRISPR/Cas9 have been published during recent past years, showing the usefulness of the genome editing system to generate the allelic mutation in wheat (Zhang et al., 2018; Matres et al., 2021). DNA-free genome editing technology has also been developed in wheat. The CRISPR/Cas9 RNA and CRISPR/Cas9 RNPs were delivered into wheat embryos by particle bombardment, and both methods created mutations in the target sites generating DNA-free genome-edited plants (Zhang et al., 2016; Liang et al., 2017). Recently, a combination of DNA-free genome editing, and base editing was reported in wheat with a frequency of C-to-T conversion of 1.8% (Zong et al., 2018). This technique would greatly facilitate the application of base and DNA-free editing in wheat improvement. The CRISPR/Cas9 technology has been applied to various gene targets of agronomically important traits.
Disease Resistance
The first demonstration of genome editing in wheat was achieved using TALENs to knockout three TaMLO homoeologs to create powdery mildew-resistant wheat (Wang et al., 2014). MLO is a susceptibility gene, and its loss of function confers durable and broad-spectrum resistance to powdery mildew in various plant species (Büschges et al., 1997). However, the knockout of the MLO gene can lead to growth penalties and yield losses. Recently, Li et al. (2022) demonstrated that Tamlo-R32, a mutant with a targeted deletion in the MLO-B1 locus, showed robust resistance to the powdery mildew disease in wheat without impacting its growth and yields.
In 2017, Zhang et al. (2017) reported using CRISPR to generate Taedr1 wheat plants by simultaneously disrupting the three homoeologs of EDR1. The resulting mutant plants were resistant to powdery mildew and did not exhibit mildew-induced cell death (Zhang et al., 2017). Cytidine-deaminase-mediated base editing has been used in wheat to create herbicide-resistant plants by generating point mutations within the acetyl-coenzyme A carboxylase (ACC) gene (Li et al., 2018).
Improving Quality and Yields
CRISPR/Cas9 technology has been applied to wheat for improving grain quality. Low-gluten wheat was developed by targeting the a-gliadin genes (Sanchez-Leon et al., 2018). The wheat gliadin genes encode gluten proteins responsible for the celiac disease in genetically predisposed individuals. Later, wheat was edited for high-amylose targeting the TaSBEIIa gene (Li et al., 2020). The edited wheat line showed a significantly increased resistant starch content.
The yields of wheat have been improved by manipulating the negative regulatory genes. The genome-edited wheat developed by knocking out the three TaGASR7 homoeologs (TaGW2-A1, -B1, and -D1), a gibberellin-regulated gene, showed a significant increase in kernel weight compared to the control wild-type (Zhang et al., 2016). Similarly, wheat mutants with a knockout of the GW2 gene encoding a RING-type E3 ligase that controls rice grain weight demonstrated increased grain yields (Zhang et al., 2018).
Yam
Yam (Dioscorea spp.) is a multi-species monocotyledonous crop widely cultivated in Africa, Asia, Oceania, and South America (Obidiegwu et al., 2020). In Africa, the primary yam growing areas consist of a six-country stretch referred to as the “yam belt” of West Africa. These countries include the Republic of Côte d’Ivoire, Ghana, Togo, Benin, Nigeria, and Cameroon and account for 92% of the global yam production (FAOSTAT, 2018). The yam crop plays a prime role in ensuring food security for West Africa, with its production in the region surpassing that of staples like maize, rice, and sorghum. Besides, yam is rich in bioactive phytonutrients that serve as excipients in the pharmaceutical industry, and the crop is integrated into the social, cultural, economic, and religious aspects of West Africans (Scarcelli et al., 2019; Ntui et al., 2021).
The production of this critical famine reserve crop is beset by numerous challenges, including susceptibility to pests and diseases, weed pressure, a poor yield capacity of local landraces, decreasing soil fertility, and scarcity of released accessions (Mignouna et al., 2008). At present, various yam accessions with superior qualities such as pest and disease resistance, improved organoleptic qualities, and broad environmental adaptability have been developed following substantial efforts in contemporary breeding. However, conventional breeding in yam has achieved extremely slow progress due to a lack of sufficient information on the yam genome and intrinsic attributes of the crop that lengthen the breeding cycle (Darkwa et al., 2020). Therefore, there is a need to supplement traditional breeding efforts with modern techniques that can bypass the current technical challenges and shorten the time taken to generate yam accessions with the desired phenotypic traits (Syombua et al., 2021). The recent release of the reference genome sequences of various Dioscorea species is expected to foster substantial advances in yam gene functional analysis to identify the genes controlling important traits and guide the precise modification of targeted traits in yam (Siadjeu et al., 2020).
The need for increased attention to crop improvement goes beyond the requirement of providing safe, nutritious, and sufficient food that meets the dietary requirements and food preferences of a growing global population (Prosekov and Ivanova, 2018).
Recently, a CRISPR/Cas9-based tool was developed for Dioscorea rotundata precisely targeting the PDS gene in the yam genome (Syombua et al., 2020). This study demonstrated that the mutation in the DrPDS gene generated complete albino plants with varying degrees of dwarfism. Sequence analysis revealed that the predominant mutation types in the two target loci were deletions and insertions.
The study unlocked this orphan crop for more research towards its improvement for better productivity and reduced susceptibilities to biotic and abiotic stresses. Pests such as nematodes and diseases caused by fungi, bacteria, and viruses pose the most significant threat to global yam production, particularly in West Africa. Considering the associated economic losses, it is urgent to develop multidimensional strategies for combating this menace, as it also impedes the international exchange of the yam germplasm (Kenyon et al., 2008). Genome editing can be potentially applied in yam for mitigating the various challenges encountered in yam production and consumption (Figure 6) (Syombua et al., 2021).
[image: Conceptual diagram illustrating plant breeding improvements: Panel A shows crops, Panel B visualizes abiotic stress factors like drought and salinity, Panel C indicates yield enhancement, Panel D shows herbicide tolerance, Panel E features a healthy plant, and Panel F displays hexagons labeled with scientific tools and accelerated breeding pathways.]FIGURE 6 | Schematic illustration of plant traits and genes that could be targeted by genome engineering for yam improvement. (A) Yam nutritional enhancement, e.g., increasing the beta carotene content by mutating the Lycopene epsilon-cyclase (LCYE) gene, or reducing post-harvest browning by targeting polyphenol oxidase genes (PPOs). (B) Engineering yams with improved resistance to abiotic stress, e.g., mutating ethylene response factors (ERFs) to improve the crop’s performance under stress conditions, upregulating the expression of anti-oxidative enzymes (SOD, CAT, APX, and GPX) or targeting genes that contribute to ROS redox balance such as Respiratory Burst Oxidase Homologue (RBOH) and WRKY53 to increase ROS quenching capacity. (C) Improving the crop yield, e.g., mutating specific genes to modulate sink strength partitioning and promote sucrose translocation to the tubers, or enhancing photosynthetic rate by knocking out negative regulators of photosynthesis (NRPs) in the chloroplast and mitochondrion. (D) Engineering herbicide tolerance in yam plants for effective weed management and improved yields. (E) Accelerated yam breeding through allele replacement by homologous recombination-based knock in. (F) Enhancing biotic stress tolerance by mutating host susceptibility genes or upregulating the expression of disease resistance genes.
Disease Resistance
Genome editing efforts towards developing disease-resistant crops have focused on gene disruption, replacement, or regulation. For instance, disrupting negative regulators of plant disease resistance such as host susceptibility (S) genes could offer durable resistance to diseases. This strategy could durably offer resistance to yam viruses by knocking out eukaryotic translation initiation factors (eIFs). In plants, eIFs are translation initiation factors that mediate the replication of plant RNA viruses, majorly potyviruses (Michel et al., 2019). Therefore, targeting these gene in yam could curb potyvirus infestations such as yam mosaic virus, as reported in cassava (Gomez et al., 2019) and cucumber (Chandrasekaran et al., 2016; Macovei et al., 2018). On the other hand, yam badnaviruses could be managed by targeting viral sequences integrated in host plant genomes, as demonstrated in banana (Tripathi et al., 2019b).
Susceptibility genes, mainly the mildew locus O (MLO), enhanced disease resistance 1 (EDR1), and the Non-Expressor of Pathogenesis-Related 3 (NPR3), could also represent good genome editing targets for generating resistance to fungal diseases in yam (Syombua et al., 2021). Since the fungal disease anthracnose is the most widespread foliar disease in yam (Amusa et al., 2003), developing endogenous resistance would alleviate the associated yield losses, ensuring food security for an economically disadvantaged population. Moreover genes that are highly conserved across plant species and have successfully generated plant fungal resistance, such as WRKY transcription factors and ERF922, could be precisely modified to achieve these endeavors (Noman et al., 2020). The precise modification of host susceptibility genes such as DMR6 and SWEET could be affected to confer food yam with resistance to bacterial diseases. Further, the upregulation of host resistance genes is also a feasible approach for generating disease-resistant yam lines (Sameeullah et al., 2017).
Abiotic Stress Tolerance
Various abiotic stress factors, including declining soil fertility and unpredictable weather patterns such as floods, drought, and high temperatures, are critical constraints to sustainable yam production, resulting in substantial yield losses. Considering that yam growing regions span a wide range of agro-ecological zones that include marginalized lands (Frossard et al., 2017), there is a need to develop yam accessions with better adaptability to these conditions that can flourish in soils with reduced nutrient profiles. Gene function analyses in various crops have unveiled numerous differentially expressed genes following plant exposure to different abiotic stress conditions. In cassava, for instance, Ou et al. (2018) demonstrated that exposing cassava plants to high salinity levels, low-temperature pressure, and reduced water content upregulates the expression of KUP genes. Therefore, KUP and other gene orthologues in yam that are crucial for plant response to various stress conditions could be precisely modified to generate yam lines tolerant to stress conditions. Some of these genes include heat shock factors (HSFs), mitogen-activated protein kinases (MAPKs), ethylene response factors (ERFs), MYB, and WRKYs (Jaganathan et al., 2018; Syombua et al., 2021).
Weed Resistance
Yam production is generally a labor-intensive venture due to staking and weed competition requirements. Weeds directly compete with crops for access to light, water, and soil nutrients, thus reducing the yields. Besides, weeds could act as pathogen reservoirs, increasing the disease risk to yam plants. It is, therefore, important to develop environment friendly and economically sustainable strategies for weed management in yam plantations (Dentika et al., 2021). The development of gene-edited herbicide-tolerant yam accessions can effectively alleviate the weed challenge while alleviating crop phytotoxicity due to the reduced need for repeated use of chemical herbicides. Among the potential target gene orthologues in yam include the EPSPS (5-enolpyruvylshikimate-3-phosphate), ACCase (acetyl-coenzyme A carboxylase), ALS (acetolactate synthase) genes (Dong et al., 2021). As Syombua et al. (2021) discussed, genome engineering strategies also hold immense potential for improving the yield and nutritional quality of yams.
Regulatory Landscape for Genome-Edited Products
The application of genome editing techniques is rapidly growing in agriculture. The global landscape of regulatory developments for genome-edited crops is quickly changing. Several countries have developed regulatory guidelines to handle genome-edited products, and several others are under discussion. However, there are differences among the countries regarding the regulation of genome-edited crop varieties. Genome-edited crop varieties with no foreign gene integration, mainly SDN1 type, are not regulated as GMOs in several countries (Tripathi et al., 2020; Entine et al., 2021). In 2015, Argentina endorsed the first regulation worldwide to establish a decision-making process for determining if genome-edited products should be regulated as GMOs or not on a case-by-case basis (Lema, 2019). According to their guidelines, genome-edited crops with no foreign gene are not subjected to GMO regulation. Later, several other countries in the region, such as Chile, Brazil, Colombia, Paraguay, Ecuador, Honduras, and Guatemala, adopted the same policies (Gatica-Arias, 2020).
Canada developed a product-based risk assessment framework based on the novelty of the products (Smyth, 2017). The novel crop varieties require additional regulatory oversight, regardless of whether they developed via mutagenesis, genetic engineering, or genome editing technologies. In the USA, no biosafety oversight of genome editing applications is required, if no genetic elements from pathogenic species or pesticidal traits are introduced. The three agencies [United States Department of Agriculture (USDA), Food and Drug Administration (FDA), and Environmental protection agency (EPA)] regulate the characteristics of the genome-edited products and not the process to develop them (Entine et al., 2021). Genome-edited crops lacking any foreign gene and that do not pose a risk to other plants and genome-edited food showing no food safety attributes different from those of conventionally bred crops are not subject to regulatory evaluation.
The Australian Office of the Gene Technology Regulator (OGTR) has technically amended the existing definitions of the GMO regulations to better address new breeding techniques applications (Office of the Gene Technology Regulator, 2018). According to the amendment, genome-edited crops with no foreign gene integration (SDN1) are not regulated in the same way as GMOs. The genome-edited products, where a repair donor template (i.e. SDN2 and SDN3 type) is used to guide editing, are treated as GMOs.
In Japan, the regulation of genome-edited products is based on the Japanese Cartagena Act (Tsuda et al., 2019). The Japanese government defined SDN-1 type genome-edited products as not representing “living modified organisms” based on the Japanese Cartagena Act. Japan considers crop varieties developed using genome editing with no new DNA as non-GMO. In 2022, China and India also published a new guideline for genome-edited crops. Several other countries, such as Philippines, are developing regulatory guidelines for genome-edited products.
Africa is also making progress in creating the enabling environment for the commercialization of genome-edited crop varieties. In Africa, Nigeria is the first country to publish the national biosafety guidelines for the regulation of genome editing (USDA, 2021). The Nigerian Biosafety Act defines GMO as “any organism living or non-living that possesses a novel combination of genetic material obtained using modern biotechnology” and Genome Editing as “a type of genetic engineering in which DNA is inserted, deleted, modified or replaced in the genome of a living organism.” Genome editing techniques may modify an organism’s genome in a way that results in a new combination of genetic material similar to GMO or results in organisms that are not genetically distinguishable from those developed from conventional breeding/natural selection. Therefore, Nigeria produces the regulatory guideline based on which genome editing and products thereof will be subject to appropriate Biosafety regulations on a case-by-case basis. Nigeria adopted an approach to regulate genome editing products, where the technique requires the use of recombinant DNA sequences or the genome-edited product has a novel combination of genetic material, the product will be regulated as GMO. However, the genome-edited products without any new combination of genetic material will be treated as non-GMO. The non-GMO edited products can be generated by not using recombinant DNA or using a recombinant DNA removed in the final product.
Kenya has recently developed genome editing guidelines as an important step towards the development of a genome editing regulatory framework in the country (ISAAA, 2022). Genome-edited products with deletions/knockouts without foreign DNA in the end-product, modifications made by inserting genes from sexually compatible species, and processed products whose inserted foreign genetic material cannot be detected, will not be regulated under the Biosafety Act. The decision on the genome-edited products will be made on a case-by-case basis. South Africa is under discussion for developing regulatory policies for genome editing. Other African countries, including Burkina Faso, Ghana, Ethiopia, Sudan, eSwatini, and Zimbabwe having GMO governance frameworks, started considering developing genome-editing policies.
Many countries are still in the process of developing regulatory guidelines for genome-edited products. There is a need for the coordination of regulatory approaches globally.
FUTURE PERSPECTIVE
The field of genome editing has progressed through several phases, starting with oligo-mediated genome editing in the 1980s (Carroll, 2017). The main hurdle in the widespread adoption of genome editing was the low frequency of the edited events, which made progress painstakingly slow. CRISPR/Cas9 has revolutionized the field of genome editing because of its ease of use and high success rate (Carroll, 2017).
Traditional genome editing involves the delivery of the editing reagents into the plant cells through genetic transformation. In this approach, the editing reagents get integrated randomly into the plant genome and can therefore generate undesirable genetic changes. Moreover, integrating foreign DNA into plant genomes raises regulatory concerns as the edited plants may be considered GMOs. Accordingly, a DNA-free genome editing tool was developed to produce genetically edited crops without any foreign gene integration. This technique is accomplished using both protoplast-mediated transformation and particle bombardment. The delivery of CRISPR/Cas9 ribonucleoproteins (RNPs) into protoplasts was first demonstrated in Arabidopsis, tobacco, lettuce, and rice (Woo et al., 2015). Similarly, Malnoy et al. (2016) produced DNA-free grape and apple by delivering purified CRISPR/Cas9 RNPs into their protoplasts.
Genome editing has a prominent role to play in improving agriculture in Africa. Many researchers are exploring the potential of genome editing in developing crop varieties for a better and more sustainable African Agriculture. However, it requires adequate funding and enabling policies to release genome editing products.
Since the CRISPR/Cas9-mediated editing develops an improved crop variety by modifying its endogenous genome through deletions, insertions, or substitution, or even inserting or replacing a full-length gene from the same plant species at the targeted site in a very precise manner, these edited varieties are free from foreign gene and need not go through a complex and time-consuming biosafety regulation similar to GMOs for commercialization. The genome-edited crop varieties lacking any foreign gene remain indistinguishable from those developed through conventional breeding. Genome-editing products, particularly SDN1 type, with gene knockouts but with no foreign gene integration, are not regulated as GMO in several countries, including two countries in Africa, Kenya and Nigeria.
In summary, CRISPR-mediated editing has the potential to improve crops with disease resistance, abiotic stress tolerance and improved nutritional content. Several products, such as disease-resistant banana, MLN-resistant maize, and Striga-resistant sorghum, are in the pipeline and closer to being ready for release in Africa. The CRISPR-based genome editing tool is considered as one of the powerful technologies for improving agriculture to feed the rapidly growing population. It can develop genome-edited crop varieties with no foreign-gene integration like those created through conventional breeding.
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Agricultural sustainability encompasses environmental, social, and economic aspects, all of which are continually shifting due changing environmental pressures and societal expectations. A range of strategies are required to address these challenges, and these include the use of innovation and adoption of the best available practices and technologies. Advances in biotechnologies, including genome editing, and their application in plant breeding and research are expected to provide a range of benefits that contribute to all aspects of agricultural sustainability. However, adoption of these technologies needs to be supported by proportionate, coherent, forward-looking, and adaptable policies and regulatory approaches. In this Perspective, we reflect on the regulatory challenges associated with commercialising a transgenic crop, and developments thus far in providing regulatory clarity for genome edited crops. We aim to demonstrate that much remains to be done to shift towards a more proportionate and enabling approach before the potential benefits of genome edited crops can be realised. The implications of precautionary and disproportionate regulation are also discussed.
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INTRODUCTION
In 1987, the World Commission on Environment and Development report “Our Common Future” (also known as the Brundtland Report) introduced the concept of sustainable development as “development that ensures that the needs of the present are met without compromising the ability of future generations to meet their own needs”. This concept recognised the interconnected environmental, social, and economic aspects of sustainable development, and also the role of technology in progressing these (United Nations, 1987). If the basic elements of the Brundtland concept are applied to agriculture, sustainable agriculture could be defined as meeting society’s food, feed and fibre needs in the present without compromising the ability of future generations to meet their own needs. It follows that this would consist of production practices that do not compromise environmental integrity and the goods and services provided, as well as socio-economic outcomes, such as profitability along the supply chain, and improved quality of life for society more broadly (Tilman et al., 2002; Pretty, 2007; Allen et al., 2009).
Enhancing agricultural sustainability requires an understanding of the diversity and complexities of agricultural and food systems, and effective and continually adaptable strategies to manage these (Sustainable agriculture, 2018). In the next 20 years, it is expected that agriculture will undergo significant diversification in production systems to meet increasing demand driven by population growth, challenging environmental conditions and climate change, and increasing societal expectations for sustainability. Another important aspect shaping this future is technological innovation, based on advances in genetics, data analysis and automation. Such a diverse agricultural system requires supportive policies that are flexible and rapidly adaptable to change (Bock et al., 2020).
In our view, strategies that support agricultural sustainability include adoption of the best available practices and technologies to support diverse and co-existing production systems, while at the same time reducing, or even enhancing, the environmental footprint (Pretty, 2007; Pretty et al., 2018). Since the 1990s, biotechnological tools have been recognised for their potential to advance plant breeding and crop production levels (e.g., Ruttan, 1999; Ronald, 2011; Federoff and Kershen, 2014; Gartland and Gartland, 2018). It has since been established that the adoption of transgenic (or genetically modified, GM) crops has contributed to improving the sustainability of agricultural practices. For example, increases in crop yields per unit of land, decreased greenhouse gas emissions, decreased reliance on farming inputs, increased insect biodiversity on farms, and increased income for producers have been measured since commercial production began (e.g., Pray et al., 2002; Barrows et al., 2014; Klümper and Qaim, 2014; Brookes and Barfoot, 2015; National Academies of Sciences, Engineering, and Medicine, 2016; Brookes and Barfoot, 2020a; Brookes and Barfoot, 2020b; Kovac et al., 2021; Tokel et al., 2021). Despite the demonstrated benefits, acceptance of transgenic crops remains a social and political flashpoint in many jurisdictions. As a consequence, regulatory approaches vary, and this has contributed to limiting the realisation of the range of potential benefits.
With the uptake of genome editing tools and their application in plant research and breeding (Puchta et al., 2022), there is renewed optimism around opportunities for crop improvement driven by expectations for improved societal acceptance, a more favourable regulatory environment, and reduced cost and time of development. All of these will increase accessibility and adoption of innovative breeding tools in all types of crops (Abdallah et al., 2021; Lassoued et al., 2021). The scientific literature strongly emphasises the features of ease and speed for trait and crop improvement using genome editing, with estimates for halving the development process, e.g., from 8 to 10 years with conventional tools, 8–12 years if transgenic tools are also used, and 4–6 years with the use of genome editing (Chen et al., 2019). Genome editing tools are expected to be widely implemented in plant breeding and to complement existing breeding processes (Jorasch, 2020; Gao, 2021).
Globally, the regulatory landscape for genome edited crops is evolving. Discussions on if/how to appropriately regulate technologies and/or the resulting products are ongoing since early this century. Genome editing presents a regulatory challenge because the types of genetic changes that can be achieved range from sequence insertions that are comparable to transgenics, to mutations indistinguishable from those possible using conventional breeding tools (Jenkins et al., 2021). Reviews of regulatory developments (e.g., Atanassova and Keiper, 2018; Schmidt et al., 2020; Jenkins et al., 2021) show that a growing number of regulatory agencies have provided regulatory clarity for certain uses, categories of technologies and/or types of genetic modifications. Regulators have used either technical adaptations to existing transgenic regulatory frameworks, or enacted new administrative processes, laws, or regulations. We see such changes as the first steps towards more flexible and adaptive regulations, however, much remains to be done to achieve solutions that enable timely uptake of safe new products that have the potential to contribute to agricultural sustainability.
In this article we examine the current complexities of the path to market for a genome edited crop, which to this day remains unclear and uncertain for globally traded commodities. In doing so we aim to demonstrate the important role of a proportionate, coherent, forward-looking, and adaptable regulatory environment in enabling the adoption of innovations in plant breeding and realisation of their potential benefits for agricultural sustainability.
REGULATORY PATHWAY FOR COMMERCIALISING A TRANSGENIC CROP
The regulatory approaches used throughout the world for transgenic crops all involve some form of premarket assessment that addresses safety and/or novelty of the product. The approach taken depends on the jurisdiction and the intended use of the product. For example, an environmental risk assessment and regulatory approval are needed to allow planting in a field [small (trial) to large (commercial) scale]. The products of that crop may then be used domestically in the food (human) or feed (animal) supply or in processing (e.g., for food ingredients such as flour), and these uses typically require food/feed safety assessment. The products of that crop may also be exported, and this necessitates the applicable food/feed safety assessments and regulatory approvals in trading partners. To illustrate this global movement, Figure 1 shows the top five transgenic crop producers in the world and their major (not all) trading partners.
[image: World map graphic illustrating major beef export flows from Canada, USA, Brazil, Argentina, and Paraguay to destinations in North America, Europe, Russia, and Asia, with trade values marked for each exporting country.]FIGURE 1 | World map showing the top five producers of transgenic crops and their major trading partners, compiled by CropLife International based on 2018 data (source: https://croplife.org/news/global-agriculture-a-trade-map/). More information for each of the top five countries is available at the CropLife International website. Approval was obtained from CropLife International to use the image in Figure 1.
The global movement of agricultural biotech commodities relies on regulatory processes in multiple jurisdictions, and these will impact if and when commercial launch of a transgenic crop can occur and under what (if any) conditions. Where the regulatory processes are incomplete or where they do not function well in a jurisdiction, international trade can be disrupted. To mitigate such risks, the major biotech developers have established industry guidelines for commercial launch of transgenic commodity corn (maize), soybean and canola crops,1 and best practices in product launch stewardship.2 These require the developer to undertake a market and trade assessment to determine key trading partners and the requisite regulatory approvals for commercial launch.
Addressing the applicable regulatory processes for a globally traded agricultural commodity is a significant investment for technology developers. This involves the generation of regulatory studies and navigation of multiple agencies, with many jurisdictions having multiple agencies that manage different aspects of the regulatory assessment, with each agency having its own processes and requirements (Prado et al., 2014; Jenkins et al., 2021). According to data from a survey of CropLife International member companies, the research, development, and commercialisation process for a transgenic crop commercialised in the period 2008–2012 cost USD$136 million with a timeline averaging 13 years. The regulatory component of this amounted to USD$35.1 million (25.8% of the total) and 5.5 years (36.7% of the total) (Phillips McDougall, 2011).
The costs, timelines, and sheer manpower necessary to navigate and obtain a “global registration” of a transgenic crop are major reasons why small-medium enterprises (SMEs) and the public sector have limited their use of transgenic technologies in plant breeding (Strauss and Sax, 2016; Gleim et al., 2020). These are also reasons why the variety of transgenic crops and traits that have been developed, as evident in the scientific literature, greatly exceeds that which have been successfully commercialised (National Academies of Sciences, Engineering, and Medicine, 2016). Transgenic crops in commerce are dominated by three commodity crops (cotton, soybean, maize) and two traits (insect resistance and herbicide tolerance) (National Academies of Sciences, Engineering, and Medicine, 2016; Whelan et al., 2020), as the market opportunity for a developer must be sufficiently large to justify the required investment (Prado et al., 2014). The optimism surrounding the potential of genome editing in plant breeding is juxtaposed against this reality, with realisation of its potential—including a diversity of developers, traits, and crops—requiring relatively risk proportionate regulatory approaches based in science and informed by three decades of experience with transgenic crops.
REGULATORY PATHWAY FOR CROPS DEVELOPED USING GENOME EDITING
Genome editing can be used to achieve a range of genetic changes in plants, from mutations that are indistinguishable from those arising spontaneously or induced using conventional breeding, to insertions of “foreign”3 genetic sequences (Jenkins et al., 2021). The regulatory scenario for commercialising a transgenic crop is also expected to apply to genome edited crops that contain “foreign” genetic sequences. It will also apply more broadly to other applications of genome editing irrespective of the type of genetic change in jurisdictions where regulation of agricultural biotechnology is highly politicised. For example, in New Zealand, revisions to the existing process-based scheme intentionally captured all uses of genome editing in plants within scope (Kershen, 2015), and in the European Union (EU), the scope of definitions in the existing regulatory scheme have been interpreted in this broad way (Hundleby and Harwood, 2018). In both of these jurisdictions, these outcomes are connected to court decisions on questions of scope (Schmidt et al., 2020) and represent the most precautionary regulatory approach.
Regulating indistinctly all types of genome edited crops not only restricts market access, but also presents a major obstacle to investment in their development. In a survey of plant breeding companies in the EU, this was shown to be the case irrespective of the size of the enterprise, with larger developers relocating research and development programs to jurisdictions with more enabling regulatory environments. This refocus to non-EU markets may not be feasible for SMEs with markets predominantly in the EU, who reported discontinuing, modifying or postponing research and development programs that involved the use of genome editing tools (Jorasch, 2020). These issues appear to extend to less politicised jurisdictions where some regulatory clarity has been provided. In a survey of the Canadian plant breeding sector, public sector respondents exhibited less optimism about genome editing (specifically the tool known as CRISPR-Cas9) than private sector respondents. Despite most of the survey respondents expecting a more favourable regulatory environment for genome editing, the public sector remained concerned about regulatory clarity and cost and societal acceptance issues (Gleim et al., 2020).
The regulatory status remains unclear for genome edited crops that are not transgenic, i.e., those that are comparable to conventionally developed crops. For certain technologies and/or the resulting genetic changes in plants, regulatory agencies in Argentina, Australia, Brazil, Canada, Chile, China, Colombia, Ecuador, Guatemala, Honduras, India,4 Israel, Japan, Nigeria, Paraguay, Philippines, United States (US), and Uruguay have determined that they are not within the scope of regulatory schemes that apply to transgenic crops, or they may not be within scope depending on a case-by-case assessment of the genetic change (Hundleby and Harwood, 2018; Entine et al., 2021; Lassoued et al., 2021; Mallapaty 2022). Regulatory policy is still evolving in some jurisdictions, e.g., the United Kingdom recently reduced requirements for conducting research trials with genome edited crops (Ledford, 2021), with broader exemptions from transgenic regulation under discussion (UK Parliament, 2022).
One of the listed jurisdictions is Argentina, which is one of the largest producers of transgenic crops (International Service for the Acquisition of Agri-biotech Applications, 2019), and it was one of the first jurisdictions to implement a regulatory framework in 1996 to enable their commercial production (Lema, 2019; Vesprini et al., 2022). In 2015, Argentina became the first country to enact a new regulatory process for determining the status of plants developed using a “new breeding technique” (NBT; includes genome editing) (Normative Resolution No. 173/2015; Lema, 2019). This process involves a case-by-case assessment of whether or not the final product falls within the scope of the established regulatory process for transgenic crops. Four years into its implementation, a notable diversification was observed in the types of developers submitting NBT applications, with greater representation by SME and R&D organisations, as well as in the types of crops and traits developed in comparison to transgenic applications (Whelan et al., 2020). These early observations are consistent with expectations that genome editing will stimulate innovation in crop improvement, and highlight the enabling role of an adaptive regulatory environment in supporting local technology adoption. Subsequently, several countries in Latin America have adopted similar approaches to Argentina, and this will contribute to harmonisation in the region (Turnbull et al., 2021).
Australia is another jurisdiction often listed in the literature as excluding genome editing from transgenic regulation, however this is the case for one technology category, and for one agency, the Office of the Gene Technology Regulator (OGTR). The OGTR regulates environmental releases of transgenic crops, with a long-established regulatory framework and many approvals issued for limited (field trial) and commercial scale releases since 2001.5 In 2019, the OGTR expressly excluded site directed nuclease (SDN) applications that do not involve homology directed repair (also known as SDN-1) from regulatory scope, but expressly included site directed nuclease applications that do involve homology directed repair (SDN-2 and SDN-3), as well as oligonucleotide-directed mutagenesis (Gene Technology Amendment (2019 Measures No.1) Regulations 2019; Thygesen, 2019). This means that a crop developed with the use of “SDN-1” can be planted in Australia without assessment or approval by the OGTR. However, before the products of that crop can enter the Australian food supply, developers require resolution of their regulatory status in the food law administered by Food Standards Australia New Zealand (FSANZ) (Kelly, 2019). This in effect limits any potential crop developed with the use of SDN-1 to non-food uses, and it would require management via a closed loop system to prevent it from entering the food supply. Local technology developers and researchers have indicated that this is a consideration impacting technology adoption (Zhang et al., 2021).
To date there are limited examples of commercialised field crops where genome editing was used in their development. One such example is a high oleic soybean that produces a premium cooking oil with less saturated fatty acids compared to commodity soybean oil (Calyxt, 2019). The product is only sold on the US market where it is not regulated as a transgenic crop. It is grown in an identity preserved closed loop system that involves tracking of the entire process from seed to final product.6 This enables the technology developer to manage quality of the product, as well as control movement of it and thereby prevent it from entering other markets where the regulatory status is less favourable or unresolved.
DISCUSSION
This Perspective reflects on the regulatory challenges associated with commercialising a transgenic crop to demonstrate that a shift towards more proportionate policies is necessary to enable the adoption of innovations in plant breeding globally.
To date, restrictive regulatory approaches are evident in jurisdictions where transgenic crops have historically been politicised, with few (or no) approvals granted for commercial planting of transgenic crops. Such jurisdictions have maintained their precautionary process-based approaches that broadly capture products developed with the use of biotechnological tools irrespective of their characteristics and scientific evidence regarding safety. Conversely, relatively proportionate product-focussed approaches have been adopted in certain jurisdictions that have long-term experience in regulating environmental uses of transgenic crops, and who have recognised the potential environmental, social, and economic benefits of technology adoption. An intermediate approach is the selective exclusion or inclusion of certain technological approaches, and while the limited exclusions may be evidence-based, what remains included is on the basis of process and precaution. Of these approaches, the product-based approach has the greatest potential for adapting to continued technological development.
Precautionary process-based approaches to the regulation of transgenic crops have likely contributed to entrenching public distrust of biotechnology (i.e., the process) and a disproportionate perception of risk, rather than allaying concerns. Where such policies are extended to genome editing, a similar outcome can be expected (Herman et al., 2019). The adoption of genome editing in plant breeding provides an opportunity for revising policies in a way that remain consistent with regulatory goals, while also stimulating innovation and enabling broader realisation of potential benefits. We have seen the first steps towards more adaptive policies facilitated by a shift away from process-oriented approaches to a greater focus on the product. This shift has been informed by almost three decades of experience with the assessment and use of transgenic crops and observation of their benefits. However, we remain far from an evidence-based model that links innovation to sustainability in agriculture.
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FOOTNOTES
1CropLife International: https://croplife.org/plant-biotechnology/stewardship-2/product-launch-stewardship/.
2Excellence Through Stewardship: https://www.excellencethroughstewardship.org/.
3The authors are aligned with the view that “foreign” refers to sequences originating from a non cross-compatible species.
4For India: ttp://db.zs-intern.de/uploads/1649254604-office%20memorandum%20indien%20genome%20editing.pdf.
5https://www.ogtr.gov.au/what-weve-approved/dealings-involving-intentional-release.
6https://calyxt.com/wp-content/uploads/2020/02/Calyxt_GrowerProgram.pdf.

REFERENCES
	 Abdallah, N. A., Hamwieh, A., Radwan, K., Fouad, N., and Prakash, C. (2021). Genome Editing Techniques in Plants: a Comprehensive Review and Future Prospects toward Zero Hunger. GM Crops Food 12 (2), 601–615. doi:10.1080/21645698.2021.2021724
	 Allen, P., Van Dusen, D., Lundy, J., and Gliessman, S. (2009). Integrating Social, Environmental, and Economic Issues in Sustainable Agriculture. Am. J. Alt. Ag. 6 (1), 34–39. doi:10.1017/s0889189300003787
	 Atanassova, A., and Keiper, F. (2018). Plant Breeding Innovation: A Global Regulatory Perspective. Cereal Chem. 95, 8–16. doi:10.1002/cche.10021
	 Barrows, G., Sexton, S., and Zilberman, D. (2014). The Impact of Agricultural Biotechnology on Supply and Land-Use. Envir. Dev. Econ. 19 (6), 676–703. doi:10.1017/S1355770X14000400
	 Bock, A. K., Krzysztofowicz, M., Rudkin, J., and Winthagen, V. (2020). Farmers of the Future. Luxembourg: Publications Office of the European Union. doi:10.2760/680650
	 Brookes, G., and Barfoot, P. (2020a). Environmental Impacts of Genetically Modified (GM) Crop Use 1996-2018: Impacts on Pesticide Use and Carbon Emissions. GM Crops Food 11 (4), 215–241. doi:10.1080/21645698.2020.1773198
	 Brookes, G., and Barfoot, P. (2015). Global Income and Production Impacts of Using GM Crop Technology 1996-2013. GM Crops Food 6 (1), 13–46. doi:10.1080/21645698.2015.1022310
	 Brookes, G., and Barfoot, P. (2020b). GM Crop Technology Use 1996-2018: Farm Income and Production Impacts. GM Crops Food 11 (4), 242–261. doi:10.1080/21645698.2020.1779574
	 Calyxt (2019). First Commercial Sale of Calyxt High Oleic Soybean Oil on the U.S. Market. Available online at: https://calyxt.com/first-commercial-sale-of-calyxt-high-oleic-soybean-oil-on-the-u-s-market/(Accessed February 23, 2022). 
	 Chen, K., Wang, Y., Zhang, R., Zhang, H., and Gao, C. (2019). CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture. Annu. Rev. Plant Biol. 70, 667–697. doi:10.1146/annurev-arplant-050718-100049
	 Entine, J., Felipe, M. S. S., Groenewald, J.-H., Kershen, D. L., Lema, M., McHughen, A., et al. (2021). Regulatory Approaches for Genome Edited Agricultural Plants in Select Countries and Jurisdictions Around the World. Transgenic Res. 30, 551–584. doi:10.1007/s11248-021-00257-8
	 Federoff, N. V., and Kershen, D. L. (2014). Agricultural Biotechnology – an Opportunity to Feed a World of Ten Billion. Penn State Law Rev. 118 (4), 859–875. doi:10.2139/ssrn.2542310
	 Gao, C. (2021). Genome Engineering for Crop Improvement and Future Agriculture. Cell 184 (6), 1621–1635. doi:10.1016/j.cell.2021.01.005
	 Gartland, K. M. A., and Gartland, J. S. (2018). Contributions of Biotechnology to Meeting Future Food and Environmental Security Needs. EuroBiotech J. 2 (1), 2–9. doi:10.2478/ebtj-2018-0002
	 Gleim, S., Lubieniechi, S., and Smyth, S. J. (2020). CRISPR-Cas9 Application in Canadian Public and Private Plant Breeding. CRISPR J. 3 (1), 44–51. doi:10.1089/crispr.2019.0061
	 Herman, R. A., Fedorova, M., and Storer, N. P. (2019). Will Following the Regulatory Script for GMOs Promote Public Acceptance of Gene-Edited Crops?Trends Biotechnol. 37 (12), 1272–1273. doi:10.1016/j.tibtech.2019.06.007
	 Hundleby, P. A. C., and Harwood, W. A. (2018). Impacts of the EU GMO Regulatory Framework for Plant Genome Editing. Food Energy Secur 8 (2), e00161. doi:10.1002/fes3.161
	 International Service for the Acquisition of Agri-biotech Applications [ISAAA] (2019). ISAAA Brief 55-2019: Executive Summary, Biotech Crops Drive Socio-Economic Development and Sustainable Environment in the New Frontier. Available online at: https://www.isaaa.org/resources/publications/briefs/55/executivesummary/default.asp (Accessed February 23, 2022). 
	 Jenkins, D., Dobert, R., Atanassova, A., and Pavely, C. (2021). Impacts of the Regulatory Environment for Gene Editing on Delivering Beneficial Products. Vitro Cell.Dev.Biol.-Plant 57 (4), 609–626. doi:10.1007/s11627-021-10201-4
	 Jorasch, P. (2020). Potential, Challenges, and Threats for the Application of New Breeding Techniques by the Private Plant Breeding Sector in the EU. Front. Plant Sci. 11, 582011. doi:10.3389/fpls.2020.582011
	 Kelly, L. (2019). Clarifying the Regulation of Genome Editing in Australia: Situation for Food. Transgenic Res. 28, 161–164. doi:10.1007/s11248-019-00159-w
	 Kershen, D. L. (2015). Sustainability Council of New Zealand Trust V. The Environmental Protection Authority: Gene Editing Technologies and the Law. GM Crops Food 6 (4), 216–222. doi:10.1080/21645698.2015.1122859
	 Klümper, W., and Qaim, M. (2014). A Meta-Analysis of the Impacts of Genetically Modified Crops. PLOS One 9 (100), e111629. doi:10.1371/journal.pone.0111629
	 Kovac, E., Qaim, M., and Blaustein-Rejto, D. (2021). The Climate Benefits of Yield Increases in Genetically Engineered Crops [Preprint]. Available at: https://www.biorxiv.org/content/10.1101/2021.02.10.430488v1 (Accessed February 4, 2022). 
	 Lassoued, R., Phillips, P. W. B., Macall, D. M., Hesseln, H., and Smyth, S. J. (2021). Expert Opinions on the Regulation of Plant Genome Editing. Plant Biotechnol. J. 19 (6), 1104–1109. doi:10.1111/pbi.13597
	 Ledford, H. (2021). New Rules With Make UK Gene-Edited Crop Research Easier. Nature,  doi:10.1038/d41586-021-01572-0
	 Lema, M. A. (2019). Regulatory Aspects of Gene Editing in Argentina. Transgenic Res. 28, 147–150. doi:10.1007/s11248-019-00145-2
	 Mallapaty, S. (2022). China's Approval of Gene-Edited Crops Energizes Researchers. Nature 602, 559–560. doi:10.1038/d41586-022-00395-x
	 National Academies of Sciences, Engineering, and Medicine [NASEM] (2016). Genetically Engineered Crops: Experiences and Prospects. Washington, DC: The National Academies Press. doi:10.17226/23395
	 Phillips McDougall (2011). The Cost and Time Involved in the Discovery, Development and Authorization of a New Plant Biotechnology Derived Trait: A Consultancy Study for CropLife International. Midlothian, UK: Phillips McDougal. Available online at: https://croplife.org/wp-content/uploads/2014/04/Getting-a-Biotech-Crop-to-Market-Phillips-McDougall-Study.pdf (Accessed February 23, 2022). 
	 Prado, J. R., Segers, G., Voelker, T., Carson, D., Dobert, R., Phillips, J., et al. (2014). Genetically Engineered Crops: from Idea to Product. Annu. Rev. Plant Biol. 65, 769–790. doi:10.1146/annurev-arplant-050213-040039
	 Pray, C. E., Huang, J., Hu, R., and Rozelle, S. (2002). Five Years of Bt Cotton in China - the Benefits Continue. Plant J. 31 (4), 423–430. doi:10.1046/j.1365-313x.2002.01401.x
	 Pretty, J. (2007). Agricultural Sustainability: Concepts, Principles and Evidence. Phil. Trans. R. Soc. B 363, 447–465. doi:10.1098/rstb.2007.2163
	 Pretty, J., Benton, T. G., Bharucha, Z. P., Dicks, L. V., Flora, C. B., Godfray, H. C. J., et al. (2018). Global Assessment of Agricultural System Redesign for Sustainable Intensification. Nat. Sustain 1, 441–446. doi:10.1038/s41893-018-0114-0
	 Puchta, H., Jiang, J., Wang, K., and Zhao, Y. (2022). Updates on Gene Editing and its Applications. Plant Physiol. 188, 1725–1730. doi:10.1093/plphys/kiac032
	 Ronald, P. (2011). Plant Genetics, Sustainable Agriculture and Global Food Security. Genetics 188 (1), 11–20. doi:10.1534/genetics.111.128553
	 Ruttan, V. W. (1999). The Transition to Agricultural Sustainability. Proc. Natl. Acad. Sci. U.S.A. 96, 5960–5967. doi:10.1073/pnas.96.11.5960
	 Schmidt, S. M., Belisle, M., and Frommer, W. B. (2020). The Evolving Landscape Around Genome Editing in Agriculture. EMBO Rep. 21, e50680. doi:10.15252/embr.202050680
	 Strauss, S. H., and Sax, J. K. (2016). Ending Event-Based Regulation of GMO Crops. Nat. Biotechnol. 34, 474–477. doi:10.1038/nbt.3541
	 Sustainable agriculture (2018). Sustainable Agriculture. Nat. Sustain. 1, 531. doi:10.1038/s41893-018-0163
	 Thygesen, P. (2019). Clarifying the Regulation of Genome Editing in Australia: Situation for Genetically Modified Organisms. Transgenic Res. 28, 151–159. doi:10.1007/s11248-019-00151-4
	 Tilman, D., Cassman, K. G., Matson, P. A., Naylor, R., and Polasky, S. (2002). Agricultural Sustainability and Intensive Production Practices. Nature 418, 671–677. doi:10.1038/nature01014
	 Tokel, D., Genc, B. N., and Ozyigit, I. I. (2021). Economic Impacts of Bt (Bacillus Thuringiensis) Cotton. J. Nat. Fibers , 1–18. doi:10.1080/15440478.2020.1870613
	 Turnbull, C., Lillemo, M., and Hvoslef-Eide, T. A. K. (2021). Global Regulation of Genetically Modified Crops amid the Gene Edited Crop Boom - a Review. Front. Plant Sci. 12, 630396. doi:10.3389/fpls.2021.630396
	 UK Parliament (2022). Genome-edited Food Crops. Westminster, London: The Parliamentary Office of Science and Technology. Post Note Number 663. Available online at: https://researchbriefings.files.parliament.uk/documents/POST-PN-0663/POST-PN-0663.pdf (Accessed April 12, 2022). 
	 United Nations (1987). Report of the World Commission on Environment and Development: Our Common Future. UN Doc A/42/427. Available online at: https://digitallibrary.un.org/record/139811 (Accessed February 2, 2022). 
	 Vesprini, F., Whelan, A. I., Goberna, M. F., Murrone, M. L., Barros, G. E., Frankow, A., et al. (2022). Update of Argentina's Regulatory Policies on the Environmental Risk Assessment. Front. Bioeng. Biotechnol. 9, 834589. doi:10.3389/fbioe.2021.834589
	 Whelan, A. I., Gutti, P., and Lema, M. A. (2020). Gene Editing Regulation and Innovation Economics. Front. Bioeng. Biotechnol. 8, 303. doi:10.3389/fbioe.2020.00303
	 Zhang, Y., Restall, J., Crisp, P., Godwin, I., and Liu, G. (2021). Current Status and Prospects of Plant Genome Editing in Australia. Vitro Cell.Dev.Biol.-Plant 57, 574–583. doi:10.1007/s11627-021-10188-y

Conflict of Interest: The authors are employed by BASF, a global research and development company with a diverse range of chemistry-based business segments, and an agricultural business that includes biotech seed products.
Copyright © 2022 Keiper and Atanassova. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 21 June 2022
doi: 10.3389/fgeed.2022.899154


[image: image2]
Implications and Lessons From the Introduction of Genome-Edited Food Products in Japan
Makiko Matsuo1* and Masashi Tachikawa2
1Graduate School of Public Policy, University of Tokyo, Tokyo, Japan
2Graduate School of Environmental Studies, Nagoya University, Nagoya, Japan
Edited by:
Thorben Sprink, Julius Kühn-Institut, Germany
Reviewed by:
Jeff Wolt, Iowa State University, United States
Armin Spök, Graz University of Technology, Austria
* Correspondence: Makiko Matsuo, matsuoma@pp.u-tokyo.ac.jp
Specialty section: This article was submitted to Genome Editing in Plants, a section of the journal Frontiers in Genome Editing
Received: 18 March 2022
Accepted: 06 May 2022
Published: 21 June 2022
Citation: Matsuo M and Tachikawa M (2022) Implications and Lessons From the Introduction of Genome-Edited Food Products in Japan. Front. Genome Ed. 4:899154. doi: 10.3389/fgeed.2022.899154

Japan clarified its regulatory approaches for products derived from genome editing technologies in 2019. Consequently, Japan has become a pioneer in the social implementation of such technologies, as to date, the notification process for three products, GABA-enriched tomato, fleshier red sea bream, and high-growth tiger puffer, has been completed. However, this has led to questions about how this was achieved, given the poor consumer acceptance and low public support for genetically modified (GM) foods in the past. This paper describes Japan’s regulatory approaches and their implementation guidelines for products created using genome editing technologies. It explains the governance of genome editing technologies and how the derived products have been introduced into society. The three factors that made this possible include: 1) improved R&D environments as a result of government-led innovation policy and regulations which have sought a balance between science and social demand 2) changes in the players (i.e. university startups), that engage in R&D and the strategies used for social introduction, and 3) social value changes—the recent rise in momentum for sustainable development goals (SDGs) and environmental, social, and governance (ESG) investing. The lessons and challenges in terms of R&D policy development and regulation from these analyses are presented. As the market size and social impact of genome-edited food products is limited, it is too early to fully assess this topic for Japan and thus, the analysis in this study is preliminary and must be revisited in the coming years.
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1 INTRODUCTION
1.1 Background
Genome editing refers to the use of various technologies to modify a target base sequence in the genome of a living organism. Specifically, these technologies allow scientists to induce insertions into and deletions of genomic DNA and other minor changes at specific target locations and the induction of base replacements or deletions, as cuts are naturally repaired. This method can be used to make genetic changes that are equivalent to those achieved with conventional mutation strategies. Furthermore, gene inserts into target base sequences can be used to create modifications comparable to those achieved with genetic modification technologies. However, unlike conventional genetic modification technologies, which are imprecise as they do not allow insertions at specific sites, genome editing is precise and versatile; furthermore, less time is required for research and development (R&D). Consequently, the use of genome editing has rapidly expanded to include a more extensive range of targets (animals, plants, microorganisms, etc.) and applications (medical, industrial, agricultural/food, etc.).
There are ongoing discussions globally regarding the regulatory approaches for genome editing technologies (Lusser and Rodríguez-Cerezo, 2012; UK House of Commons Science and Technology Committee, 2015; Sprink et al., 2016; Wolt et al., 2016; Duensing et al., 2018; Dederer and Hamburger, 2019; Eckerstorfer et al., 2019; Special issue by Transgenic Research, 2019; Entine et al., 2021; Menz et al., 2020; Turnbull et al., 2021). Several countries have already developed legal frameworks based on conventional genetic modification technologies. However, there is a debate about existing laws and regulations and whether they should apply to products created using newer technologies, including concerns as to whether they accurately assess safety and appropriate management. The primary issue is whether genome editing technology products that do not contain any genes from other species and are indistinguishable from those derived from natural mutations or conventional breeding should be subjected to the same regulatory oversights applied to genetically modified (GM) products that contain genes from other species.
The authorities in Japan discussed their regulatory approaches for products derived from genome editing technologies in 2018 and clarified their guidelines in 2019 (Tsuda et al., 2019; Matsuo, 2021). All countries have different regulatory approaches for genome editing in relation to plants, animals, and microorganisms. Regulatory frameworks may differ depending on the intended use such as for food, or environmental release. Furthermore, relatively few countries have clarified specific regulatory guidelines for all products. Japan was one of the fastest countries to address regulatory clarification after such country as Argentina. Clarification of these regulatory approaches paved the way for the societal introduction of products derived from genome editing technologies. Before this, the only known genome-edited product available on the market was high-oleic soybean oil from the US company, Calyxt, Inc.1 At the time of writing (March 2022), Japan has completed the notification process for three food products, GABA-enriched tomato, fleshier red sea bream, and high-growth tiger puffer. Furthermore, two of the three products involved fish, which were expected to pose a more substantial challenge regarding public acceptance compared to plants.
1.2 Objectives of This Study
Existing literature has indicated that regulatory oversight systems often fall behind when an emerging technology is introduced to society (Marchant et al., 2011). It can be challenging to manage risks when legislative systems are structured in a path-dependent manner but a technology is in its earliest stages and thus its future direction and applications uncertain. In addition, survey results on the social acceptance of GM and genome-edited products, particularly for animals, which will be discussed in the following sections, suggest that ensuring public endorsement of animal products would be more complex than with plants. Therefore, the introduction of these products to society is expected to take time (Frewer, 2017; Tachikawa et al., 2017; Tachikawa et al., 2020; Busch et al., 2022).
Japan, however, has seen a relatively smooth societal introduction of these technologies. This was an unexpected phenomenon, given the country’s failure to promote previous genetic modification techniques in the food and agricultural sector, as they were characterized as having poor consumer acceptance2 and consequently there was almost no commercial cultivation of GM crops. This paper examines possible factors that enable genome-editing technologies to enter society, draws implications and lessons on governance for their societal introduction, and provides insights for countries considering the use of such products.
This study analyzed literature review results (including primary and secondary source materials) and interviews with domestic and international stakeholders (including public authorities, scientists, and industry sources).
2 CLARIFICATION PROCESS FOR REGULATORY APPROACHES AND COMMERCIALIZATION
2.1 Growing Expectations for Biotechnology and Clarification of the Regulatory Guidelines in Japan.
2.1.1 Policies Promoting Biotechnology Innovation
After 2018, the Japanese government issued several policy documents concerning biotechnology, which spurred the development and application of genome editing technologies and efforts to clarify the required regulatory approaches. The Integrated Innovation Strategy,3 which the Cabinet approved in 2018, required clarification of the regulations for products derived from genome editing technologies. In the following year’s edition of the Integrated Innovation Strategy, biotechnology was selected as one of the three fields of focus, along with artificial intelligence (AI) and quantum technologies. Bio Strategy 2019 was announced in the same year, and this was the first update to the strategy in 11 years.4 These government strategies called for clarification of the regulatory approaches for products derived from genome editing technologies and their impacts on biodiversity and food safety. Government ministries were prompted to start discussions on relevant regulatory issues. In February 2019, the Ministry of the Environment (MOE) issued a notification5 concerning its approaches to biodiversity in relation to products derived from genome editing technologies, while the Ministry of Health, Labour, and Welfare (MHLW) issued food safety handling procedures6 in September of the same year. This effectively completed the legal framework for the application of genome editing technologies in Japan, establishing systems for providing information and prior consultation/notification with the relevant authorities.
2.1.2 Regulation Clarification: Impacts on Biodiversity
In Japan, biodiversity-related considerations for modified living organisms are managed under the so-called Cartagena Act,7 and the law requires an assessment of their impacts on biodiversity. The MOE discussed whether living organisms created using genome editing technologies should be subject to the Cartagena Act. Genome editing allows scientists to develop a variety of genome editing-derived organisms using site-directed nucleases (SDNs) (See Figure 1). SDN-1 is defined as the technique of introducing a break at a target site in the genome to cause a loss of gene function through “errors” that may occur during the natural repair process. SDN-2 involves the addition of a template to the target site to cause a few base pairs to be modified, whereas SDN-3 introduces a gene or genes at the target site. Using the definitions in the Cartagena Act, the MOE has determined that Living Modified Organisms (LMOs) are not subject to regulation if 1) they do not contain DNA or RNA that was processed outside the cell or if 2) the introduced DNA or RNA is no longer present in the final organisms—such organisms are known as null segregants. In contrast, LMOs harboring introduced extracellularly processed nucleic acids are regulated. In other words, SDN-1 organisms are not subject to regulation under the Cartagena Act, whereas those created using SDN-2 and SDN-3, which involve templates and the insertion of a gene or genes, respectively, are subject to regulation. Even when a product is deemed not subject to law, its developer is asked to provide relevant information to the respective government agencies in advance. A summary of such information is made available to the public on the MOE’s Japan Biosafety Clearing-House (J-BCH) website.8 In response to the clarification made by the MOE, the government agencies developed handling policies for each usage. In October 2019, the Director-General of Food Safety and Consumer Affairs Bureau (FSCAB/MAFF) issued a procedure for providing information on the impacts of agricultural products on biodiversity 9.
[image: Diagram comparing three genome editing scenarios: SDN-1 shows a DNA cleavage site naturally repaired, leading to mutagenesis; SDN-2 shows incorporation of one or a few mutations; SDN-3 shows insertion of new genetic fragments, indicating gene incorporation.]FIGURE 1 | Ministry of the environment classification of SDN-1, -2, and -3. (Source) Created by the authors based on the Technical Committee on Genetically Modified Organisms. “Regulatory status and handling policy of organisms obtained using genome editing technologies under the Cartagena Act (draft),” 30 August 2018, pp. 2, available on the Ministry of the Environment website https://www.env.go.jp/council/12nature/y120-37b/13mat4-3.pdf (accessed 17 March 2022).
2.1.3 Regulation Clarification: Food Safety and Labeling
To assess the food safety aspects of GM products, Japan requires safety assessments under the Food Sanitation Act (Act No. 233 of 1947) and Food Safety Basic Act (Act No. 48 of 2003).10 The MHLW—the government ministry responsible for the food safety aspects of GM products (food and food additives)—stipulated that the application of GM food regulations should be determined based on whether the specificity and range of the mutations in the foods derived from genome editing technologies are comparable in terms of safety to those of natural mutations or mutations that occur in conventional breeding (such as induced mutations using chemicals), which are not subject to GM food regulations. This means that GM food regulations would apply to SDN-3 products that contain transgenes but not to SDN-1 products that do not involve transgenes, whereas decisions on SDN-2 products would be made on a case-by-case basis. Developers of food products derived from genome editing technologies are asked to have prior consultation with the MHLW and are expected to complete the notification process with the ministry if the product is not subject to regulation before distribution11. Once the notification process has been completed, a summary of the information will appear on the MHLW website12,13.
Under the JAS Act and Food Sanitation Act, GM foods must be labeled to allow consumers to make their own choices.14 The Consumer Affairs Agency (CAA), which is responsible for food labeling, clarified that those foods derived from genome editing technologies which are not subject to regulation as a result of the prior consultation are exempt from labeling.15 At the same time, specific considerations were provided in response to demands for the consumer’s right-to-choose. It was recommended that businesses should make an effort to share information on their food products if they are known to be derived from genome editing technologies by means including labeling (based on reasonable evidence, including transaction records from the food supply chain), even when they are not subject to regulation.16 However, the CAA does not specify how the information should be provided to the consumers.
2.2 Notifications for Products Derived from Genome Editing Technologies, their Market Launch, and Public Response
2.2.1 Notified Products Derived From Genome Editing Technologies for Food Use
Following the clarification of the regulatory approaches for products derived from genome editing technologies, the notification process for food use has been completed for three food products (at the time of writing—March 2022). The three products are as follows:
2.2.1.1 GABA-Enriched Tomato
Notification for this product was filed with the MHLW, and information was submitted to the Ministry of Agriculture, Forestry, and Fisheries (MAFF) on 11 December 2020, by Sanatech Seed Co., Ltd. The product contains GABA, a compound found in tomato fruits that aids relaxation and lowers blood pressure, at a level 4–5 times higher than that of a regular tomato.17 In May 2021, the company provided GABA-enriched tomato seedlings to home gardeners at no cost. Then in September of that year, they started selling the tomato fruits online, and in October the seedlings for home gardeners.18
2.2.1.2 Fleshier Red Sea Bream
Notification for this product was filed with the MHLW, and information submitted to the MAFF on 17 September 2021, by Regional Fish Institute, Ltd. In this product, the myostatin gene, which suppresses muscle growth, was made dysfunctional, leading to an increased proportion of muscle tissue. The company started fundraising for the product under the name “22nd Century Sea Bream” using a crowdfunding platform. They raised over 3.2 million yen, which was more than their stated target of 1 million yen. The crowd funder’s rewards include fish products that began shipping in October 2021.19
2.2.1.3 High-Growth Tiger Puffer
Notification for this product was filed with the MHLW, and information was submitted to the MAFF on 29 October 2021, by Regional Fish Institute, Ltd. By disabling the hormone leptin,20 which controls appetite, scientists succeeded in making the fish grow 1.9 times larger and improved the efficiency of feed use (the weight gained by the animal divided by the weight of feed intake) by 42%.21 The company fundraised for the product under the name “22nd Century Tiger Puffer” using a crowdfunding platform22. This campaign raised almost 3.9 million yen, which was higher than the original target of 1 million yen.
In December 2021, Regional Fish Institute Ltd. began selling both the “22nd Century Sea Bream” and “22nd Century Tiger Puffer,” online through its website23.
2.2.2 Gap Between the Anticipated and Actual Public Response
Given the low public acceptance of GM in Japan, it was anticipated that the societal introduction of genome editing technologies would face a degree of public controversy. A previous consumer perception survey (Tachikawa et al., 2017) found more support for tight regulations of genome-editing-derived foods which were designed to reduce the risk to as close to zero as possible rather than scientifically proven regulations and technically reasonable24. Since the regulatory clarifications in Japan exclude some genome editing-derived products from regulation (as described in Section 2.1. above), it was expected that consumers would demand regulations that are more stringent. In terms of application, previous studies and surveys on GM have suggested that products valued by producers are less likely to be accepted if consumers do not find them beneficial (Siegrist, 2008; Frewer, 2017). Similar results were observed with the promotion of genome editing. For example, a survey conducted by Saito (2021) found that “the public is more inclined to support the promotion of such technology when it has direct and clear benefits to consumers.” The application of technologies on animals, in particular, has been commonly found to meet greater resistance (Frewer, 2017; Busch et al., 2022). Therefore, it was considered that obstacles to public acceptance would be crucial for the two cases discussed that involve fish. For instance, Tachikawa et al. (2020) reported that, where genome-editing technologies are concerned, respondents were more opposed to using these technologies to increase the size of livestock by 50% (increased by a factor of 1.5) than for the development of vegetables or livestock with improved disease resistance. The previous GM food controversies from the late 1990s, which were driven by a number of major news companies and consumer group coalitions, questioning their environmental and food safety risk (Yamaguchi and Suda, 2010) exhorted the Japanese government to implement a mandatory legal authorization scheme for GM products. It was thus anticipated that the introduction of newer technologies would likely meet strong resistance. However, even though there were indeed some social actions, for instance, some groups of coop were against the use of genome-editing; petitions were made by some consumer groups;25 they did not develop into a mass mobilization,26 and media coverage was mostly positive. After filing the notifications, there were no considerable public reactions, nor did they receive any sustained attention.
Following the completion of the notification process, the Sanatech Seed Co., Ltd., which developed the GABA-enriched tomato, launched a campaign at the end of December 2020 to provide its seedlings to home gardeners at no cost. The 5,000 free samples were all claimed within a short period, and the company started shipping the seedlings in May 2021 (the home-grown tomatoes would be ready to harvest June)27.
3 FACTORS THAT FACILITATED THE SOCIETAL INTRODUCTION OF PRODUCTS DERIVED FROM GENOME EDITING TECHNOLOGIES
Questions resulted from the relatively smooth introduction of the three previously mentioned genome editing-derived products in Japan, as historically GM products have led to public controversy. Three potential factors and explanations are presented below.
3.1 Improved R&D Environments and Regulatory Approaches
Some of the fundamental factors may include the following: 1) improved government-led policy and research funds for the R&D of these technologies, and 2) the regulatory approaches that were made clear, with a certain degree of consideration given to both scientific discussion and public demand.
3.1.1 Favorable Condition for R&D Led by the Japanese Government
Promoting a broad range of state-level projects improved the environment for R&D. Notably are projects such as the SIP (Cross-ministerial Strategic Innovation Promotion Program), JST OPERA (Program on Open Innovation Platform with Enterprises, Research Institute and Academia), and PRISM (Public/Private R&D Investment Strategic Expansion Program). Many of these government-led mission-oriented projects did not limit themselves to R&D activities but also aimed at the social implementation of their technologies, which increased momentum for their commercialization. In the SIP, for instance, both 1st and 2nd-period programs are designed within 5 years, and researchers are instructed to complete the social implementation of their research in this short research period. This has given rise to university startups. For instance, the aforementioned GABA-enriched tomato, created by the University of Tsukuba, originated from the first SIP project. In the 2nd SIP period, a website was created to disseminate information and increase the public’s understanding in support of genome-editing and its products.28
A major issue that arises regarding the improvement of the environment for developing and using technologies is the use of patents. CRISPR/Cas9 has been at the center of a dispute over the use of a patent, giving rise to concerns over uncertainty by potential users. However, uncertainty is limited in the agricultural field, as Corteva Agriscience and the Broad Institute have a unified contact point for patent licensing.29 This may also have been a crucial factor contributing to the rapid social implementation of the GABA-enriched tomato’s commercial application which used CRISPR/Cas9 technology.
3.1.2 Regulatory Approaches That Aim to Strike a Balance Between Scientific Discussion and Public Demand
The commercial application of genome-editing technologies raises the issue as to how products should be controlled in the regulatory framework. The introduction of genome editing technologies in Japan was facilitated because of the following factors: 1) all aspects of the regulations for products derived from genome editing technologies, including the assessment of their impact on the environment and food safety issues, were made clear after the presentation of the cabinet-level policy in innovation and biotechnology, and 2) the regulatory approaches sought a degree of consideration for balancing scientific discussion and public demand.30
To elaborate on the latter, products derived from genome editing technologies that were excluded from the scope of regulation31 were harmonious with the thoughts of the scientific community to some extent, unlike the approaches taken in the European Union 32 and New Zealand (Fritsche et al., 2018), where all products derived from genome editing technologies are handled as GMOs. This may have been possible due to the limited scope of GM defined in our legislation. Japan defines GM products by the use of technology and excludes conventional breeding and mutagenesis from the outset. Japan has also introduced a system of providing information and notification, although it is not a legal obligation. It allows the regulatory authorities to review a product derived from genome editing technology before its use, determine whether it is subject to regulation, and collect a certain level of information on these products, even those that are deemed be exempt from regulation. This also helps, to some degree, to meet the concerns of people who demanded that the same levels of strict regulations as those for GM products be applied to products derived from genome editing technologies. In addition, the authorities will provide the public with a summary of the products confirmed to be exempt from regulation33 which secures a level of transparency. These systems represent approaches different from those of other countries, such as Australia and Argentina (Matsuo and Tachikawa, 2020). In Australia, the Office of the Gene Technology Regulator (OGTR) – responsible for the environmental assessment of GMOs, employs a similar scope for the environmental release of genome editing to that of Japan, however, it does not collect information on unregulated products. Like Japan, Argentina requires prior consultation but does not make the information on products derived from genome editing technologies public if they are exempt from regulation. Furthermore, while there is no legal requirement for the labeling of products derived from genome editing technologies that are not subject to regulation, Japan accommodates consumer sentiment and encourages businesses to share information on such products, wherever possible, to ascertain that it is derived with the use of a genome editing technology. No other country has taken such measures about labeling genome-edited products.
3.2 Changes to the Players Who Develop and Commercialize Technologies, Differences in Societal Introductions, and Changes to the Business Models and Strategies
The factors that helped to achieve the relatively successful introduction of genome-editing technologies may include a change in the players who develop or commercialize them and changes in the business models and strategies. Traditionally, the most widely used business model for GM products was Business to Business (B-to-B), where major GM multinational companies would develop technologies for key crops such as soybeans and corn, have them grown on a large scale by farmers and distribute them through wholesalers and retailers. The products derived from genome editing technologies introduced in Japan, in contrast, were developed by scientists at Japanese universities, marketed based on the Direct to Consumer (D-to-C) model, in which university startups delivered their products directly to consumers. In other words, these are niche products that were developed on a small scale. They are delivered directly to people who want them—the strategy in pursuit of product expansion is in an incremental manner.
In addition, these businesses have deliberately targeted sales strategies and pay close attention to consumer attitudes. Instead of putting their products through traditional distribution channels, they use the Internet and crowdfunding to sell to those interested in a manner that invites people to learn about their products and see the faces and ideas of their developers. The products of Sanatech Seed, Ltd. are sold only online and with a premium (higher price).34 Regional Fish also sell their products online. They can be bought by any consumer but the company states that it only sells to those restaurants who are in compliance with Regional fish’s transparency and traceability policy. The products that are sold online are fish for food (fresh fillet for Japanese hot pot, processed fried fish). As mentioned earlier, they also used a crowdfunding platform to inform people about the technologies and what the developers think and feel about the products, including how their products could contribute to the local fish industry. As rewards for supporters, they offered boxes of fish dishes featuring their product derived from genome editing technology.
To share information to enhance public understanding and acceptance, academia and businesses jointly engage in establishing initiatives35. In addition, rather than trying to gain support for non-labeling, there is willingness on the side of the producer to actively disclose the application of genome-editing technology to their products through voluntary labeling and traceability. As discussed above, Japan does not require the labeling of products derived from genome editing technologies if they are not classified as GM foods. Businesses are encouraged, however, to affirm information sharing on their products through labeling or other means if they are known to involve a product for which a notification has been filed. Sanatech Seed asserts that it will label tomato fruits and processed products (such as puree) made using genome editing technology.36 Similarly, Regional Fish has explained that it will ensure appropriate labeling and traceability and sell its products to partner businesses that can commit themselves to adhere to its labeling and sales policies.37 The other point regarding business is that the sources of Regional Fish finance include venture capitals and large investors, and regional banks.38 Management is optimized with the appointment of individuals with a background in government administration to utilize their knowledge and expertise relevant to new products. Regional Fish, for instance, has a bureaucrat sent by the MAFF using a recently established framework called “rental transfers” in which, personnel work for another company for a set period of time while remaining with the original organization.39 Its external auditor is a former administrator and has professional experience dealing with food safety.40
3.3 Other Possible Factors
Other factors contributing to the societal introduction of genome-editing technologies may include shifts in social values41. In the past, consumers were reluctant to accept GM crops. A common explanation for this was that GM crops were developed for the benefit of the producers. Traits such as tolerance to herbicides and resistance to pests were seen as beneficial for the producers and not for the consumers. However, people’s values may change, as suggested by the recent rise in momentum towards Sustainable Development Goals (SDGs) and Environmental, Social and Governance (ESG) investing. For instance, animals engineered to grow faster will benefit the producers. It may also be acceptable for consumers if it means efficient livestock fattening with a reduced environmental burden. On the food-tech front, the establishment of the Council for Public-Private Partnerships in Food Technology42 and its working team on smart breeding is one of the indications that society may be ready to embrace a sustainable food system based on new technologies.
4 CONCLUSION AND PERSPECTIVES
Japan clarified its regulatory approaches for products derived from genome editing technologies in 2019. With the notification process completed for three such products, namely “GABA-enriched tomato,” “fleshier red sea bream,” and “high-growth tiger puffer,” Japan has become one of the pioneers in the social implementation of genome editing technologies. This paper outlines Japan’s clarification of regulatory approaches and the products for which notifications have been completed. In addition, it provided a preliminary explanation of possible factors that have enabled these technologies to be introduced into society in a relatively smooth manner.
The paper identified three factors. The first includes improving the R&D environment and clarifying the regulatory approaches. The environment for R&D contributed as 1) the government promoted R&D projects that emphasized the social implementation of the technologies and the sharing of relevant information with the public, resulting in the creation of several university startups.43 In agricultural field, in particular, the reduced uncertainty over the use of patents may also have contributed. 2) How the regulatory approaches were clarified was notable since scientific discussion and public demand was considered. Products that were not subject to regulation were aligned with the opinions of the scientific community. The regulatory agencies developed systems for collecting and providing information to monitor and accommodated public demand and consumer sentiment. They also tried to ensure transparency by sharing a summary of the information and notification on their websites. In addition, businesses are encouraged to share information on products that are exempt from labeling to respect consumers’ right to know. The second factor includes a player who develops the technologies and changes in business models and strategies. Unlike past approaches, where multinational companies distributed their products through general distribution channels on a large scale, current producers are startups from Japanese universities who engage with small niche targets. They deliver their products directly to consumers based on the D-to-C model while considering labeling and traceability. Furthermore, utilizing the expertise and experience of former/present government officials, may also contribute to the successful notification process and commercialization. The third possible factor involves a larger societal context: social value shifts. The recent increase in public awareness of the SDGs and expectations for food technology may have accelerated the acceptance of technologies that are presented in the context of reducing environmental loads and contributing to society.
Implications from these analyses on national policymaking for the application of genome editing technologies are that government authorities should endeavor to improve R&D strategies that incorporate social implementation within their scope. In doing so, it is also essential to have a mechanism that supports such application, as university researchers are usually not well equipped with business expertise. Another point is to clarify regulations by incorporating measures that provide a certain degree of consideration to public opinion (focusing on transparency and information disclosure in particular) while using the scientific discussion as a base. We need a mechanism by which to collect the information from products applying emerging technologies at the early stages of their introduction into society, to accumulate knowledge and respond to the need for transparency and informed choice. It may be unwise to reject these simply because it is not scientific or burdensome. Instead, this should be considered as a future investment for social acceptance. It is recommended that those who develop and commercialize these technologies should deliver their products to those who want them to meet public demand and ensure consumer choice, rather than selling on a large scale through general distribution channels at the initial stages. Another factor to consider is how the technologies are presented (i.e., positioned in the social context).
At the same time, it should be noted that it is too early to assess the Japanese case. The aforementioned genome-edited products for which the notification process has been completed have a limited impact. None of these products are found on the shelves of regular stores. These products begin and end within a small stratum of people who are interested in them. Although no technology will be accepted unanimously in society, another debatable point is whether one could introduce a technology only to those who embrace it. When a product derived from genome editing technology is commercialized in a crop intended for mass production, such as rice, it may face the real test in the societal introduction paradigm.
Finally, although the issues posed by different regulations in different jurisdictions were not the main subject of this study, this issue must be addressed in future research. There have already been many important contributions made to describe the different approaches taken in different countries and jurisdictions (Lusser & Rodríguez-Cerezo, 2012; UK House of Commons Science and Technology Committee, 2015; Sprink et al., 2016; Wolt et al., 2016; Duensing et al., 2018; Dederer & Hamburger, 2019; Eckerstorfer et al., 2019; Special issue by Transgenic Research 2019; Entine et al., 2021, Menz et al., 2020, Tuenbull et al., 2021). However, a detailed comparative analysis of the regulation of genome-edited products is urgently needed (Matsuo and Tachikawa, 2020), especially for topics such as on what grounds exemptions are made, what kind of information is gathered by the government and disclosed to the public, the impacts of the regulatory approach/style on innovation, relationship between R&D and the increase in the applied product, impact on industrial structure, as well as the policy formulation process (comparison with the previous GM policy development process). As mentioned briefly in this paper, how countries treat these products is different from jurisdiction to jurisdiction. A slight difference in regulation can have tremendous implications on international trade. GM regulations in each jurisdiction are already different, and the various ways of managing genome editing are widening those differences further. The prospect for international harmonization appears to be increasingly difficult. However, there might be room for international cooperation, particularly in information sharing and regulatory science. States may not support a common approach in regulating genome-edited products (i.e. risk management) but may and should be able to come to a common approach in assessing the safety of such products (i.e. safety assessment). The International Organizations that played essential roles in developing safety assessments of GMOs, such as OECD, CBD, and Codex Alimentarius Commission, should engage in horizon scanning activities, including information sharing of future biotechnology and work to elaborate on approaches to assess those products. In addition, developers and researchers are encouraged to actively participate in this process and create a shared understanding of the “responsible use” of these technologies’ and ELSI (Ethical, Legal and Social Implications/Issues).
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Traditional breeding has successfully selected beneficial traits for food, feed, and fibre crops over the last several thousand years. The last century has seen significant technological advancements particularly in marker assisted selection and the generation of induced genetic variation, including over the last few decades, through mutation breeding, genetic modification, and genome editing. While regulatory frameworks for traditional varietal development and for genetic modification with transgenes are broadly established, those for genome editing are lacking or are still evolving in many regions. In particular, the lack of “foreign” recombinant DNA in genome edited plants and that the resulting SNPs or INDELs are indistinguishable from those seen in traditional breeding has challenged development of new legislation. Where products of genome editing and other novel breeding technologies possess no transgenes and could have been generated via traditional methods, we argue that it is logical and proportionate to apply equivalent legislative oversight that already exists for traditional breeding and novel foods. This review analyses the types and the scale of spontaneous and induced genetic variation that can be selected during traditional plant breeding activities. It provides a base line from which to judge whether genetic changes brought about by techniques of genome editing or other reverse genetic methods are indeed comparable to those routinely found using traditional methods of plant breeding.
Keywords: plant breeding and biotechnology, genome edited crops, genetic variation, traditional breeding, regulation, mutation, genetics, precision-bred organisms

1 INTRODUCTION
The broad aim of plant breeding is to generate new combinations of genetic variants to achieve the desired improvements to a crop’s traits. It is a continuous, iterative process that builds on thousands of years of crop domestication to recombine allelic variation found in existing germplasm, or induced de novo by breeding practices, to generate novel genotypes. In this review, traditional plant breeding methods are defined as those that do not use recombinant DNA biotechnologies and that are not regulated under Genetically Modified Organisms (GMO) legislation. These traditional techniques have broadly followed “forward genetic” principles where the desired phenotype (or linked genetic marker) drives selection but where the precise genetic mechanisms that underlie that phenotype are rarely foreknown. For some easy to cross, annual species with abundant natural variation in desired characteristics, the necessary genetic material for specific traits may be readily available within the breeders’ immediate gene pool. However, for other important traits or breeding in vegetatively propagated or self-incompatible crops, the necessary variation can be harder or impossible to access (Figure 1).
[image: Diagram illustrating a plant breeding cycle beginning with a mature plant, showing stages such as meiosis, reproductive cells, fertilization, and seed, and highlighting interventions like induced mutations, aneuploidy, translocations, polyploidy, tissue culture, and embryo rescue.]FIGURE 1 | Diagram summarising the flowering plant life cycle showing breeding activities and sources of variation.
Over the last fifty or so years, discoveries and technological developments in nucleotide sequencing, molecular biology, and regenerative tissue culture have introduced the practical use of reverse genetics to complement current practices in plant breeding. New methods for generating variation based on the transfer of defined functional genetic material from one species to another via genetic modification has produced many new commercial varieties mainly in maize, cotton, soya and canola. Food and feed derived from genetically modified crops have been commercially available in many countries for decades. However, in others, such as the EU, authorisation for commercial cultivation is effectively blocked. Techniques of genome editing are also being rapidly developed and adopted by many breeding firms. Indeed, food derived from genome edited plants is already publicly available in USA (Menz et al., 2020) and in Japan (Waltz, 2022).
While precise regulatory frameworks and the data requirements for risk assessment for genetic modification vary from country to country, they are broadly established. However, for many crop species it is now relatively facile to generate targeted Single Nucleotide Polymorphisms (SNPs) or Insertion-Deletions (INDELs) using genome editing with no transgenes in the product (Zhang et al., 2018). It is also possible to alter the heritable epigenetic status of specific genetic elements (Mercé et al., 2020). The lack of “foreign” recombinant DNA in these plants confounds the legislative definitions of GMOs in many countries and makes the application of existing biotechnology regulation unworkable for genome edited organisms (Jones, 2015a; b). Some countries have updated or developed new regulatory pathways for gene edited organisms, while others, continue to define all products of genome editing, whether they possess foreign DNA or not, as GMOs (Entine et al., 2021: Schmidt C. et al., 2020).
A strategy adopted by some authorities is to exclude organisms possessing gene edits that could have been found naturally or produced using traditional, non-biotechnological, breeding methods from GMO regulations. For example, the Japanese Ministry of the Environment has ruled that genome-edited organisms produced by simple double-stranded breaks and repair, so called Site Directed Nuclease-1 (SDN-1) type edits (see Figure 2) are not subject to regulation under the Act on the Conservation and Sustainable Use of Biological Diversity through Regulations on the Use of Living Modified Organisms for implementing the Cartagena Protocol (Cartagena Act), as they are considered similar to those produced by conventional breeding technologies (Tsuda et al., 2019). The Australian Office of the Gene Technology Regulator ruled that genetic edits made without artificially introduced repair templates are no different from changes that occur in nature, and therefore do not pose an additional risk to the environment or human health. However, genome editing technologies that do incorporate template sequences, or that insert other genetic material into the cell (so called SDN-2 or -3 type edits) will continue to be regulated as GMOs (Mallapaty, 2019). In 2018, the Norwegian Biotechnology Advisory Board published a report inviting a public debate on its proposals to accommodate genome editing and discusses the distinction between what genetic changes that can or cannot naturally occur (Bioteknologiradet, 2018). The UK has recently concluded a public consultation exercise which focused on the regulation of gene edited organisms that possessed genetic changes which could have been introduced by traditional breeding (Defra, 2021). The outcomes of this consultation make it clear that a comparison with the types of genetic changes that can be found in existing wild, breeding germplasm, or generated de novo by the actions of traditional breeding, and for which regulation already exists, can be a useful first step to define an appropriate regulatory pathway for precision bred organisms.
[image: Diagram summarizes five genome editing methods with labeled text and corresponding illustrations: SDN0 (epigenetic changes), SDN1 (site-directed mutagenesis), SDN2 (template-driven repair), Base Editing (base pair conversion), SDN3 (gene insertion via homology), and Cisgenesis (gene insertion from same species). Each approach is depicted as DNA strands with colored markers indicating breaks, edits, or insertions.]FIGURE 2 | Representation of different site directed nuclease (SDN) genome editing approaches and the resulting changes to the host genome.
To date, the different outcomes for genome editing have commonly been designated by regulatory authorities into three categories known as (SDN-1, SDN-2 and SDN-3 (reviewed by Podevin et al., 2013), however these categories are gradually expanding to include more recently developed approaches based on different mechanisms, e.g. modifications to the epigenome (Mercé et al., 2020) and base editing (Azameti and Dauda, 2021). SDN-1 type edits are generated by the formation of targeted Double Strand Breaks (DSBs), which are subsequently repaired, generating SNPs and INDELs at the break site. Such small mutations can generate gene knockouts or induce targeted variation within a gene or associated regulatory sequences, and are equivalent to small sequence changes that arise spontaneously or are induced via mutation breeding approaches. SDN-2 type edits exploit the homology directed repair mechanism to introduce small sequence changes using an introduced repair template. This approach is capable of changes equivalent to standard breeding approaches where favourable sequences are combined to generate cultivars that possess enhanced traits. SDN-3 type edits introduce entire genes or longer sequences of novel DNA to a targeted site. In addition, we use the term SDN-0 where deactivated (so-called dead) nucleases are used to perform site directed modification to the epigenome.
This review analyses the types and the scale of spontaneous and induced genetic variation that can be found within and between individuals of a species and which can be selected during traditional plant breeding activities. Thus, it provides a base line from which to judge whether genetic changes brought about by techniques of genome editing or other reverse genetic methods are indeed comparable to those routinely found using traditional methods of plant breeding. It is divided into three main sections with further subdivisions. The section on nucleotide level mutations describes localised and untargeted mutations in DNA sequence resulting in SNPs and INDELs that arise spontaneously from natural biological processes or induced by human intervention. The section on chromosomal level changes describes translocations and rearrangements of chromosomes resulting in the loss, duplication of genes or a change in their position/order. These include changes in individual chromosome structure/number and ploidy levels that can be found in natural populations or artificially induced using a range of traditional breeding techniques. A third section describes breeding methods that modify gene pool barriers to enable wider crosses and utilise otherwise inaccessible genetic variation, both naturally occurring and induced.
The concluding section summarises the main ways that genome editing is currently being used in plant breeding and attempts to compare the types and scales of genetic changes seen in conventional breeding methods to that possible using current genome editing technologies.
2.1 Nucleotide level mutations arising from natural processes
Mutations occur spontaneously and accumulate in all cells but those in somatic cells are not passed on to the next generation. In contrast, mutations induced in germline cells that generate the gametes are directly heritable and drive both evolution and the variation available to breeders. Mutations can arise from many natural processes including errors in DNA replication, during DNA repair, by aberrant chromosome behaviour during cell division, or via the action of transposable elements.
During replication it is estimated that the error rate of the DNA polymerase is about 1 in 100,000. The inherent proofreading activity of the polymerase complex, and the action of mismatch repair systems, correct the vast majority of these errors, however the few that remain (10−9–10−10) become fixed mutations in subsequent cell divisions (Mertz et al., 2017). Another source of mutation occurs during prophase I of meiosis when homologous chromosomes undergo crossover formation via the reciprocal exchange of non-sister chromatids. The genetic control of the number and position of crossovers is not well understood, but typically most organisms generate between one and three crossover events per chromosome (Fernandes et al., 2018), and these tend to appear at particular genomic hot spots (Drouaud et al., 2006). The crossover process is reliant of the conserved Spo11 enzyme that generates many double stranded DNA breaks (DSBs, Keeney et al., 1997). Although the activity of Spo11 is under tight control, not all DSBs result in reciprocal crossovers and the repair of these non-crossover events can result in intragenic conversion events. Usually, the DSB will be repaired by mechanisms similar to Homologous Recombination (HR) pathways, including resection of the DSB and invasion of a homologous strand (Lawrence et al., 2017). However, in addition to complete and successful crossovers, some DSBs generate errors including non-reciprocal (non-crossover) gene conversion events in one or other homologue. In Arabidopsis between 100 and 200 DSBs are formed per meiotic nucleus, but only around 10 of them are resolve to form crossovers (Copenhaver et al., 1998; Giraut et al., 2011; Salomé et al., 2012; Wijnker et al., 2013), with the remainder resolved as non-crossover products. This process can result in the formation of mutations and contribute to the background level of natural mutations. Various studies have described the mutagenicity of this process in different organisms (Magni and Von Borstel, 1962; Perry and Ashworth, 1999; Lercher and Hurst, 2002; Pratto et al., 2014; Arbeithuber et al., 2015; Rattray et al., 2015). It is known that crossover sites, along with their proximal sequences, possess higher rates of mutation than other genomic regions (Arbeithuber et al., 2015; Yang et al., 2015).
Transposable elements (TE) are repetitive DNA sequences capable of generating dynamic instability and form a large part of many plant genomes. It is estimated that between 10 and 20% of the Arabidopsis genome is composed of TEs (Buisine et al., 2008; Quesneville, 2020) whereas more than 80% of the larger maize genome has similarity to TEs (Baucom et al., 2009; Schnable et al., 2009). There are several classes of TEs that use specific mechanisms to jump between genomic locations. The insertion of TEs into genic coding sequences is particularly mutagenic, often resulting in loss of function alleles.
Although comprehensive data on mutation rates in plants are lacking, mutations appear naturally in the genome at different rates in different species (Hodgkinson and Eyre-Walker, 2011). Arabidopsis and rice are reported to have spontaneous mutation rates of 7 × 10–9 and 3.2 × 10−9 respectively, base substitutions per site per generation (Ossowski et al., 2010; Yang et al., 2015). The spontaneous mutation rate in maize was reported to be 2.2–3.9 × 10–8 per site per generation (Yang et al., 2017).
The majority of these mutations have been observed to be SNPs or short INDELs with 99% of them being shorter than 23 bp, including base pair substitutions and insertion-deletion events (Rice genomes project, 2014). These mutations arise spontaneously due to a range of causes including chemical instability of the nucleobases, copying errors during DNA replication and miss-repair of DSB from naturally occurring mutagens.
2.2 Sequence level mutations arising from mutation breeding
For some breeding goals, the available observed variation is insufficient to supply the necessary range of alleles. The observed mutation rates described above can be significantly increased using mutagens, which affect the DNA in different manners (Reviewed in Griffiths et al., 2000; Roychowdhury and Tah, 2013; Oladosu et al., 2016). The induction of genetic variability and appearance of new traits has been, and will continue to be, key for crop development (Novak and Brunner, 1992). One of the mechanisms of mutation induction is the addition of base analogs. These mutagens result in the inclusion of analogs in the DNA sequence followed by mispairing during replication. Examples of these are 5-bromouracil, an analog of thymine which when ionized pairs with guanine (Jacobs, 1969), or 2-amino-purine, an analog of adenine which pairs with cytosine when protonated (Pitsikas et al., 2004).
A similar effect can be obtained using agents that modify an existent base and lead to a specific mispairing, such as alkylating agents. Ethyl-methanesulfonate (EMS) is one of the most common examples, and adds an ethyl group to the nitrogenated bases (Kim et al., 2006). Although it is able to modify all four nucleotides, it has been observed a preference for guanine alkylation, making it pair with thymine instead of cytosine. This agent has a reported mutation rate of one mutation per 3.2 Mb in tomato (Minoia et al., 2010). Other examples of these agents are nitrosoguanidine (MNNG), with effects similar to EMS in both guanine and adenine residues (Goering and Pattee, 1971; Silverman et al., 2001; Wyatt and Pittman, 2006), or methyl-methanesulfonate (MMS), which induces the addition of a methyl group (Lundin et al., 2012). Another example of agents modifying directly the nitrogenated bases is the case of intercalating agents, such as proflavine, acridine orange and other chemicals referred to as ICR compounds. These usually cause single nucleotide INDELs (Hoffmann et al., 2003).
Another pathway for mutagenesis is the induction of base damage. This mechanism blocks any type of base pairing, in contrast with the previous examples that cause mispairing. The lack of pairing leads to a stoppage in replication. The damage will lead to the inclusion of incorrect bases in the sequence. This effect has been described in plants treated with UV light (Stadler, 1928a; Stadler, 1928b), associated mainly with C-T transitions, and transversions, frameshifts, duplications and deletions can also be generated. UV radiation has been observed to induce mutation rates 56 times higher than the usual somatic mutation rate (Kovalchuk et al., 2000). Ionising radiation will also induce DNA damage. This damage has been associated with Reactive Oxygen Species (ROS), which will induce base damage and even strand breaks due to damage in the N-glycosidic bond between the nitrogenated base and the ribose. X-rays are an example of ionising radiation and its effects as a mutagen have been observed in plants (Stadler, 1930). Another example would be the use of γ-rays, which cause short mutations at a frequency of around between 7.5 × 10–9 and 9.8 × 10–6 (Li J. et al., 2016). Overall, it has been observed that the agents previously described are able to increase mutation rates 56 times in case of UV, 3 times in case of X-rays and 2 times in case of MMS (Kovalchuk et al., 2000), increasing the genetic variation in plant species and leading to a faster appearance of enhanced traits.
A drawback of induced mutagenesis is that only one or other homeologous genes is likely to possess the mutation in the first generation resulting in the need for multiple rounds of backcrossing to combine different mutations and produce homozygosity. Additionally, mutation breeding has limited power in generating favourable dominant alleles and polygenic traits requiring the simultaneous mutations in multiple alleles are unlikely to occur. This is a particular issue in polyploids containing multiple alleles, or other situations where genetic redundancy exists. Also, the screen needed to identify novel traits induced by random by mutation breeding necessitate a very large populations. For difficult to measure traits, it is often unfeasible to exploit this approach.
The use of induced random mutagenesis has been prominent in crop development, with examples of varieties obtained using these methods being cultivated all over the world (Kharkwal and Shu, 2009). In the case of rice, examples such as the “Zhefu 802” variety was obtained by irradiation using γ-rays of “Simei No. 2,” or “Shwewartun” which was obtained by irradiation of the “IR5” variety, and have been widely sown in Asia (Ahloowalia et al., 2004). In barley, the “Diamant” variety was obtained via γ-ray irradiation of the “Valticky” variety (Kharkwal and Shu, 2009). Another prominent barley variety, “Golden Promise” was also obtained from γ-ray irradiation of the “Maythorpe” barley variety (Forster, 2004). In North America examples of well-established crops obtained using random mutagenesis include, the “Salinac” variety of bean that was obtained using X rays on the “Navy” variety (Ahloowalia et al., 2004), EMS used to treat the linseed variety “Glenelg” to obtain “Zero,” radio-induced mutagenesis on the wheat variety “Salamanca” was used to obtain “Centauro” and “Bajio Plus” varieties, and in soybean radio-induced mutagenesis on variety “Suaqui 86” was used to obtain “Hector” and “Esperanza” (Green and Dribnenki, 1996). The joint FAO/IAEA mutant variety database lists over 3,000 plant mutant varieties officially released or commercially available around the world (IAEA 2022).
Mutation breeding using external agents described above are well suited to annual crops that reproduce sexually. However, for perennial, vegetatively propagated crops other approaches to generate novel random genetic variation have been used. For example, prolonged periods of tissue culture are known to induce mutations. So-called somaclonal variations are thought to be newly induced mutations arising from the cellular processes of dedifferentiation and differentiation during in vitro culture. The causes of genetic instability during tissue culture are not well characterised but it is thought the cellular stresses experience by specialised cells undergoing genetic reprogramming during dedifferentiation contribute to this (Joyce et al., 2003). Although it cannot be excluded that some are pre-existing mutations already present in the explant tissue. Many somaclones have been released as commercial cultivars or varieties, including “While Baron” non-browning potato and heat and salt tolerant flax cultivar “Andro” (Jain, 2001).
3.1 Spontaneous chromosome rearrangements and ploidy changes found naturally
Aberrant crossover formation, kinetochore binding, or spindle apparatus during meiosis can lead to a range of changes in chromosome structure, gene order, aneuploidy, and/or ploidy level. In addition to the “normal” meiotic exchanges between homologous chromosomes that generate variation by recombining parental alleles, illegitimate chromosomal translocations or changes in ploidy can also result from aberrant meiotic events. Illegitimate recombination between non-homologous chromosomes can result in deletions, duplications, inversions, and/or translocations. These events can generate new alleles or disrupt the function of others. They can also result in changes to genome size or structure and thus have a profound effect on the variation and evolution of genes and genomes in plants (Cai and Xu, 2007).
3.1.1 Unequal crossovers
Unequal crossing over occurs between the chromatids of homologous chromosomes if they become misaligned during meiosis I, or more rarely between sister chromatids. Although less is known about the direct implications of unequal crossovers in crop plants, these events result in many genetic disorders in humans (Chen et al., 2005). In Arabidopsis, the frequency of meiotic unequal crossing-over that lead to the expansion of a gene cluster and the formation of a novel recombinant locus was approximately 3 × 10–6 (Jelesko et al., 1999).
3.1.2 Aneuploidy
The term aneuploidy was first introduced by Täckholm (1922), and describes a deviation from the euploid state via the addition or removal of chromosomes (Dyer et al., 1970; Khush, 1973; Sharma, 1990). The occurrence of aneuploidy has been linked to alterations in the chromosomic distribution during cell division, which in plants only occurs in meristematic tissue (mitosis) and reproductive tissue (meiosis). During the mitotic cell cycle, the cell will duplicate its DNA and prepare for cell division. During nuclear division, the chromosomes will condense, align in the metaphasic plate, and be divided in two equal sets of chromosomes. The role of spindles, tubulin and microtubules in this process has been reported in detail (Mazia, 1987). Non-disjunction of chromosomes at anaphase will lead to aneuploid daughter cells. The term “vagrancy” has been used for defining these alterations during mitosis, including metaphasic arrest, chromosome scattering during anaphase, asynchrony of the sets of chromosomes reaching the poles of the cell (forwards/laggards), or non-disjunction of the centromere leading to diplochromosomy, disturbed polarity due to split-spindles leading to aberrant numbers of chromosomes in the daughter cells, or binucleation processes. In case of alterations during meiosis, non-congression, meaning lack of alignment of bivalents during metaphase I, or alterations in disjunction of bivalents, have been observed (Sharma, 1990).
Aneuploidy has been observed to occur naturally in several species including cotton, maize, barley, and oat (Sharma, 1990). However, several environmental factors have also been identified to induce aneuploidy, such as agricultural chemicals, drugs, natural and industrial products, together with others such as soil status, pollution in water, pesticides, plant toxins and pathogens, seed age etc. (Sharma, 1990; Fuchs et al., 2018). Aneuploidy has been linked with the appearance of natural polyploidies as a precursor (Xiong et al., 2011; Chester et al., 2012; Zhang et al., 2013; Wu et al., 2018) and have been observed to induce new variability and phenotypes in different plants (Torres et al., 2008; Veitia et al., 2008), both as an aneuploid (Sheltzer and Amon, 2011) or after recovering its euploidy (Henry et al., 2010; Gao et al., 2016).
3.1.3 Polyploidy
Polyploidy is common in plants and has been a key to the evolution and domestication of many crops. In addition, many crops arising from polyploidy have become commercially relevant (Sattler et al., 2016).
Polyploid species often show increased vigour compared to their diploid relatives and artificial polyploidy has been an attractive goal for plant breeders. Polyploidy arises as the result of total non-disjunction of chromosomes during mitosis or meiosis. Changes in chromosome content involving full duplications of the genetic material occur naturally in plants at different rates, from 30 to 35% (Stebbins, 1971) to 70% (Masterson, 1994), and has been related to different factors such as temperature, herbivory, wounding, water deficit and nutrients shortage (Ramsey and Schemske, 1998). It has also been related to speciation events in plants (Renny-Byfield and Wendel, 2014).
Polyploids can be divided into those resulting from duplication of genetic content within the same species (autopolyploidy) and those resulting from interspecific hybridisations that possess at least one complete diploid set of chromosomes derived from each parental species (allopolyploidy). The effects and causes of polyploidy in plants have been described and reviewed (Sattler et al., 2016). However, different species respond differently to polyploidisation (Dewey, 1979). One of the effects observed has been the “Gigas effect” (Sattler et al., 2016), meaning an increase in cell size and larger organs. This has been proven particularly useful for ornamental crop breeding (Schifino Wittmann and Dall ' Agnol, 2003). It has also been related to higher tolerance to biotic and abiotic stresses (Levin, 2002). However, the increase in cell size usually implies a reduction in cell division (Stebbins, 1971), which also leads to a reduction in growth and late flowering (Levin, 2002), in addition to meiotic aberrations, such as multivalent formation, during the neo-polyploidisation process that can also lead to infertility of the polyploids (Stebbins, 1971).
An additional consequence of polyploidy is genome redundancy, which implies that deleterious alleles can be “buffered” by other copies of the genome (Soltis and Soltis, 2000; Comai, 2005). This redundancy also implies the possibility of increasing gene variation without affecting essential genes, often resulting in subfunctionalisation and neofunctionalisation (Adams and Wendel, 2005). Polyploidy has also been related to higher heterozygosity (Moody et al., 1993; Osborn et al., 2003), which in turn have been related to better performance in different species such as maize (Randolph, 1942), potato (Mendoza and Haynes, 1974) and alfalfa (Katepa-Mupondwa et al., 2002). Subgenome dominance has also been observed in many polyploids, a phenomena where one genome evolves to have a higher gene content and gene expression level, influencing the phenotype of the crop (Edger et al., 2019).
Allopolyploidization has been related to hybrid vigour, also known as heterosis, with results in increased biomass, stature, growth rate, fertility levels and stress tolerance when comparing the hybrid and the original plant (Chen, 2010). Another role for the creation of polyploids has been restoring the fertility of hybrid species, via chromosome doubling, (Olsen et al., 2006; Hegarty et al., 2008).
3.2 Induced chromosomal structural mutants and ploidy changes
3.2.1 Translocation breeding
To increase the frequency and range of chromosomal deletions, inversions, translocations, and duplications found naturally, it is possible to induce them. One approach is to exploit interspecific crosses or alien introgression lines and screen for useful crossover events during meiosis. Grain crops of the Triticeae such as wheat, rye, barley, along with forage grasses, have been a particular focus of chromosome manipulation (Prieto, 2020). Among the Triticaceae family, several chromosomes of different species have been described to contain beneficial traits such as biotic stress resistance (Zeller and Hsam, 1983) or yield potential (Rajaram et al., 1983). These include species in the genera Aegilops, Agropyron, Triticum and Secale (Friebe et al., 1996). However, some of these chromosomes carry other genes that are not advantageous. In order to reduce the number of deleterious genes transferred, Sears (1956; 1993) proposed the translocation of chromosomic elements between Aegilops and wheat by irradiation of the pollen prior to crossing. This approach has been used for several translocations in wheat with rye, the latter being the most common source of translocations (Rabinovich, 1998). An example of these was the 1BL/1RS translocation, which has been incorporated into a substantial number of commercial wheat varieties. The short arm of rye chromosome 1 transferred much needed resistance to stem, stripe and leaf rusts, powdery mildew, and increased yield (Zeller, 1973). The same chromosome fragment was also utilised in the 1AL/1RS translocation of wheat, providing stem rust, powdery mildew and greenbug resistance (Zeller and Hsam, 1983). Other rye chromosomes, such as 3R and 7R, have also been used in wheat translocations but were of less commercial importance (Jung and Seo, 2014). Oat (Avena sativa) has also benefitted from this approach when receiving a translocation from Avena barbata (Aung and Thomas, 1978).
3.2.2 Induced polyploidy and aneuploidy
Several techniques have been used for inducing polyploids in plants. For the induction of chromosome doubling in somatic cells, temperature has been used to induce ploidy changes in maize (Randolph, 1932), rye and wheat (Dorsey, 1936). Polyploidy is also induced using colchicine, an inhibitor of spindle formation (Blakeslee and Avery, 1937; Planchais et al., 2000). However, its affinity for plant tubulins has been found to be low (Dhooghe et al., 2011), pushing for the introduction of other compounds with similar effects. Examples of these are the dinitroaniline and phosphoric amide-based herbicides (Planchais et al., 2000). In some cases, somatic doubling is not possible (Dewitte et al., 2012), requiring sexual polyploidization (Ramanna and Jacobsen, 2003). This is based on the fusion of unreduced reproductive cells, having the effects observed in polyploids and benefitting from increased variability due to the possibility of recombination and high level of heterozygosity (Ramsey and Schemske, 1998; Peloquin et al., 1999). This technique has been facilitated by different treatments such as temperature, nitrous oxide, anti-tubulin agents, EMS, in addition to gene silencing using RNAi or virus induced gene silencing (VIGS) (Dewitte et al., 2012). This approach has been used in different plants of commercial interest (Peloquin et al., 1999; Ramanna and Jacobsen, 2003).
Several species of commercial significance have been obtained through hybridizations using some of these methods. Triticale (Triticosecale) is one of the most commercially relevant hybrids (Ayalew et al., 2018). Obtained as an allopolyploid between wheat (Triticum aestivum, 2n = 42) and rye (Secale cereale, 2n = 14), it has been developed in different polyploid versions, tetraploid (2n = 14, Łapiński, 2002; Mcgoverin et al., 2011) hexaploid (2n = 42, Merker, 1975; Oettler, 2005) and octoploid (2n = 56, Oettler et al., 1991; Furman et al., 1997; Oettler, 2005), with the hexaploid version being the most commonly cultivated. This is an example of amphiploidy, where the complete genomes of both parental species are included in the hybrid. To circumvent the sterility induced by this event, a doubling of the genome after the hybridization was required. When compared to the progenitors, Triticale has positive properties from both parents, having the adaptative prowess of rye with the yield and grain quality from wheat. However, it is currently more commonly harvested as a crop to be ensiled and used as animal feed.
Another example is the tobacco hybrid Nicotiana digluta. Nicotiana tabacum (2n = 14) has been crossed with N. glutinosa (2n = 12). The sterility of the amphiploid hybrid obtained, N. digluta (2n = 36), was overcame by chromosome doubling using colchicine. The hybrid has been backcrossed with N. tabacum to obtain a mosaic virus resistant line (Valleau, 1949). A similar approach was used for the synthesis of Raphannobrassica, obtained by crossing Raphanus sativus (2n = 36) and Brassica oleracea (2n = 18), either by crossing tetraploid forms of the parentals or by crossing and doubling the ploidy levels of the offspring using colchicine (McNaughton, 1973). Vegetatively propagated crops that are often sterile due to the miss-segregation of their triploid genome have been recreated to develop new cultivars. For example, improved diploid members of Banana (genus Musa) have been crossed to generate seedless triploid varieties (reviewed by Heslop-Harrison and Schwarzacher, 2007).
Aneuploidy has been used for decades to induce variations and to provide breeding material in plants of commercial relevance. For example, in the wheat cultivar Chinese Spring, there are complete sets of nullisomics, monosomics, trisomics and tetrasomics, along with various combinations of telocentrics (Sears, 1954). Aneuploidy in the wheat cultivar Chinese Spring have been widely used to study the chromosome location of rust pathogen resistance genes (Kimber, 1977).
3.2.3 Doubled haploids
Breeding programs often seek to rapidly fix desirable variation found in individuals. Techniques such as the use of double haploid lines have been utilised to obtain homozygous plants faster than using traditional breeding methods (Chen et al., 2011).
In natural conditions, plants can reproduce using an unconventional reproductive mechanism which can result an embryo that only contains the genome from one parent (Schwander and Oldroyd, 2016). In nature, this can occur either by fusion of the reproductive cells followed by the elimination of one of the genomes (Rieger et al., 2012) or by fertilization of a non-nucleate egg (Pigneur et al., 2012). When the genetic material comes from pollen, the term androgenesis is used, whereas when the genetic material comes from the ovary, gynogenesis or parthenogenesis has been used (Kasha and Maluszynski, 2003; Schwander and Oldroyd, 2016). Generally, this implies that the offspring derived from this process will be haploid, although the common individual is usually diploid (Seguí-Simarro, 2010). In those cases, the genome of the haploid offspring will be doubled to form a diploid specimen, forming a completely homozygous plant (Kermicle, 1974). Androgenesis in plants has also been related to hybridization, given meiotic impairment and production of non-nucleate gametes (Waldman, 2008).
These events have been observed to occur spontaneously in nature, with examples reported in Cupressus dupreziana, an African conifer (Pichot and El Maâtaoui, 2000; Pichot and Maataoi., 2000; Abdoun and Beddiaf, 2002; Pichot et al., 2008), Cupressus sempervirens (Pichot et al., 2001; Burt and Trivers, 2006), maize (Kermicle, 1974) and tobacco (Goodsell, 1961; Burk, 1962; Chase, 1969). Examples of hybrids in pepper (Capsicum frutescens, (Campos and Morgan, 1958), chick pea (Cicer arietinum, Mallikarjuna et al., 2005), oilseed rape (Brassica napus, Chen and Heneen, 1989), tobacco (Clausen and Lammerts, 1929; Kostoff, 1929; Kehr, 1951; Burk, 1962; Seguí-Simarro, 2010), Texas bluegrass (Poa arachnifera, Seguí-Simarro, 2010), Solanum verrucosum (Seguí-Simarro, 2010; Seguí-Simarro et al., 2011) and maize (Goodsell, 1961; Chase, 1969; Kermicle, 1974) have been reported.
Different techniques have been used to achieve induced double haploid production. Chase (1952) described a method based on parthenogenesis in maize. The frequency of parthenogenesis has been increased using pollen irradiation before pollination, use of seeds with twin embryos, sparse pollination, wide hybridizations, or alien cytoplasm inductions in hybrids (Kasha and Maluszynski, 2003). Also crosses between wild diploid and cultivated tetraploid potato formed dihaploid potato through parthenogenesis (Chase, 1963). Wide hybridizations can lead to the loss of one of the sets of chromosomes. Kasha and Kao (1970) described a method of haploid production in cultivated barley by crossing with Hordeum bulbosum. Choo et al. (2011) reviewed different hybridization-based techniques for double haploid development in barley. Laurie and Bennett (1988) showed similar findings using maize, sorghum, or millet to pollinate wheat. Barclay (1975) reported double haploids obtained from chromosome elimination after hybridization in wheat as well.
Other techniques for the generation of double haploids utilise the treatment and culture of specific tissues, namely reproductive tissues. Ovule culture has been prominent in sugar beet and onion (Zhang et al., 1999). An alternative strategy is the use of temperature-shock treatment in anthers (Seguí-Simarro, 2010), that has been successfully used in Crepis tectorum (Gerassimova, 1936) and Antirrhinum majus (Ehrensberger, 1948). In vitro anther culture has also been utilised to artificially generate double haploids. This process often requires treatment with temperature shock and in vitro culture of the anthers, which usually then diploidise autonomously (Guha and Maheshwari, 1964, 1966; Wang et al., 2000). Anther culture (Clapham, 1973; Ouyang et al., 1973; Kao et al., 1991), pollen culture (Datta and Wenzel, 1987) and microspore culture (Datta and Wenzel, 1987; Kao et al., 1991) have been described in barley and wheat (Weyen, 2008), among other species.
More recently, haploid plants were produced using mutants null for a gene expressing the CENH3 centromere protein. Aberrant spindle microtubules result in mis-segregation during meiosis and haploidy which can then be doubled to give fertile dihaploid plants (Ravi and Chan, 2010).
4 Overcoming natural species boundaries
4.1 Protoplast fusion
Protoplast fusion has been used to circumvent inter-species crossing incompatibility to obtain heterozygous specimens from vegetatively propagated plants (Schieder, 1982), resulting in plants with beneficial traits (Liu et al., 2005). Several examples of hybrid formation across species, genera, tribe, and families have been obtained (Carlson et al., 1972; Pelletier et al., 1983; Xia, 2009; Ovcharenko et al., 2011). Wang et al. (2013) summarised several crops of commercial relevance developed over the years and grown in China. Other examples include the transfer of cytoplasmic male sterility between Brassica species for commercial F1 hybrid production (Cardi and Earle, 1997). Also, interspecific somatic hybrids of Brassica oleracea var. botrytis (cauliflower) and Brassica nigra (black mustard) for high resistance to black-rot (Wang et al., 2011) and the production of tetraploid chicory (Cichorium intybus var. Magdebourg, Rambaud et al., 1992).
The process is based on somatic hybridization (Carlson et al., 1972) that requires protoplast isolation of the two species of interest, adhesion of the interspecific protoplasts and finally cell fusion (Constabel and Cutler, 1985). Cell fusion in plants can occur spontaneously but has been facilitated using different techniques (Withers and Cocking, 1972). Water-soluble polymers, such as polyvinyl-alcohol (Nagata, 1978), dextran, gelatine (Kameya, 1975), lectin (Glimelius et al., 1978) and PEG (Kao and Michayluk, 1974; Wallin et al., 1974), electric stimulation (Sencia et al., 1979; Zimmermann and Scheurich, 1981), liposomes (Nagata et al., 1979), and mineral salts (Michel, 1938; Power et al., 1970; Carlson et al., 1972; Binding, 1974; Melchers and Labib, 1974) have been used to facilitate the production of fused protoplasts.
After the fusion process, the genetic material of the cell can include the complete nuclear genome from both parents, referred to a symmetric fusion, or include partially one of the parental genomes, referred to as asymmetric fusion and often obtained by irradiation treatment before the fusion (Grosser and Gmitter, 2011). Following fusion, in vitro culture techniques allow the development of a fertile adult plant.
4.2 Bridging crosses
Another approach to extend the breeders gene pool is to use bridge crossing. This technique utilises intermediary species to facilitate the transfer of genes between species where direct crossing is not possible due to differences in ploidy or other blocks to successful pollination or fertilisation. For example, this approach has been used in wheat, where Aegilops umbeullata (2n = 14) was crossed first with Triticum dicoccoides (2n = 28) and then the hybrid was successfully crossed with Triticum aestivum (2n = 42, Rosyara et al., 2019). Incompatible Nicotiana species have also been crossed using this approach. N. sylvestrin (2n = 24) was used as an intermediate parent to transfer nematode resistance from N. repanda (2n = 48) to N. tabacum (2n = 48, Burk, 1967). So called “synthetic” hexaploid wheat (AABBD′D′) have been developed by generating a fertile hybrid between tetraploid durum wheat (Triticum turgidum, AABB) and diploid wild goat grass (Aegilops tauschii, D’D’) and made significant contributions to the CIMMYT wheat breeding programmes over the last 30 years.
Another example was reported in (Buckner et al., 1961), where gene transfer between Italian ryegrass and tall fescue, which are incompatible, was achieved by crossing the Italian ryegrass first with meadow fescue and crossing that hybrid with the tall fescue. Similar studies have reported the usefulness of this technique in different species such as tobacco (Burk, 1967), cowpea (Fatokun, 2000), wheat (Chhuneja et al., 2007) and cotton (Ram, 2014).
4.3 Embryo rescue
The bridge crossing technique or wide hybridisations in general can lead to partial infertility or to poor embryo development in vivo. This may be due to the lack of endosperm development or long dormancy periods (Reed, 2005). In these cases, in vitro culture techniques are useful to support embryo germination and the formation of a fertile adult plant. This process has had different aims, from studies in plant biology to breeding programs (Collins and Grosser, 1984; Bridgen, 1994; Sharma et al., 1996; Haslam and Yeung, 2011; Ramming, 2019). It is used in plants such as cassava (Lentini et al., 2020), where hand crossing can lead to under-developed seeds to increase the chances of producing viable plants in the next generation (Yan et al., 2015). Also, for hybridization between species of cassava and castor bean (Baguma et al., 2019) or some Aegilops x Triticum crosses, where hybrid embryos are not naturally viable and must be nurtured to maturity in vitro (Gill et al., 1981; Miller et al., 1987)].
5 DISCUSSION
By generating novel combinations of spontaneous or induced genetic variation, as described above, traditional breeding has successfully selected beneficial traits for food, feed, and fibre crops. The remarkable phenotypic transformation of the wild progenitors into the eventual crop often includes the loss of seed dormancy, loss of toxicity, synchronised seed maturation, altered shattering, higher yield, etc, and is termed “domestication syndrome” (Ross-Ibarra et al., 2007). This extreme population bottleneck defined the genetic variation underpinning these core crop traits and included variation at both the DNA and chromosomal level. The origins of this process date back 10,000 years, although the last century has seen significant technological refinements in both generating and selecting appropriate genetic variation. In the EU alone, this results in the release of around 3,500 new varieties per year (Bruins 2021). A prerequisite for National Listing and the ability to claim breeders’ rights are tests that new crop varieties must undertake for DUS characteristics (distinctiveness, uniformity and stability over generations). Although the EU has no specific pre-market food safety testing for conventionally bred varieties, breeders must comply with relevant aspects of the overarching Regulation EC 178/2002 known as EU “General Food Law,” along with any country-specific laws.
The early success of genome editing in model plants such as tobacco and Arabidopsis has been rapidly replicated in a vast range of crop plants (see reviews by Martínez-Fortún et al., 2017; Gao, 2021). Although some crop species are more amenable and have received more attention for genome editing research than others, its widespread adoption in university and research centres throughout the world has resulted in proof-of-concept examples for most crop species. The EU-Sage database (https://www.eu-sage.eu/) contains over 500 peer-reviewed research articles where genome editing has been used to target market-oriented traits in over 60 different crops with diverse targets including male sterility, altered flowering time, accelerated domestication, better yield, seed/pod shattering, improved plant architecture, herbicide tolerance, resistance to fungi, viruses, bacteria and insects, fatty acid biosynthesis, improved nutritional content, reduction of allergens etc. The most common outcome for genome-edited interventions is gene knockout, via either premature stop codons or frame-shift mutations generated by base editing or SDN1 type repair. Although, as knowledge of gene function and interaction improve, SDN-2 and -3 edits, along with base editing and modification of the epigenome, are set to enable designed alteration of enzymes, storage or structural proteins and transcription factors. In addition, the multiplexing of trait enhancement in these crops will become ever more routine as the market for these crops grows, and the technology becomes further refined (Najera et al., 2019; Abdelrahman et al., 2021). Indeed, it is the ability to rapidly multiplex many changes into the same individual without the constraints of linkage drag and multiple back-crossings to a recurrent parent that make genome editing particularly advantageous. However, despite significant interest from researchers and breeders, and the general enthusiasm for the technology from many food chain stakeholders, only a handful of genome-edited foods have been commercialised to date. One reason for this is the country-to-country variation and general uncertainty over how to regulate this technology.
Taking conventional plant breeding as a baseline, it is logical and proportionate for most products of new breeding technologies to not fall within the scope of current GMO regulations. Specifically, those products of genome editing that possess no transgenes, that could have been generated via traditional methods and where the nutritional composition of the edible parts falls within the range of commercial reference varieties, should simply follow the conventional route for variety trials and National Listing.
In Table 1, we have used a four-point scale in an attempt to address what outcomes of genome editing could and could not be achieved using traditional means. Broadly, some applications of genome editing can clearly result in a GMO, for instance where functional transgenes from a non-sexually compatible organism are integrated into the host genome in a site-directed manner. Other outcomes of genome editing, such as individual SNPs or minor INDELs, could clearly be found spontaneously in nature or readily be achieved using traditional breeding methods in sexually propagated crops. Although individual edits are clearly achievable by traditional breeding, in many crops, practical limitations would make multiplexing of these individual edits at multiple loci in the same individual a significant challenge. Although, in other crops, the use of automated, high throughput marker assisted selection could make this more facile. Furthermore, the broad spectrum of methods used by plant breeders are not commonly applied to all crops. Often innovations, such as mutation breeding, or high throughput marker assisted selection have yet to be employed in some orphan crops. This is particularly evident in vegetatively propagated crops, such as banana, where methods relying on sexual reproduction are not applicable (Heslop-Harrison and Schwarzacher, 2007). It is inevitable that genome editing techniques will be used to improve such crops, and therein lies the challenge for regulators. It is relatively easy to categorise particular genome edited plants as GMOs, and others as non-GMO organisms that possess individual genetic changes that could be achieved by traditional breeding. However, examples where multiple editing at multiple loci has been used to introduce a novel function, or where editing has been used in a hard-to-breed crop, may be more difficult to categorise. The authors assume that flexibility will be applied so editing in vegetatively propagated species or the proportionate use of multiplexing will not be disadvantaged. Plant breeding has had an impressive history of safety and where genome editing results in changes that could be generated using traditional methods, it is appropriate that the same safety checks apply. However, where genome editing results in marked nutritional changes to food crops that are outside the normal range or generate a totally novel food type that may raise a safety concern, then regulators may require a proportionate, case-by-case risk assessment.
TABLE 1 | Applications of genome editing that may or may not be possible to achieve using traditional breeding methods. The level of technical difficulty and/or time needed to for different types of genome editing to be replicated using traditional breeding methods are indicated by: ✓✓✓ relatively facile; ✓✓ possible in longer time frames; ✓ technically challenging, laborious or needing much long time frames; × not possible in any reasonable timeframe.
[image: Table detailing categories of genome editing methods with examples, references, replication ease compared to traditional breeding, justifications, and additional references. Categories discussed are SDN-0, SDN-1/SDN-2, base editing, and SDN-3/cisgenics, with specific technical examples and citations for each.]Regardless of the exact constraints placed on genome edited crops in the future, it is inappropriate to regulate them as GMOs where the same outcomes can be achieved via traditional methods. It is imperative that society benefit from the agricultural and breeding innovations including genome editing. Unlocking the legal constraints around the application of the technology will drive continued improvements in feed and food crops and contribute to securing food supplies in an ever-changing environment.
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The agricultural biotechnology world has been divided into two blocks; countries adopting GM crops for commercial cultivation (adopters) and others without any or without relevant cultivation of such crops (non-adopters). Meanwhile, an increasing number of adopter countries have exempted certain genome-edited (GE) crops from legal GMO pre-market approval and labelling requirements. Among them are major exporters of agricultural commodities such as United States, Canada, and Australia. Due to the relaxed legislation more GE plants are expected to enter the market soon. Many countries in the non-adopter group, however, depend on import of large volumes of agricultural commodities from adopter countries. Unlike first generation GM, certain GE crops cannot be identified as unambiguously originating from genome editing using available techniques. Consequently, pressure is mounting on non-adopter jurisdictions to reconsider their policies and legislations. Against this backdrop, the paper explores recent developments relevant for social acceptability in selected non-adopters, Japan, New Zealand, the EU, Norway, and Switzerland in contrast to United States, Canada, and Australia. While Japan is already opening-up and Norway and Switzerland are discussing revisions of their policies, the EU and New Zealand are struggling with challenges resulting from high court decisions. In an attempt to take a closer look into the inner dynamics of these developments, the concept of social acceptability proposed by Wüstenhagen et al. (Energy Policy, 2007, 35(5), 2683–2691) is employed. This aids the understanding of developments in the jurisdictions considered and identifies specific or cross-cutting challenges.
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INTRODUCTION
For more than 20 years the overall legal environment for, as well as stakeholder and public views on, genetically modified organisms (GMOs) have been relatively stable: countries in North- and South America, Australia, and certain parts of Asia have developed more enabling regulatory regimes, and in these regions, GM crops have rapidly captured significant market shares. Between 1996 and 2019 global area of GM crops increased from 1.7 to 190.4 million hectares (ISAAA, 2019). According to an estimate by Nature in 2013 this corresponds to a 13% share of cultivated arable land (Nature, 2013). Japan, New Zealand, Norway, Switzerland and the EU, established more restrictive regimes and thus, cultivation and commercial use in food of GM crops have been either slow or severely inhibited. These different regulatory regimes are also reflected by the numbers of GM plant events for which market approvals for cultivation has been granted (see Table 2). In particular, in the EU where publics show a more negative attitude as compared to, for instance, the United States (European Commission, 2006; European Commission, 2010), approval numbers for cultivation are very low. Even if GM plants were approved, this does not necessary imply social and market acceptance by the food value chain actors and/or consumers. A striking example for this is Japan, where essentially no commercial cultivation occurs despite the number of events authorised which is similar to Canada. For the purpose of this review it is pertinent to distinguish these two groups based on their socio-legal acceptance of GM plants for cultivation. They will be referred to as adopters and non-adopters.
The differences in the socio-political environments also affected approvals for GM food and feed—though to less extent (see Table 3). Some jurisdictions invoked a zero-tolerance policy for non-authorised events, other allowed for trace amounts. Consequently, international trade of food and feed commodities has turned out to be complex. Despite this challenging environment for global trade, a kind of working routine emerged for farmers, importers and food/feed producers guided by coexistence rules, food control and separation of supply chains.
In recent years, the advent of genome-edited organisms (GEOs) is posing new challenges to these arrangements: an increasing number of GMO-adopters such as the United States, Canada, Brazil, Argentina, and Australia have exempted genome-edited plants of SDN1-type (small insertions or deletions which carry no additional or recombinant DNA) and derived food and feed from their GMO legislation or allowed commercialisation based on a simplified case-by-case procedure (Eckerstorfer et al., 2019; Eriksson et al., 2019; Menz et al., 2020; Entine et al., 2021; Turnbull et al., 2021). This has sparked the development of new plant varieties, and a range of genome-edited plant products with minor genetic changes are expected to enter global commodity markets soon (reviewed in Menz et al., 2020; Parisi and Rodríguez-Cerezo 2021). As certain types of genome-edited products cannot be analytically identified as originating from genome editing (Grohmann et al., 2019), food control in jurisdictions where genome-edited plants require pre-market authorisation and labelling cannot guarantee that the existing legislation can be enforced in the future. Such a scenario is likely to be associated with considerable uncertainties and business risks for the food and feed value chains. In particular food importers, food producers, and retailers might be confronted with reports or criticisms from GMO-critical groups that certain ingredients in their products are genome-edited and illegal on the market. As a consequence, this could lead to recalls of products, negative press, diminished consumer trust and potential liability issues, disrupting agricultural as well as food and feed supply chains. Although still a hypothetical scenario—pressure is mounting on jurisdictions that treat these GE products in the same way as GMOs, including pre-market approval and labelling requirements.
As regards non-adopters, Ishii and Araki (2017) anticipated that this group would split into two, with one developing policies for GEOs along the lines in the United States or Argentina and a second one where the regulations effectively prevent a cultivation of GEO crops, such as New Zealand. The EU, Ishii and Araki hypothesized, would proceed the same way as New Zealand, Japan and South Korea—both with little or no previous adoption in terms of commercial cultivation of GM crops—were predicted to follow the examples in North- or South-America. The United Kingdom also appears to have joined this group with the new legislation (Practical Law Environment, 2022) that is no-longer bound to EU legislations and policies post-Brexit.
The key factor in the non-adopter group how to proceed in terms of GEO will be social acceptability. Social acceptance is a multi-dimensional phenomenon, comprising legal, social, cultural, historical, and economic aspects. The characteristics and potential benefit of a technology is only one aspect amongst many, and the trajectories of a technology can differ fundamentally in different regions of the world. Acknowledging this multi-dimensionality, Wüstenhagen et al. (2007) proposed a triangle of social acceptance that highlights three dimensions: 1) socio-political acceptance; 2) community acceptance; and 3) market acceptance (see Figure 1). The three dimensions differ in terms of both, subjects and objects of acceptance as detailed in Table 1 (see also Sonnberger and Ruddat, 2017).
[image: Triangle diagram with three labeled vertices: "Socio-political acceptance" at the top, "Community acceptance" at the bottom left, and "Market acceptance" at the bottom right.]FIGURE 1 | The triangle of social acceptance. Source: Wüstenhagen et al. (2007).
TABLE 1 | Dimensions of social acceptance based on Wüstenhagen et al. (2007) and Sonnberger and Ruddat (2017), their characteristics and what type of evidence is considered relevant and used in this review.
[image: Table with four columns labeled Dimensions, Objects, Subjects, and Source of evidence, outlining socio-political, market, and community acceptance of technology. Each row details relevant objects, involved subjects, and types of evidence, such as public opinion polls, consumer studies, and limitations for community acceptance evidence.]Particularly by making clear that acceptance may concern different things—the technology, its regulation, a specific project, a product or service applying the technology—the triangle of social acceptance allows to capture crucial intricacies that often haunt debates on the social acceptance and cause various misunderstanding. Still, the notion of acceptance has attracted some criticism in the recent decades, most of it not directly related to the points raise by Wüstenhagen et al. (2007). It has been argued that the discussion about social acceptance assumes technological innovation is separated out from the dynamics of society, thus it has been conceptualized that society is to accept (or reject) what has been delivered without having any influences on technological innovation. Meanwhile, it has been widely recognised that this concept falls short of explaining real world challenges of technological innovation. This is reflected, for instance, by the EU’s promotion of the RRI (Responsible Research and Innovation) as a guiding principle and policy of the region. The political connotation of the term acceptance has also been used to indicate different styles in the regulation of GM/GE food (e.g., Meyer, 2017; Meyer, 2020; Meyer and Vergnaud 2021). While this is certainly true for the general use of this term, the disentanglement of the various dimensions of acceptance suggested by Wüstenhagen et al. (2007) precludes such interpretation and increases the descriptive-analytic value of the term.
Further, it has been argued that the term acceptance does not help in understanding the underlying processes by which social acceptance occurs (Szarka, 2007; Fournis and Fortin, 2017; Alexandre et al., 2018). To capture the dynamics and conditions under which a certain technology becomes accepted, a more sustained focus on the processes is required, a point that also had been repeatedly emphasised with regard to plant biotechnologies (Yamaguchi and Harris, 2004; Levidow et al., 2007). Thus, the term acceptability captures social dynamics more so than the term acceptance.
In light of these considerations, this review adds to the extant literature by relating various strands of research on and debates about the social acceptance of genome-edited plants with the objective to provide a more comprehensive picture of the current dynamics in various jurisdictions. The extant literature is concerned mostly with either legal aspects (e.g., Erikson et al., 2018; Entine et al., 2021; Turnbull et al., 2021) or consumer/citizen perspectives (e.g., Runge et al., 2017; Scott et al., 2018; Siegrist and Hartmann, 2020; Beghin and Gustafson, 2021; Grant et al., 2021). Such perspectives certainly capture the temporal dynamics within a specific dimension of social acceptability (or a small part of a dimension), but not between the dimensions. The paper aims to achieve this by ordering and interpreting the reviewed literature according to the triangle concept developed by Wüstenhagen, Wolsink and Bürer (2007) as depicted in Table 1.
Thereby, this review delivers a description of the current dynamics in two core dimensions of social acceptability, socio-political acceptability and market acceptability. In terms of jurisdictions, the paper explores some of those already investigated by Ishii and Araki (2017): United States, Canada, and Australia as adopters of GM plants for cultivation, and New Zealand, Japan, and the EU as non-adopters. It explores how the latter group has responded to pressure from the emerging asynchronous regulation of GEOs, if and how there is evidence of policy changes, and what drivers and obstacles are emerging. In addition, we examine Norway and Switzerland, both part of the European region, but not members of the EU, and non-adopters in the sense described above. Emerging evidence from stakeholder and consumer research and public polls suggests that in non-adopter countries, genetic modifications resulting in smaller modifications might be perceived differently to first generation GMOs, e.g., in case of cisgenesis (reviewed by Dayé et al., 2022) and genome editing (Ishii and Araki, 2016). Over the last 3 years research activities on consumer and public views have been increasing. So this paper also provides an updated review of these studies (see Table 4). Moreover, there are recent developments indicating that the views of policy makers and food value chain stakeholder may also differ.
These developments with respect to GEOs are not only of relevance for the jurisdictions mentioned but also of relevance for other non-adopters because they are importers of agricultural commodities as well as food/feed products. Their restrictive GMO legislations and policies have already had considerable impact on agricultural and GMO policies in their trading partners—in particular exporters of agricultural products from Africa and Asia (e.g., Smyth et al., 2013). It can, therefore, be expected that indications for policy changes in these countries are very relevant for global trade and further innovations in plant breeding and will have knock-on effects on the position towards GEOs in other parts of the world (Qaim, 2020; Purnhagen and Wesseler, 2021). Beyond the jurisdictions reviewed in this paper, there are many other discussions as to if and how to accommodate in their national legislations the specifics of GEOs. The developments in the jurisdictions covered in this review will have an impact on the directions of policy development in these other countries.
Before the advent of genome editing, we have seen 30 years of public debate on GMOs in particular in the non-adopter countries, with campaigns by civil society organisations (CSOs), field trial disruptions, retailer boycotts, and Frankenfood-type headlines in media reports. Therefore, we will analyse the developments in some of our country case studies in their respective historical context. This helps to understand opportunities and challenges posed by genome editing in those jurisdictions and to suggest where policy-making and further research needs are lacking.
WHERE THE PRESSURE COMES FROM: DEVELOPMENTS IN EARLY GMO ADOPTING COUNTRIES
United States
Overall, publics in the United States have more favourable views of GM plants and GM food as compared to Europe (McFadden and Smyth, 2019), and there is a lower regulatory burden for marketing GM crops, which led to a rapid adoption and increase of acreage used for GM crops over the last 15 years. At present more than 175 events are cultivated on some 73 million hectares (ibid). Also, a considerable number of GM-derived food products are commercially available (see also Tables 2, 3).
TABLE 2 | Number of GM plant events authorised for commercial cultivation per year per jurisdictions. Source: ISAAA (2021).
[image: Table showing annual counts of authorized GM plant events from 1992 to 2021 by country, separated into adopters (United States, Canada, Australia) and so-far non-adopters (Japan, New Zealand, EU, Norway, Switzerland), with totals for each country and explanatory footnotes.]TABLE 3 | Number of GM plant events authorised for food and/or feeda use per year per jurisdictions. Source: ISAAA (2021).
[image: Table showing annual authorizations of GM plants from 1993 to 2021 by country, divided into adopters (United States, Canada, Australia) and so-far non-adopters (Japan, New Zealand, EU, Norway, Switzerland), with totals calculated for each category.]In the United States, plants developed with biotechnology are regulated under the Coordinated Framework for the Regulation of Biotechnology (CFR). Three agencies oversee the use of biotechnology, namely USDA APHIS (United States Department of Agriculture, Animal and Plant Health Inspection Services), FDA (Food and Drug Administration) and the EPA (Environmental Protection Agency). APHIS regulates importation, interstate movement, and environmental release of certain organisms developed using genetic engineering. FDA evaluates plant-derived foods and feed products and EPA oversees products generating pesticides (e.g., Bt-Toxins) or food containing pesticide residues. APHIS regulates plants containing recombinant DNA from plant pests. Regulation by FDA is triggered by “pesticide chemical residues considered unsafe” and thereby applies to plant-incorporated protectants, such as genes for Bt toxin (Hamburger, 2019).
Motivated by a predicted increase in demand in importing countries and by simplified and less hazardous pesticide regimes, large-scale farmers growing maize and soybean were early adopters of GM plants. The papaya industry in Hawaii was even rescued by a GMO, a viral resistant papaya variety. Livestock farmers also have profited from reduced prices for feed. Civil society stakeholders, and especially environmental groups, on the other hand, opposed GM technology as fostering industrialized agriculture and monoculture mainly benefiting large multinational seed producers and because of possible environmental risks. By putting media pressure on selected value chain actors to pull out of using GM crops in their food products, they affected the strategies of certain food producers and a few crops. However, their efforts did not result in fundamental change of the market nor in a policy change. To the contrary: the US government has become an outspoken supporter of cultivation and international trading of GM crops and derived products. This included accusing the EU of violating WTO provisions by hampering market access for GM crops (reviewed in Zilberman et al., 2013).
The rapid diffusion of GM technology into agriculture and food production in the United States has not caused a profound change of the public opinion. While public views towards GM food—as identified in recent polls—are still more positive than the EU, they are nonetheless quite negative (Scott et al., 2018). In 2019/2020, 38% of US respondents agreed that GM foods were unsafe to eat. Only 27% agreed to the contrary and stated that they were safe to eat (Pew Research Center, 2020). Foods from GM plants seem to have a higher acceptability compared to foods from GM animals (Lusk et al., 2015; Runge et al., 2017). Yet, acceptability of GM food seems to increase if it has direct consumer benefits (Lusk et al., 2015; Rose et al., 2020). Comparative studies have shown that the positive effects of expected direct consumer benefits of GMOs are stronger with citizens in the US than they are with Europeans (Costa-Font et al., 2008).
Moreover, there are indications that the public appreciation of GM plants and foods in the United States has decreased slightly over the last few years; a 2016 online survey in the US revealed that 39% of respondents believed that food with GM ingredients is worse for one’s health compared to non-GM food (Pew Research Center, 2016). This number raised to 49% in 2018 (Pew Research Center, 2018). On the basis of the Pew Research Center data, it has been shown that consumer attitudes towards GMOs in the US are related with the level of polarization between political ideologies and the amount of credibility attributed to scientists in the course of this polarization (Hunt and Wald, 2020). We can thus hypothesize that a share of this decrease in appreciation during the recent years can be explained by the culture of political discourse in the US during the Trump administration—and that a calmer political culture may yet lead to an increase again.
In 2018, the US Department of Agriculture (USDA) clarified that certain types of genome-edited plants will be considered as conventional plants. In 2020 the USDA reiterated its statement not to regulate plants which could also have been obtained by conventional breeding (U.S. Department of Agriculture, 2020). Also, the FDA committed in context of its Plant and Animal Biotechnology Innovation Action Plan to pursue advances in policy priorities in order to establish a science-and-risk-based approach for product developers and to remove barriers for future innovation in plant and animal biotechnology. In 2019 these guidelines have been implemented into the new SECURE (Sustainable, Ecological, Consistent, Uniform, Responsible, Efficient) rule. The SECURE rule exempts categories of products developed through biotechnology when changes in the plant genome are: “solely introductions from sequences derived from the plant’s natural gene pool or edits from sequences which are known to correspond in the plants natural gene pool.” This also leads to an exemption of cisgenic plants from the regulation. However, the degree to which the procedures defined in the SECURE rule will promote justified public trust is a matter of contention (Wolf, 2021).
Developers can request a confirmation from APHIS that a modified plant qualifies for an exemption and is not subject to the regulations. Over the last 7 years, APHIS received some 130 requests for genome-edited varieties indicating strong interest from developers to deploy this technology (USDA-APHIS, 2021; USDA-APHIS, 2022). Since 2016 several genome-edited products have entered the market including high oleic soybean oil (Calyno™), a herbicide tolerant canola variety, and a waxy corn (Turnbull et al., 2021).
Some evidence is available from surveys on plants and derived foods produced by novel plant breeding techniques that are less “invasive” than traditional GM—including genome editing (GEOs) and cisgenesis. A choice experiment study comparing GMO apples and GEO apples showed that consumers in both France and the US do not value plant innovation by biotechnology; in both countries, consumers would purchase GMO or GEO apples only if it comes with a price discount. However, the average discount was higher with the France sample than with the American one (Marette et al., 2021). Parts of this negative attitude towards biotechnology might be explained by a distinctive effect of recency of an innovation on its social acceptability. Studies have shown that US consumers have a strong preference for crops that have been modified some time ago: The more recent the crop innovation, the less natural and beneficial and the riskier it is seen (Inbar et al., 2020). This is mirrored by the fact that consumers still prefer food derived from “conventionally” grown plants over food derived GEO plants (Caputo et al., 2020). Yet, there are also indications that US consumers value having the option to purchase them. Also, if provided with information about the benefits to themselves and the environment, the difference in acceptability between GEO and conventional plants decreases. It is thus estimated that the market share for food derived from GEO plants might exceed 15% in the near future (Caputo et al., 2020).
There is some awareness in broader publics of novel plant breeding techniques, but a recent study showed that about a third of US adults have never heard or read anything about genome-edited food (Peters, 2021). Also, discourse analyses in social media showed that very often, GEOs are conflated with GMOs (Walker and Malson, 2020). States and regions where the agroeconomy is visible and present in the public discourse tend to have both a higher awareness of the differentiation between GMOs and GEOs and a higher appreciation of the potential environmental benefits of their use with crops (Wirz et al., 2021). While non-government organisations (NGOs) which hold critical views toward GMOs are lobbying to have GEOs and cisgenic plants and food put into the same regulatory categories as GMOs (Ishii and Araki, 2016; Smyth, 2019), this does not seem to have a relevant impact on the behaviour of value chain actors and policy development.
Canada
Canada’s legislation is distinctively different to any other legislation frameworks as it is triggered by novelty (in terms of plant traits) and thereby potentially applies to all plant varieties regardless of the breeding technique used. If a new plant trait is classified as novel the same requirements for pre-market safety assessment and approval apply. All products are considered on a case-by-case basis for novelty (Smyth, 2019). However, Canada recently released a draft guidance for Part V of its Seeds Act. Part V deals with regulatory requirements for both the confined and unconfined environmental “release of seed.” The draft guidance states that “gene editing techniques can introduce genetic changes that are comparable to conventional breeding outcomes, and will also qualify for an exemption.” Canada is willing to exempt categories of GEOs from its regulation as long as they are comparable to conventional breed plants. There is guidance available for developers and breeders as to what constitutes novelty, and if molecular genetic methods are used, the government encourages developers to seek feedback from the Canadian Food Inspection Agency and Health Canada. Still, research has shown that some stakeholders in plant breeding and plant science perceive these regulations are hindrances of their research and innovation activities (Smyth et al., 2020).
Like in the US, public views on GM plants and GM food in Canada are more favourable than in Europe (McFadden and Smyth, 2019). Commercialisation of GM plants in Canada started early and reached 12.5 million hectares in 2019 with adoption rates ranging between 95 and 100% for their main agricultural crops, i.e., soybean, canola, and maize (ISAAA, 2019) (see also Tables 2, 3 which reveal similar dynamics as in the United States). There are no mandatory labelling or traceability requirements in place for GM food and feed, so uptake by food and feed processers is difficult to estimate. Considering the high adoption rate in North America most processed food and feed products originating from this region can be expected to contain GM ingredients.
Similar to the United States, however there are indications that public attitudes have become more negative over the last few years: a 2016 survey in Canada found that 62% of the respondents agreed that they would always opt for a non-GM food over GM. Only 26% expressed being comfortable with eating GM foods, and 38% stated to be not comfortable (The Strategic Counsel, 2016). Between October 2019 and March 2020, 39% of the Canadian respondents agreed that GM foods are unsafe to eat and 27% agreed that they are safe to eat (Pew Research Center, 2020). Food safety appears to be an important concern of Canadian consumers, and it has been shown that this overshadows their acceptance of GMO applications (Goddard et al., 2018). However, it has also been shown that this concerns are set aside when there is a price or a nutritional benefit of the GMO product compared to a “conventional” product (Macall et al., 2021).
Some evidence is also available from studies focusing on gene editing. While certain civil society organisations hold critical views toward GMOs, this does not seem to have a relevant impact on the behaviour of value chain actors as well as public and consumer views. A survey study by Vasquez Arreaga (2020) that invited Canadian consumers to compare descriptions of GMO and GEO foods yielded 15% more positive responses for GEO foods. Benefits—both benefits to the consumer and for the environment—operated as the main drivers for positive responses. If framed as “more natural” than GM transgenic plants, consumer acceptance increases for both GEOs and cisgenic plants (Muringai et al., 2020). Further, cultural values have been shown to be a potential lever in order to increase consumer acceptance of GEOs (Yang and Hobbs, 2020).
Australia
In Australia, market approvals of GM crops progressed at a slower pace compared to United States and Canada (Table 2). Still, it resulted in widespread planting of several GM crops (e.g., cotton, canola and safflower) over the last decade. Australia’s approach from early in the development of regulations for GMOs has had a focus on the product of the targeted event/gene, and not on the process in which it was delivered. Regulations include the Gene Technology Act 2000 (GT Act) and GT Regulations 2001 which provide definitions of GMOs and guides to exclusions and inclusions to what is regulated (Thygesen, 2019). In 2016, a review of the regulation clarified the situation regarding gene editing. Edited plants or animals containing edits but with no guide or extra DNA, classified as SDN1 organisms (SDN: site-directed nuclease), have been given a “non-regulated” status in Australia. SDN1 events were given this non-regulated status, as the product cannot be distinguished from those naturally occurring DNA changes.
Australia consists of six states, and ten territories, yet gene technologies are regulated under a national/federal regulatory scheme. All work with GMOs (i.e., import, research, commercial release, manufacture, or production) is prohibited unless the entity is licensed or falls under an exception. Several states have overridden national decisions in enforce a state-wide ban on GMOs (e.g. South Australia), with several of these decisions now reversed, while Tasmania still has a broad prohibition in place. The planting of GM crops is regulated by the Office of the Gene Technology Regulator (OGTR). The regulation of GM use in foods is covered by Food Standards Australia New Zealand (FSANZ) who approve, or not, all foods based on safety assessments before they can be sold in Australia and New Zealand. This group is currently deliberating on the status of foods having gene edits, a process that started in 2017 (Kelly, 2019). Their long-awaited decision could well affect the previous decision by the Federal Government to exempt organisms with SDN1 events from regulations for cultivating organisms. It also affects the situation in New Zealand.
This process, involving the OGTR and FSANZ, appears to be well trusted in Australia. A large, representative study of Australian citizens that covered the years 2004–2012 (n = 8,821, almost equally distributed over 9 years) used a 11-point scale (ranging from 0 = “not at all comfortable” to 10 = “very comfortable”) to measure attitude towards GMO plants and animals. It showed that the public leant more positive to GM plants (mean ≈ 4.14) than to GM animals (mean ≈ 2.95). Still, both figures are clearly in the negative half of the spectrum (Marques et al., 2015). It was also shown that the positive attitude toward GMO food was significantly associated with a high trust in scientists and regulators. Environmental groups acting as ‘watchdogs’ were trusted less. Further, the study showed that the attitudes towards GM food remained rather stable over the 9 years covered. There were smaller ups and downs, but these were related to media debates and did not indicate a growing or shrinking rate of acceptance.
A more recent study (Batalha et al., 2021) explored whether consumers held different attitudes towards classical undirected mutagenesis, GMOs, and GEOs. Study participants (n = 114) felt that mutagenesis, introduced as “process of exposing seeds to chemicals or atomic radiation in order to generate mutants with desirable traits to be bred with other cultivars” (Batalha et al., 2021, Appendix A), was the riskiest breeding technique. GMOs were perceived to be less risky, but still riskier than GEOs, which ranked close to plants derived from conventional breeding. This last finding indicates that compared to other countries, public opinion in Australia is rather positive towards GEOs, an assessment that comparative studies confirm (Shew et al., 2018).
Despite this rather positive public perception, all GMO plantings so far have been of non-food crops. However, the decision to “de-regulate” edited SDN1 organisms could mean rapid deployment of new varieties and products that could be traded freely in Australia, and potentially to export markets.
HOW SO-FAR NON-ADOPTERS OF GM PLANTS HAVE RESPONDED
Japan, deciding to open-up
In the mid-1990s, social controversy erupted in Japan over foods derived from GM crops (Yamaguchi and Suda, 2010), with the media emphasizing the unknown risks of GM foods (Shineha et al., 2008) and consumer advocacy groups organizing boycotts. GMOs were socially stigmatized to a degree that deterred the interest of seed producers (Tano, 2015) and damaged the credibility of scientists (Yoshida, 2015). These social phenomena laid the groundwork for the current regulatory regime (Ishii, 2019).
In Japan the commercialization of transgenic crops and food products requires specific approvals. Four ministries are involved in the regulatory framework: the Ministry of Agriculture, Forestry and Fisheries (MAFF); the Ministry of Health, Labour and Welfare (MHLW); The Ministry of Environment (MOE); and the Ministry of Education, Culture, Sports, Science and Technology (MEXT). Food and feed safety risk assessments for MHLW and MAFF are carried out by the Food Safety Commission (FSC), an independent risk assessment body. When Japan ratified the Cartagena Protocol on Biosafety in 2003, the government adopted the “Act Concerning the Conservation and Sustainable Use of Biological Diversity through Regulations on the Use of Living Modified Organisms” also called the “Cartagena Act” (Ministry of Justice, 2003). The Act in Article 2 (2) defines LMO as:
	…an organism that possesses nucleic acid, or a replicated product thereof, obtained through use of any of the following technologies: (i) Those technologies as stipulated in the ordinance of the competent ministries, for the processing of nucleic acid extracellularly (ii) Those technologies, as stipulated in the ordinance of the competent ministries, for fusing the cells of organisms belonging to different taxonomical families.

Some local governments established ordinances restricting commercial plantings of genetically modified crops. Though the number of approved events are relatively high (see Tables 2, 3), these multiple layers of statutory requirements send signals to stakeholders that Japan takes a “precautionary” stance to the commercial planting of gene modified plants (The Law Library of Congress, 2014), thus discouraging industries and producers to use transgenic seeds for commercial purposes.
In 2019, however, the Japanese government issued a ruling on the interpretation of the Cartagena law, under which genome editing techniques that do not leave extracellularly processed nucleic acids will not be subject to regulation. Also excluded are processes using the nucleic acid of an organism belonging to the same species as that of the target organism or the nucleic acid of an organism belonging to a species that exchanges nucleic acid with the species of the target organism (Ministry of Agriculture, Forestry and Fisheries, 2018).
On 8 February 2019 (Notification No. 1902081), the MAFF was advised by the expert committee that:
	…(i) any organism that has inserted extracellularly processed nucleic acid (including RNA) is regarded as a living modified organism (LMO), even those obtained by using genome editing technologies, and is subject to the regulations stipulated in the Cartagena Act, in principle, (ii) such organisms are subject to the Cartagena Act unless complete removal of the inserted nucleic acid (including RNA), or its replicated product, is confirmed, and (iii) when using organisms obtained through genome editing technologies, applicants are requested to submit information to the competent government agencies, even when the organisms are not subject to the Cartagena Protocol.

Based on these legal definitions, some genome-edited crops, such as foods derived via SDN1-type events, are exempt from regulation. Following up on the notification related to the Cartagena Act, the Food Sanitation Commission of Pharmaceutical Affairs and Food Sanitation Council published guidance on 27 March 2019 indicating that insertion of one to a few bases will not be regarded as producing LMOs. In April 2021 MAFF and MHLW amended the handling procedures for food and feed additive products, indicating that no prior consultation is needed for crosses of genome-edited varieties previously notified to MAFF with conventional varieties or for other previously reported genome-edited varieties and GM products which have obtained feed safety approval.
Studies of stakeholder views of genome-edited foods are somewhat limited. Among the few studies that exist, the report published by the Ministry of Agriculture, Forestry and Fisheries (2018) suggests that stakeholders including scientists, producers, seed and seedling companies, distributors and retailers see three issues as key: establishing clear and uniform regulations in place of the current patchwork of national and local standards; developing crops and foods that will be perceived as having high added value to consumers (such as foods with particular health benefits); and improving social acceptance of GM foods (see also Jorasch, 2020).
Earlier studies indicated that publics are sceptical of GM crops. A study carried out in June 2001, for instance, showed that 80% of the survey respondents (n = 400) would not purchase a GM food product even if it was substantially cheaper than a conventional product (McCluskey et al., 2003). More recently, Kato-Nitta et al. (2019) found that although lay publics tended to have more favourable attitudes toward genome editing than toward genetic modification, such differences were much smaller than the differences between attitudes towards conventional breeding and genetic modification. Also, a study amongst university students (n = 180) showed that the willingness to purchase genome-edited food was 24%. However, after more information about genome editing technologies was given to respondents the willingness-to-pay (WTP) increased to 41% (Farid et al., 2020).
In an attempt to understand Japanese consumers’ experience of genome editing technologies, Otsuka (2021) examined the correlation between perceived naturalness and perceived safety of various breeding technologies. Consumers were asked to rank scores for foods derived from crops developed by five breeding technologies: epigenome editing, genome editing, genetic modification, mutagenesis by chemicals or irradiation, and crossing as in conventional breeding. Conventional breeding was seen as the safest, followed by mutagenesis, epigenome editing, and genome editing; genetic modification was last. This study suggests that consumers perceive GE crops as less natural, and more similar to GM food, than those with mutagenesis achieved by chemicals or irradiation. This mirrors an earlier study on the perceived differences between transgenic and cisgenic crops (Kronberger et al., 2014).
A report published by the National Institute of Science and Technology Policy compared consumer attitudes to various technologies such as hydrogen energy, robots, autonomous cars, etc. This indicated that consumer responses to GE foods are similar to responses to GM food (Hosotsubo et al., 2020). Ishii (2017) speculates that GM food and GE food are “bracketed” in the same food category, and that a segment of consumers might reject the use of GE foods. On the other hand, in a study of the willingness to purchase apples altered by the use of agrobacterium-mediated transformation, Saito et al. (2017) point out that providing information about the ecological benefits of planting those apples will make some consumers more receptive to GM apples.
While government policy on labelling requirements for genome-edited foods is somewhat tentative, consumers have started to call for a regulation of the cultivation of all genome-edited crops, as well as for safety reviews and labelling of all genome-edited foods so that consumers can make informed choices (Mainichi Shinbun, 2018). On the other hand, anecdotal evidence suggests that genome-edited foods are positively received in some market segments. Adopting marketing strategies such as direct-to-consumer selling and crowdfunding campaigns for commercialization of genome-edited fish, companies have been reaching out to consumers in a specific segment of the market. The shaping of full social acceptability of genome-edited foods is yet to be observed, but the presence of genome-edited foods is becoming stronger.
New Zealand, not opening up
As of 2022 New Zealand (NZ) did not authorise any GM crops for cultivation (see also Table 2) and takes a hard line in its interpretation that there is no difference between a GMO and a GEO. This is due to an early decision (1996) to regulate organisms based on the process that was used to generate a “new organism” (i.e., the in vitro manipulation of DNA), rather than what the product of any in vitro event may contain. More specifically relating to regulation of organisms as a result of gene editing, NZ was one of the first countries to amend their legislation to distinguish, and regulate differently, genome-edited plants from those bred by conventional mutagenesis (Fritsche et al., 2018).
The regulations controlling GMOs and GEOs are contained in the 1996 Hazardous Substances and New Organisms Act (HSNO) and administered by the Environmental Protection Authority (NZ EPA). They are one of the more comprehensive in the world, with strict standards for approval assessment (Kershen 2015). In September 2016 these regulations were amended so as to include genome editing (new forms of mutagenesis performed in vitro), but allow plants created by older forms of mutagenesis (pre-1998). This implies that novel plants created by new breeding techniques, even those without foreign DNA, still fall under the regulations as a GMO (Ishii and Araki, 2017).
In assessing the safety of a GMO and GEO, the NZ EPA must consider whether the benefits of the new organism outweigh the risks including the impact that the novel plant may have on the Māori culture and traditions, especially with regards to their valued fauna and flora, ancestral lands, water, sacred places and treasured things (Hudson et al., 2019). Using this framework, several GMOs have been released (which are vaccines and medical treatments). No crop has satisfied this framework, and therefore there has been no approval for release.
Food safety regulations in NZ are controlled by a joint Australian-New Zealand authority, FSANZ. This has led to the perplexing situation where-by some plant products are considered safe in NZ to eat, but not considered safe to grow. Golden rice is one such example; in 2017 FSANZ released a decision deeming Golden rice (strain GR2E), “…food derived from GR2E is considered to be as safe for human consumption as food derived from conventional rice varieties” (FSANZ, 2017).
Without any GMO or GEO being grown, stakeholder views in NZ are hard to judge. Federated Farmers (an advocacy group for NZ farmers) have been supportive of science-led evidence (provided by groups such as Universities and the NGO Life Sciences Network) on GMO and GEO safety in various court cases. This support reflects concerns of NZ farmers and growers that the technologies and plant varieties they use should be the most current, allowing them to compete globally. This advocacy by science and industry groups has had mixed success, with some regional councils effectively placing bans on GMOs/GEOs, even if they were to be approved by the very precautionary nationally enforced HSNO Act.
The NZ Government has stated that a cautious approach to genome editing is appropriate because as an exporter of premium food products NZ needs to protect market perceptions of purity and safety (The New Zealand Government, 2016). Even though the bulk of NZ exports are to countries which currently grow GMOs and allow un-regulated growth of GEOs (i.e., less than 8% of NZ exports are to the EU and the United Kingdom) consumers of premium branded NZ fresh food are thought to value the “100% Pure” branding exercise (Kaefer, 2016). This position has remained unchanged in spite of studies showing that the vast majority of value chain stakeholders were convinced that no such cross-over effect would occur and that growing GM/GE crops in NZ would not impact export of non-GM products (Knight et al., 2005b). The fear that there would be a negative impact on the tourism sector has also been proven to lack justification (Knight et al., 2013). In contrast, the NZ Government is also supportive of technologies that help diversify the primary sector, to safeguard against downturns in one industry (induced by the market, climate change, or new diseases).
Despite market approvals for a considerable number of products which include GM ingredients (see Table 3), no fresh GM/GE plant products are available in NZ for consumption, although the Golden Rice decision, by FSANZ, is as close to a whole food GMO approved for consumption if available. Fruit stall experiments simulating real purchasing behaviour in New Zealand showed that consumers were willing to buy GM fruits if they had a clear consumer benefit (Knight et al., 2005a; Mather et al., 2012). Other GMO processed products are in NZ supermarkets but not widely discussed, e.g., the plant-based meat product, the Impossible Burger, is now being sold in NZ. Māori have been significant contributors to the debates on GM in New Zealand and have insisted on their values having specific recognition on GMOs/GEOs (Roberts and Fairweather, 2004; Everett-Hincks and Henaghan, 2019; Hudson et al., 2019). Their core cultural values, including ancestry (whakapapa) and guardianship (Kaitiakitanga), have been analysed. If these values were enhanced by genome editing then it could allow more favourable discussion on a genome editing approach (Hudson et al., 2019). This more dynamic approach to specific uses or types of uses could then be approved on a case-by-case basis, which is not supported by NZs current legislation.
Norway, considering opening up
Norway is not part of the European Union, but a member of the European Economic Area (EEA). According to the EEA agreement, the EU-harmonised GM legislation also applies to Norway but allows for additional legal measures. This entitles the Norwegian Parliament the rights to enact a more comprehensive legislative framework and thereby to permanently restrict or prohibit a GMO that has been authorised EU-wide for other reasons than those laid down in the EU regulation (health and safety risks). Accordingly, the Norwegian Gene Technology Act (NGTA) of 1993 foresees the mandatory requirement to assess each GMO and to ban it for the Norwegian territory if the GMO does not meet the criteria (Miljøverndepartementet, 1993). In addition to the health and environmental safety criteria specified by the EU, the NGTA also requires the assessment of criteria in three non-safety categories: benefits to society, effects on sustainable developments, and, whether the production and use will take place in an ethically and socially justifiable way. The geographical scope of the sustainability criterion also includes impacts in the countries of cultivation and/or production, thereby also incorporating environmental effects also outside Norwegian territory (Kvakkestad and Vatn, 2008; Turnbull et al., 2021).
So far, no plant has been authorised neither for cultivation in Norway, nor for food/feed use. The only GM plants authorised were imports of carnation events with modified blossom colour. The ten GM plants authorised for cultivation in the EU (see also Table 2) have been banned in Norway. This situation can be understood as reflecting both the absence of interesting products for the Norwegian market and the views of broader publics. First generation of GM crops, mainly varieties of soybean and maize, had little to offer to Norwegian consumers. Rather, they were perceived as a potential threat, adding to what was perceived in Norway as a major environmental health problem: antibiotic resistance. This helped critical stakeholders to mobilise against GM crops.
In line with this development public surveys and consumer studies from the late 1990s and early 2000s revealed a strong opposition to GMOs (Chern and Rickertsen, 2001). However, the data also indicated a weaker opposition if GM plants came with environmental benefits, e.g. reduced pesticides, or improved nutritional value. These views seem to have been relatively stable over time. A follow-up study conducted in 2017 using same and similar questions showed fewer respondents willing to avoid GM food compared to the 2001 study (Rickertsen et al., 2017). Another study by Bugge (2020) compared changes between 2017 and 2020. There were only small differences in most of the questionnaire items used (role for world’s food supply, impacts on nature and ecosystem in general and on pesticide use in particular, human and animal health risks, role for industrial agriculture). Interestingly, however, the group positive on selling such products in Norwegian stores grew from 15% to 24%. When confronted with examples of GM food approved for the US market, blight resistant potato received the highest acceptability (60%) compared to fast growing salmon (20%).
Against this backdrop of a relatively stable negative public opinion, in January 2018 the Norwegian Biotechnology Advisory Board initiated a public debate on revising the NGTA in light of genome editing and other novel breeding technologies (NBAB, 2018b). Following a series of consultations with stakeholder groups, they developed a proposal for a tiered system for deliberate release of GMOs that foresees that organisms with changes that can exist naturally or that can be achieved using conventional breeding methods (Tier 1) are no longer required to pass the assessment and approval procedure. Instead, notification to the authorities and subsequent confirmation is considered sufficient. With respect to labelling, the opinions of the Board diverged, with about halve of the Board members suggesting to exempt Tier 1 from labelling requirements at all. In order to qualify for Tier 1 a genome-edited variety would “be possible to make using non-regulated methods,” e.g., point mutations (therefore similar to SDN1), and would require evidence of absence of off-target mutations (NBAB, 2018a).
This proposal was intended as input into both the national debate and the debate on revising the EU GM legislation in light of the CJEU ruling. While the review of GTA is still ongoing, the Norwegian government is expected to present a proposal for amendment by the end of 2022 (Kongelige Klima- og Miljødepartementet, 2020; Kongelige Klima- og Miljødepartementet, 2021).
Stakeholder responses seem to suggest that parts of the food value chain would prefer regulatory amendments, which would allow certain types of genome editing to be used by breeders in Norway. This is a remarkable change of position, as theses stakeholders so far pursued a strict no-GMO policy. One large interest organisation of 17 agricultural cooperatives comprising breeders, farmers and food processors publicly declared that they started a review process of their GMO policy (Norsk Landbrukssamvirke, 2021). Strong support is coming from certain plant and animal breeders who are eager to use this technology, e.g., for major Norwegian pest problems such as late blight in potatoes (Graminor, 2021; Norsvin, Geno, and AquaGen, 2021).
A parallel survey showed that Norwegian consumers seem to be more positive towards GEOs if they had tangible social or environmental benefits, e.g., by reducing pesticide use, crop losses, climate adoption, improved nutritional value etc. (GENEinnovate, 2020) A majority of respondents (n = 2016) were in favour of using genome editing in organic food production if it allowed cultivation without pesticides. 66% of the respondents were very or somewhat positive towards the idea to use genome editing in order to reduce pesticide use and crop loss with the example of blight resistant potato; only 10% were very or somewhat positive towards using it to create a salmon with more brightly pink coloured meat. Genome-edited plants developed within Norway and for domestic products are perceived positively by 45% of respondents (23% respondents had a negative perception); in comparison, GMOs currently on the international markets and developed by international companies were positively perceived by only 20% (45% negative perception) (ibid).
Still, a majority of 60%–70% respondents were worried about risks to health and the environment. While respondents did not seem to differentiate in terms of naturalness between GE and GM, they would not be willing to pay very much for avoiding GE foods. Also, the above-mentioned study of the NBAB has been criticized for being biased. Critics stated that the initiative’s privileging of technological matters and its framing of the discussion in economic terms would have “skewed the proposal in a way that reduced broader societal concerns to technological definitions and marginalized discussion of the social, cultural, and ethical issues raised by new gene technologies” (Kjeldaas et al., 2021).
Mandatory labelling was considered by respondents to be very important in case of GM food products (Rickertsen et al., 2017; Bugge, 2020) and this also seems to apply for genome-edited food (GENEinnovate, 2020). Approximately 70% of respondents think that such a label should distinguish between genome editing and classical genetic modification and more than 80% stated that it should contain information about the trait and the purpose for making it (ibid).
Switzerland, considering opening up
Despite its location in the centre of continental Europe, Switzerland is neither a member of the European Union nor of the European Economic Area. It is relationship to the EU is governed by an ever-increasing number of sectoral bilateral agreements, also relevant for Swiss GMO legislation.
GMOs authorised in the EU still need authorisation under the Swiss Federal Act on Non-Human Gene Technology (GTG, Bundesversammlung der Schweizerischen Eidgenossenschaft, 2003). Triggered by prevailing negative views among publics and stakeholders (Bonfadelli and Dahinden, 2002; Siegrist, 2003; Gaskell et al., 2004; Einsele, 2007; Bonfadelli and Meier, 2010; Connor and Siegrist, 2010) which perceive GMOs as associated with health and environmental risks, as being morally problematic, and as lacking benefits, a national referendum to temporarily ban GM plants from Swiss fields was approved in 2005. This ban was subsequently renewed several times.
This development has to be seen against the backdrop of policy changes in Swiss agriculture.
In the late 1990s, Switzerland adjusted its agricultural policy towards de-intensification and sustainability. Integrated farming practices were increasingly adopted and within 20 years organic farming grew from 2% to 16% of total arable land. The share of organic retail sales reached more than 10% in 2019, the second highest market share worldwide (Aerni, 2010; Willer et al., 2022).
Also, in the 1990s, GMOs became a prominent media topic and symbol for industrialised farming which helped to alert both stakeholders and broader publics. The Swiss Alliance GMO-free (Schweizer Allianz Gentechnikfrei, SAG), a civil society organisation active from 1990 onwards, became the national hub for GMO-critical stakeholders. Its broad and increasing membership includes organic farming and small farmer’s associations, breeding companies, and organisations campaigning on environmental, consumer, nature protection, or animal protection topics.
Resistance from both the public and various stakeholders was reflected in restrictive regulatory measures. As a consequence of these measures, as of January 2022 no GM plants are authorised for cultivation (see also Table 2). Three GM maize and one GM soybean event were authorised for food use and another six events authorised in the EU were declared tolerated in food up to 0.5 percent per ingredient (see also Table 3). Acknowledging the dependency of Swiss animal farming on imported feed, some 30 events were authorised for feed use and another 40 events tolerated (Bundesamt für Landwirtschaft, 2014; Amt für Umwelt, 2016; Eidgenössisches Department des Inneren, 2020; BLV, 2022). Hence, a few GM plants could, in principle, legally be used for food and a large range is available for feed purposes. Still, in response to public concerns and campaigning CSOs virtually no GM food products can be purchased in Swiss retail stores. Feed producers also strive not to provide GM feed for farm animals, partly because this is requested for organic farming and private quality labels like Coop Naturafarm, TerraSuisse, or QM-Schweizer Fleisch (Akademie der Naturwissenschaften Schweiz, 2013; IP-SUISSE, 2022).
In 2016, several governmental and non-governmental organisations started to explore the opportunities and challenges for the economy and for the regulatory system associated with Novel Plant Breeding Techniques (NPBTs), in particular with genome editing. A Swiss technology assessment study conducted in 2018/2019 identified and described the polarised views on genome editing as very similar to conventional GMOs (Spök and Hammer, 2019). Plant scientists, parts of the breeding community, and biotech industry highlighted the technical and economic potential. In addition, the Federal Office for Agriculture assigned great potential to NPBTs in its long-term strategy 2050 (Bundesamt für Landwirtschaft, 2016). Organic farmers and the GMO critical SAG alliance, in contrast, portrayed GE as just another variant of GMOs and considered the Swiss GM legislation as fully appropriate. Domestic retail chains, however, remained rather silent.
Between these opposite poles, some stakeholders were more nuanced but still very clear. As the umbrella association of Swiss farmers (Schweizer Bauerverband SBV) argued:
	„Transparency and credibility are key, consumer opinion is important. As long as society equates NPBTs with GMOs, products made with these methods have no chance on the market. And as long as there are no market opportunities, agriculture should produce NPBT-free.” (Schweizer Bauernverband, 2017, p. 17; transl. by authors)

In 2019, approximately 80% of the Swiss Members of Parliament were in favour of extending the ban on cultivation of GM plants and a majority of delegates wanted to strictly regulate genome editing (Schweizer Allianz Gentechfrei, 2020). Consequently, the Federal Council, the larger of the two chambers of the Swiss Parliament, decided to prolong the moratorium for another 5 years in 2021 (Schweizerische Eidgenossenschaft, 2021). However, in early 2021 an informal network of value chain actors led by a core group including large retailers started to explore views and coordinate strategies on the topic. In the final months of 2021, they established themselves as a formal alliance “Sorten für Morgen” (Varieties for Tomorrow). The alliance brought together Swiss food retailers, covering almost 80% of the Swiss market, food and producer associations, the Swiss association for integrated farming (IP Suisse) with almost 19,000 members (of a total of some 50,000 farmers active), a seed association, and a group of breeders. Repeatedly, they issued media releases calling for more openness towards genome editing (Sorten für Morgen, 2021a; Sorten für Morgen, 2021b; Sorten für Morgen, 2022). In parallel, studies in Switzerland confirmed what had been found elsewhere: that the acceptability of GM and genome editing techniques increased when they are associated with direct environmental benefits, i.e., a reduction in pesticide use (Saleh et al., 2021).
Being aware of these recent initiatives of major food value chain stakeholders, the smaller chamber of the Swiss parliament, the Council of States, suggested in December 2021 to exclude from the moratorium GEOs which do not contain DNA from non-crossable species from the moratorium. This would exclude cisgenic and genome-edited plants of SDN1/SDN2-type alike (Bundesversammlung der Schweizerischen Eidgenossenschaft, 2021).
Brought under pressure by these activities, the association of conventional farmers (SVB) decided in January 2022 to drop generic opposition to GMOs and acknowledge that certain types of genome-edited plants could be of value for Swiss agriculture (Häne, 2022). They did not, however, follow the view of the Federal Council of States. Rather, they argued that the Swiss government should explore possible scenarios and elaborate a proposal by a firm and legally agreed deadline. This would allow for more time during which the moratorium would apply also to genome-edited plants. In March 2022, the National Council followed this proposal, assigning the Council of States with the task to develop a proposal for regulation amendment by 2024 (Bundesversammlung der Schweizerischen Eidgenossenschaft, 2022). For the first time in 30 years of GMO policy development, these recent developments seem to indicate an opportunity for a policy change.
The European Union, opening–up or remaining closed?
The European Union (EU) as supra-national entity is a unique case: aimed at developing and maintaining a smoothly working internal market by harmonising legislation, it developed into a broader project of economic and political integration. Harmonisation and integration, however, do not (yet) imply centralised decision-making. In contrast, even in legally harmonised policy areas the EU is operating as a multilevel system where a considerable share of decision-making power remains with Member States. So-called “Implementing Decisions” are legally binding and directly applicable in all Member States, but they usually have to pass a vote of Member States representatives in one of the Standing Committees or of national ministers in the European Council. Development and amendment of harmonised EU legislation is a very time-consuming process, as it not only involves all Member States via the European Council but also the European Parliament. Furthermore, such processes require several rounds for commenting and revision. Also, most larger legislation projects in the EU aim to involve citizens as well as stakeholders in the debates in order ensure that all views are considered and the result is well-balanced. These characteristics are important to consider when analysing EU policy developments and anticipating future scenarios.
Since the early 1990s the process of establishing and further developing a harmonised EU legislation on GMOs has triggered and—in turn—has been strongly influenced by opposition and campaigns of an influential alliance of civil society organisations and parts of the farming community (Schurman and Munro, 2010). In some Member States, this alliance became broader and more powerful as it also succeeded to get retailers, food producers, green parties, and media on board. Consequently, in Member States such as Austria, Hungary, Italy, and Greece, rejection of GMOs as crops and in food became the dominant and institutionalised position. This motived the introduction of national legislations that effectively act as barriers for GM plant cultivation. These countries began to advocate an even stricter legislation at the EU level, too (Tosun, 2014; Stephan 2015).
The long-lasting narrative of GM crops as posing a risk to health and environment, and the absence of clear advantages of first generation of GM crops outside the farming community was also reflected in public surveys. Between 1991 and 2010, consumers became more averse to GM products. In 2005, the majority of the respondents in a Eurobarometer survey described GM foods as morally not acceptable, not useful, and risky; research in this direction should not be encouraged (European Commission, 2006). In 2010, two thirds of EU consumers were very (27%) or fairly (39%) worried about GMOs found in food or drinks, putting GMOs on rank five in a ranking of perceived food risks (European Commission, 2010). However, studies that focused less on the stated preferences but on actual purchase behaviour indicated that this opposition was stronger on the discursive level than on the level of practice. In actual purchasing decisions, consumers appeared to be more open towards GM food than when asked for their preferences (Mather et al., 2012; Sleenhoff and Osseweijer, 2013).
The resulting harmonised legislation on GMOs and derived food/feed products require a risk assessment by the European Food Safety Authority (EFSA) together with Member States’ national Competent Authorities. Authorization for marketing or cultivation requires a majority vote of EU Member States in the Standing Committee of Plant, Animal, Food and Feed (ScoPAFF). However, this regulatory regime provided considerable leeway and options for Member States to delay or opt out of market approvals granted at the EC level. At least with respect to cultivation of GM crops the EU failed to establish a common market. Commercial cultivation is ongoing with some 100,000 hectares in Spain and Portugal. Authorisation of GM food and feed have been facing less resistance during and after market approval. Over time, 10 GM events have been authorised for cultivation, and 226 for use in/as food and/or feed (see Tables 2, 3). Currently, only one event (MON810) has the approval for cultivation in the EU. In some Member States, such as Austria, France, Germany, Hungary, however, the use of GM food was effectively undermined by other means: pressure by campaigning civil society organisations on food retailers and processors not to use GM ingredients, initiatives to establish GM-free regions, or by strengthening the role of organic farming (Bernauer and Meins 2003; Weimer 2019; Seifert, 2021).
In an attempt to overcome this difficult situation, in 2015, Member States were allowed to opt-out from centralised authorisation for cultivation of GM crops by the EC—effectively granting them the possibility to ban crops on other than health or environmental safety reasons (European Parliament and Council, 2015). However, in the absence of a significant effect of this most recent measure, the EU system was criticised by some as not fit for purpose or even as failed (Dabrowska-Klosinska, 2022). Still, it was not clear how to proceed.
Against this backdrop, novel developments in molecular plant breeding techniques received particular attention. In 2006 a paper published in Nature Biotechnology triggered a debate whether cisgenic plants should be regulated the same way as other types of transgenic events (Schouten et al., 2006; Jacobsen and Schouten, 2008). The authors proposed to exclude them from the EU Directive 2001/18/EC. This was justified as cisgenic organisms pose less risk than transgenic organisms—a view also shared by EFSA in their 2012 opinion (European Food Safety Authority, 2012). In the same year, an EU level Expert Group concluded that cisgenic and intragenic plants fall under the harmonized EU legislation (European Parliamentary Research Service, 2020).
A similar question came up with genome-edited plants of SDN1- and SDN2-types. Promoters of this view were for some time optimistic that these types of genetic changes will be considered same or similar than conventional mutagenesis which is excluded from GM legislation. On 25 July 2018, however, the European Court of Justice ruled that induced mutagenesis—regardless if resulting in very minor changes—cannot be exempted from EU GM legislation in the same way as conventional undirected mutagenesis—essentially because of the limited experience with this method which did not exist at the time of the regulation was established (European Court of Justice, 2018). The prevailing interpretation of the ruling by the European Commission and legal scholars is that all types of genome editing are regulated the same way as transgenic organisms - including the need for developers to provide unique identifiers, the requirements for pre-market risk assessment and for labelling (European Council 2019; European Commission 2021b; extensive list of references provided by Dederer and Hamburger 2022).1
The Council asked the European Commission to conduct a study on the impact of the CJEU ruling of 2018 (European Council, 2019). The study took into account the state-of-the-art knowledge, ethics and the views of the EU countries and stakeholders. In 2021 this study concluded that the EU legislation is not fit for purpose for some new genomic techniques (NGTs). It highlighted the possible role of NGTs in the transformation towards a more sustainable agri-food system outlined in the European Green Deal and the Farm to Fork and biodiversity strategies. Besides enforcement and implementation challenges for traceability and labelling, the study also diagnosed risk assessment requirements for GMO as disproportionate types of NGT resembling changes which can also be achieved by classical mutagenesis in conventional breeding (European Commission, 2021b). On this basis, the EC suggested a revision and presented a roadmap including citizen, stakeholder and Member State consultations in 2022. The EC plans to develop a proposal by mid-2023. This proposal should also allow considering the possible contributions of these plants to the above-mentioned agro-feed and environmental policy objectives (European Commission, 2021a). The later aspect is perhaps the most interesting one as it indicates a significant shift in the legislation.
This consultation process has just started and it is too early to anticipate further steps. Still, a few observations relevant for both the process and the outcome can be made. First, there are indications of policy changes in some EU Member States indicating that the Member State’s block of GMO opponents is crumbling. While the so far GMO opponents Austria, Croatia, Cyprus, Greece, and Lithuania are in favour of treating all genome-edited organisms as GMOs—this is not true for Italy, Hungary, and the Slovak Republic (EURACTIV, 2019; European Commission, 2020b, Replies from Member States). The views of other Member States are still not clear, of particular importance will be Germany and France—both with internally conflicting views of their national ministries.
Second, evidence from surveys and consumer studies suggests that publics and consumers, if compared to first generation GM crops and derived food, might be more open towards techniques that create what they perceive to be smaller modifications in the genome and the resulting plant as “more natural”. Confirming earlier studies (Mielby et al., 2013), reanalyses of the 2010 Eurobarometer data showed that Europeans differentiate between trans- and cisgenic plants (Hudson et al., 2015; Rousselière and Rousselière, 2017). 57.1% of the respondents thought that the use of cisgenesis to require fewer pesticides in cultivation should be encouraged, and 31.4% approved of the use of transgenesis for this purpose (Hudson et al., 2015). Studies carried out by research groups in Denmark (Edenbrandt et al., 2017; Edenbrandt, 2018) and Italy (De Marchi et al., 2019; De Marchi et al., 2020) also showed that consumers value GM technologies if they lead to a positive effect on the environment. For example, a willingness-to-pay study of samples of 713 (Edenbrandt et al., 2017) respectively 843 (Edenbrandt, 2018) consumers resulted in the following preference order:
	(i) organic
	(ii) cis- or transgenic with environment benefits (pesticide-free crop cultivation)
	(iii) conventional
	(iv) cisgenic
	(v) transgenic

A similar picture emerged from a more recent Eurobarometer survey, which also includes items on gene editing. When asked about the most pressing risks for food safety in 2019 with a list of fifteen topics, GM ingredients in food or drinks ranked on place 8 (27% of respondents expressed concern), while genome editing (GE) emerged as the one Europeans were least (4%) concerned about (European Commission, 2019a, p. 40). To this group, the most pressing issues regarding food safety were antibiotic, hormone or steroid residues in meat (44%), pesticide residues in food (39%), and environmental pollutants in fish, meat or dairy (37%). Still, how this plays out in consumer acceptance is not fully clear. Some studies assessing the consumers’ willingness-to-pay found no significant differences in the consumer views on GMOs versus GE crops (e.g., Shew et al., 2018). Other studies found small (Delwaide et al., 2015) or considerable differences between the two techniques (Marette et al., 2021).
However, interpreting this as broad change of public opinion towards a more positive assessment of biotechnologies (Woźniak et al., 2021) appears to be premature. Rather, it appears that the European publics are not yet fully convinced of the benefits of genome editing applications (Bundesinstitut für Risikobewertung, 2017; Dallendörfer et al., 2022). What has emerged from opinion polls and survey studies on GM also holds true for genome editing: The crucial factor influencing the attitude towards various biotechnological methods is the type and purpose of modification (Mielby et al., 2012; LIS Consult, 2019). A recent study showed that across the countries covered (Austria, Canada, Germany, Italy, and the US; n = 3,698), a hypothetical HIV resistance in humans was considered the most acceptable, followed by mildew resistance in wheat, a virus resistance in pigs (PRRSV), and the production of allergen-free milk. These, in the widest sense, health-oriented applications were considered to be more acceptable than increased muscle growth in cattle (Busch et al., 2021).
Drawing on results of willingness-to-pay and willingness-to-consume (WTC) studies as an indicator of consumer acceptability led study authors to suggest a preference order conventional—cisgenic/genome edited—transgenic (Delwaide et al., 2015).
However, the experiences of the European debate on GMOs in the 1990ies and early 2000 suggest that a renewal of the once powerful alliance between certain Member States and influential groups in civil society and organic farming is not unlikely. In any case, one could expect a protracted debate difficult to resolve in the EU multi-level system.
DEVELOPMENTS IN OTHER REGIONS
Another European country, the United Kingdom, has just recently announced amendments to the legislation (UK Parliament, 2022). The Government is proposing GEOs to be exempted from GMO regulations, provided the genetic changes could also occur naturally or via existing conventional breeding techniques. As a first step, this exemption would apply to field trials in England only. In a second step, an amendment of the legal definition of GMOs is planned. This comes at a time when a recent online survey among UK residents showed the acceptability of GE plants was a bit higher than of GM plants (49% resp. 44%) (Ipsos MORI, 2021).
A very recent development likely to drive plant innovation and regulatory developments globally is the issuing of guidelines in China on genome-edited plants (U.S. Department of Agriculture, 2022). Like Australia’s recent decision on SDN1 events, in China it is recommended that genome-edited plants that do not contain exogenous genes, can be considered for safety evaluation. Safety evaluation involves review of the plants details and data related to biosafety and food safety by the Chinese Ministry of Agriculture and Rural Affairs. If the modified trait does not increase environmental or health risks an application can be made for a reduced testing package.
DISCUSSION AND CONCLUSION
The broader picture emerging from the developments reviewed in previous sections indicates new dynamics in social acceptability of GEOs in (up until now) some of the countries described above.
The main drivers for policy change in non-adopters seem to be similar in all jurisdictions explored, although with some differences across the countries studied. Strong pressure emerges from international trade with agricultural commodities and food/feed between countries without authorisation and labelling requirements for GEOs and others, which (still) do require GMO-type pre-market approval, labelling, and traceability. The technical inability to identify/measure certain types of GEOs makes it impossible to enforce the legislation and is expected to be associated with a variety of economic and legal risks (Grohmann et al., 2019). A number of genome-edited plants have already been commercialised, and more are to be expected. Besides United States, Canada, and Australia more than 15 jurisdictions have so far exempted certain GEOs from GMO legislation or established fast-track procedures, among them important agricultural exporters, e.g. Brazil and Argentina (Menz et al., 2020; Entine et al., 2021; Turnbull et al., 2021). As more jurisdictions will join this group, pressure will increase on jurisdictions, which regulate GEOs the same way as GMOs. Thus, the support of established public policies amongst politicians and certain stakeholders has declined, marking a major change in the socio-political dimension.
There is also increasing awareness that innovation in agriculture needs to address problems such as climate change which urgently require policy action. These new technologies are becoming more accessible for small to medium sized plant breeding business, as well as used for smaller seed markets, and therefore are likely to lead to a more diverse range of breeding innovations (Whelan et al., 2020; Purnhagen and Wesseler, 2021). Plant genome editing has potential to make important contributions to more sustainable agriculture, by developing plants that have clear environmental benefits (drought resistance, increased shelf-life etc.) and by contributing to biodiversity. In light of these developments, there is also political pressure mounting to utilize the potential of genome editing (Anders et al., 2021), another reason behind the declining support of existing regulations in non-adopting countries (and beyond).
Although some authors diagnosed a change in citizen/consumer views on GMO-related topics (An et al., 2019; LIS Consult, 2019; Muringai et al., 2020; Ipsos MORI, 2021; Ortega et al., 2022), the empirical studies reviewed in this paper (overview and references provided in Table 4) do not support this diagnosis—neither for the adopters nor for the non-adopters. When asked to state preferences, respondents are generally still opposed to GMOs and also opposed to GEOs—although to a lesser extent. Yet, this has to be taken with a grain of salt. Experiments observing actual purchasing behavior showed that stated preferences (SP) of consumers with regard to GMO food products differ from their revealed preferences (RP): people are more likely to purchase GMO food products than they are to say they would (Mather et al., 2012; Sleenhoff and Osseweijer, 2013). This is in line with findings from behavioral psychology that suggest that people tend to overstate their preferences, especially when it concerns products with moral implications (Johansson-Stenman and Svedsäter, 2012).
TABLE 4 | Recent studies on attitudes of citizens, consumers, or stakeholders towards genome-edited plants considered in this review.a
[image: Table summarizing research studies on public attitudes toward gene or genome-edited plants by geographical scope, method, target group, references, and inclusion in Beghin and Gustafson (2021) review, with countries and methods listed in columns.]At any rate, public opinion or consumer demand do not appear to be relevant drivers for policy development at present. Summarizing the recent dynamics in socio-political acceptability of genome-edited plants, there has been an increasing awareness that the legal regulations in non-adopting countries are no longer fit for purpose, leading to a decrease in support of current public policies amongst some politicians and stakeholders. However, the public opinion on the biotechnologies has hardly changed; a significant change, however, has occurred in public awareness regarding the importance of measures to prevent a climate catastrophe.
In the field of plant biotechnology, the introduction of genome editing techniques had direct effects first and foremost on the positions of stakeholders and political decision-makers, and less on the opinions of citizens. Studies that compare citizens’ or consumers’ perceptions of GMOs, GEOs, and other breeding techniques exist, but their findings have to be taken with caution. Across the countries covered, most people do not know about similarities and differences between GMOs and GEOs. Therefore, studies interested in consumers’ or citizens’ views on these techniques have to provide respondents with definitions. The task to write up definitions that are, at the same time, scientifically correct, straightforward and understandable, and ideologically unbiased is a huge challenge for researchers.
One aspect, however, that emerges very clearly from the comparison of consumer studies is that acceptability is significantly higher if the edit leads to sustainability benefits. This has markedly changed over the last years and can be interpreted as reflecting the increasing awareness of the challenges posed by the climate crisis and the increasing sense of urgency for action. This can be taken as an indication that—in parallel to the changes discussed in terms of socio-political acceptability—there is also a change in potential market acceptability. While it is too early for drawing firm conclusions, it seems possible that consumers in non-adopting countries might be open to purchase food produced from genome-edited plants if it has a clear environmental benefit.
Against this backdrop, policies have already been changed in one country of the non-adopter group. Japan has exempted GEOs without recombinant DNA (SDN1) from GMO legislation. Here, the change was driven by policy-makers without significant involvement of food value chain actors. Japanese retailers do not yet seem ready to accept the first genome-edited products which have entered the market. These products are made by start-ups and marketed via internet directly to consumers—thereby bypassing traditional gatekeepers in the food-value chain. In terms of the theoretical frame used for this review, this can be interpreted as yet another indication of an increased acceptability of consumers of food products derived from genome-edited plants (market acceptability).
Initiatives with similar goals can be observed in the EU, Norway, Switzerland, and the UK. Interestingly, in some countries, e.g., in Norway and Switzerland, companies and business associations active in the food/feed chain have not waited for policy makers to set the stage. In these countries, activities are led by stakeholders who previously strove for GM-free food/feed. Value chain actors made use of an organized protected forum to explore views and to coordinate steps towards more openness to GEOs, in Norway the review of corporate GMO policies, in Switzerland the activities in the context of the “Varieties for Tomorrow”. Seen against the backdrop of the triangle of social acceptability, we can analyze that market actors of the food value chain became proactive, but targeted socio-political acceptability rather than their own market sphere. This can be interpreted as a signal to policy makers and other stakeholders—intending to demonstrate their support of efforts towards increasing the socio-political acceptability of the technology and the related policies. Moreover, it might also imply that once socio-political acceptability is sufficiently stable, food value chain actors are prepared to take steps towards also stabilizing market acceptability, within their primary sphere of activities, the food value chain.
To be clear, these opening-up initiatives are confronted with challenges, which seem to differ between jurisdictions and appear to be particularly problematic for the European region. Some countries in this region have long pursued a no-GMO policy and strongly advocate a GEO = GMO policy. GMO-critical civil society groups partly in coalition with organic farmers, small-holder associations, and green parties were and still are active and influential on policy development in many European countries (e.g., Bernauer and Meins, 2003; van Schendelen, 2003; Kuntz, 2014; Tiberghien, 2015, Tosun and Schaub, 2017; Tosun and Varone 2021). Considering the requirement of the EU treaties to achieve majorities for amending legislation and the still diverse and polarized views, any policy change is likely to require compromises. Compromises in the European context could possibly include sustainability requirements and/or labelling needs—as indicated in European Commission documents (European Commission, 2021a; European Commission, 2021b). Here, considerable challenges and pitfalls are likely when implementing such compromises. E.g., how can sustainability requirements be linked to market access? Drawing on the experience with the disagreements in the GMO risk assessment when discussing broader socio-economic impacts in the EU (reviewed in Spök, 2010) a mandatory sustainability assessment similar to the Norwegian one is highly unlikely to work smoothly in the EU context.
Another challenge is ironically associated with established policies to make agriculture more sustainable. For the EU context, for instance, this includes a goal to reach a 25% share of total arable land dedicated to organic production by 2030 (European Commission, 2019b; European Commission, 2020a) compared to an average share of 8% in 2019. Even this 8% share is associated with total retail shares in the EU of 41 billion Euro (Willer et al., 2022) indicating successful pro-organic policies in the past and consumer demands for these products.
EU legislation does not allow GM ingredients in organic food products but tolerates traces of up to 0.9% authorized GMOs (zero tolerance for unauthorized GMOs). Assuming that GEOs equal GMOs it would still be unclear how to enforce 0.9%. The challenges for organic producers are, however, increasing dramatically, if certain GEOs would be exempted from the legal GMO definition (Purnhagen et al., 2021). In such a scenario, existing EU legislation would no longer require organic producers to avoid ingredients from GEOs. Yet, the world association of organic producers IFOAM, already excluded genome editing, along with other techniques, from organic farming for ethical reasons (IFOAM, 2017). In such a scenario, organic producers are likely to find themselves in a risky business environment. In order to avoid GEO ingredients in their products existing certificate schemes would need to be extended without the possibility for double-checks by accredited laboratories. This is likely to results in additional burden on organic producers, leading to liability issues and affecting consumer trust. As regards European countries, this would affect in particular those which have already reached high shares of organic farming, e.g., Austria, Sweden but also Switzerland.
These challenges, in principle, also apply to GMO-free food products, which, at least in the EU, is a significant market. According to self-estimates, their share in German and Austrian retail amounts to some 10 billion Euro (European Non-GMO Industry Association, 2022). GMO-free production is in most cases guided by private standards and definitions. Therefore, these producers would in principle be more flexible than organic producers to accept food and food ingredients from GE plants if they are not considered GMO. In a scenario where GEOs would still fall under the legal definition of GMOs they would also be flexible to adjust their criteria. It cannot be excluded that labelling schemes would respond differently and thereby compete each other with different versions of GMO-freeness. Therefore, both scenarios would bring considerable challenges for the GMO-free sector.
Even if the remaining non-adopters would open up for GEOs, another challenge remains. As outlined in Table 5 slightly different criteria are emerging in different jurisdictions for exempting GEOs from GMO legislation or regulating them differently. If commodities and food products which do not need a pre-market approval and labelling could only be traded with some but not with other countries, this is likely to hamper international trade. The enforcement of legislations would become highly complex if, for instance, some countries were exempting SDN1 while other are also exempting SDN2; if some need proof of absence of off-targets while others do not. Efforts to internationally harmonise definitions and rules, therefore, would be the only way to avoid such a situation.
TABLE 5 | Scope of legal exemptions or amendment for genome-edited plants established or proposed in the jurisdictions considered.
[image: Table compares gene editing regulatory approaches in several countries, presenting jurisdiction, legal scope, permission needed, risk assessment, and labelling requirements for each, with most showing variation in regulatory requirements and processes.]Looking again at the broader picture and reflecting on the prognoses of Ishii and Araki (2017) it appears that they correctly anticipated what happened at the policy level in Japan and New Zealand. They also seem to have correctly predicted the path the United Kingdom has taken post-Brexit. As regards the EU the situation is however, still unclear: considering the recent development described in this paper and the opening-up initiatives in Norway and Switzerland as indicators, it still seems possible that the EU could amend its GMO legislation to establish a more enabling legal environment for certain genome-edited plants and derived products. Considering the large EU trade volume for agricultural commodities—185 billion Euros exports and 143 billion Euros imports (Eurostat, 2021)—this is likely to have an impact on the policy development in countries with a significant share in food trade with Europe.
A powerful narrative is emerging, that focuses on how genome-edited crops can be a tool to reduce the impact of our agriculture on the climate and environment. Food value-chain actors, which have been extremely shy in public arenas and navigated on the markets in an ultra-precautionary way, are becoming proactive towards opening-up for GEOs on the level of public policy. This may serve as a wake-up call for certain environmental groups and organic farmers to review and reconsider their policies on genome editing. Considering the urgency of the happening climate crisis, we cannot afford to continue with the carte-blanche pro-con discussions in the same way as in the last 30 years.
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FOOTNOTES
1A different interpretation by van der Meer et al. (2021) is that the ruling has to be interpreted in a more narrow way. Following their line of thoughts, it is unclear whether at all and how genome-edited organisms are covered by Directive 2001/18/EC.
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In Europe, root chicory and other plants are cultivated for their prebiotic food fiber, inulin, which boosts the growth of beneficial gut bacteria and stimulates the human immune system. CHIC, a H2020 project, develops new chicory variants which produce more and reported to be healthier inulin as well as medicinal terpenes. This paper presents an environmental and socio-economic assessment of the whole value chain of the new chicory variants and their derived products using a case study based in the Netherlands. Two scenarios based on new chicory variants using new plant breeding technologies (NPBT) are analyzed and impacts thereof are compared to the reference scenario; the current commercial inulin process from conventional chicory. Both scenarios show higher inulin content, but the inulin adsorption process differs. While one aims to optimize inulin yield, the other one explores the potential of a multipurpose use, yielding inulin and health beneficial terpenes. Methodologically, we employ multi-regional input-output (MRIO) analysis to estimate additional economic benefits, added value and job creation, while by means of life cycle assessment (LCA) effects on greenhouse gas (GHG) emissions and primary energy demand are derived. Both methods, MRIO and LCA, are well suited to analyze the raised issues and draw on the same data. Generally, the results highlight the importance of inulin production at a national and EU-level in the reference scenario. In case of the two scenarios, we find that the related socio-economic impacts are much higher than in the reference scenario and thus highlight their ability to boost economic activity and increase competiveness of the EU, i.e. over 80% of the generated value added stays in the EU. In terms of environmental impacts, the two scenarios show lower GHG emissions and primary energy demand due to the higher efficiencies of the process in the scenarios compared to the reference inulin process. Additionally, regarding the goal of climate neutral production, we find that the majority of GHG emissions stem from the electricity mix and natural gas demand. Replacing these sources of energy with more renewable ones will contribute to this goal.
Keywords: LCA, life cycle assessment, socio-economic assessment, inulin, chicory, new plant breeding, GHG emissions, value added

INTRODUCTION
The two cornerstones of, the European Green Deal, Farm2Fork (COM 2020a) and the Biodiversity strategy (COM 2020b), provide the goal of a fair, sustainable, healthy and environmentally friendly food system in Europe. In the future, the food system and food supply is going to face a variety of challenges such as climate change induced increase of adverse weather conditions as well as threats to plant health, environmental pollution, rising land consumption as well as deforestation and resource dependence abroad (IPCC, 2022). Plant breeding is one strategy to achieve the long-run goal of a sustainable, robust and resilient European food system. In the past, innovations in plant breeding led to an increase in the average yield per hectare and hence brought positive economic, social and environmental effects (Noleppa and Cartsburg 2021; Smith et al., 2021, Jones et al., 2017). However, it is evident that conventional breeding approaches restrict the number of crop improvements due to their limited genetic diversity. New plant breeding technologies (NPBTs), have rapidly emerged in recent years, due to their ability to accelerate crop improvement through the introduction of genetic variation in a targeted manner (Ricroch 2019; Ricroch et al., 2022). These NPBTs drive the development of traits in new crops and allow for biofortification, yield improvements, and enhanced pest and disease resistance, adaptation to climate change, and result in new industrial and pharmaceutical applications (Ricroch 2019).
In the H2020 CHIC project (H2020-NMBP-BIOTEC-07-2017, GA No. 760891), NPBTs were implemented in root chicory, in order to establish it as a multipurpose crop and as a sustainable approach to produce dietary fiber, inulin, with enhanced prebiotic effects that promote gut health. Drawing on the new variants generated in the CHIC project (Matos et al., 2020; Baixinho et al., 2021; Cankar et al., 2021; Häkkinnen et al., 2021; Matos et al., 2021), and their bioactive characteristics, this paper assesses the socio-economic and environmental impacts of the new chicory variants using the case study site of Sensus BV production plant, located in the Netherlands. More precisely, the socio-economic assessment quantifies production, output of goods and services, value added and number of jobs, while the environmental assessment calculates the resulting greenhouse gas (GHG) emissions and cumulated primary energy demand. In doing so, this study extends the literature twofold: First, we enrich the debate on effects of dietary fiber by assessing socio-economic and environmental impacts. Second, we show how the application of new plant breeding technologies influences these impacts.
Root chicory (Cichorium intybus var. sativum) is an herbaceous plant with a fleshy taproot that can grow up to 75 cm in length (Baert and Van Bocksdaele 1992; Street et al., 2013; Häkkinen et al., 2021). It is predominantly grown in the North-West of Europe and is the main source of the dietary fiber inulin (Van Arkel et al., 2013). The taproot contains an average inulin content of 17% by fresh weight and a typical root yield is of 45 tons per hectare (Wilson et al., 2004). Currently the global acreage of root chicory amounts to around 14,500 ha (FAOStat 2017). Root chicory also contains normally a large amount of sesquiterpene lactones (STLs) (Cankar et al., 2021). Some of them show medicinal properties such as anti-inflammatory, anti-cancer and analgesic activity and therefore these ingredients are studied in medical applications (Chadwick et al., 2013). Consequently, due to its biosynthetic capacity, high yields and low agronomic requirements, chicory has high potential to become a versatile production host for molecular farming by providing many additional health-related products (Meijer and Mathijssen 1992). These include immunomodulatory prebiotics (Roberfroid 2008) and pharmaceuticals to prevent lifestyle diseases [e.g., obesity (Antal et al., 2008)], to promote gut health, to stimulate the immune system (Bodera 2008) or as alternative antibiotics (Sinkovic et al., 2017; Peña-Espinoza et al., 2018). To achieve this, new chicory variants need to be developed. However, chicory breeding is currently exceptionally time-consuming (Baert and Van Bocksdaele 1992; Red'ko et al., 2008; Shoorideh et al., 2014). Since it is an obligatory outcrossing species, no true varieties can be obtained and germplasm is maintained by in vitro propagation. Therefore, chicory is a highly relevant case where new plant breeding technologies (NPBTs) can make a key difference.
Inulin is a natural, low-caloric value, water-soluble dietary fiber (see EC 1169/2011, Alinorm 09/3/12, March 2009) found in a variety of fruits, vegetables and herbs. The gut bacteria transforms inulin to short chain fatty acids contributing to local and whole body health (Ahmed and Rashid, 2019; Roberfroid 2008; Liu et al., 2022). Currently it is mainly applied as a food fiber supplement and low-calorie sweetener in various food products (e.g., dairy products, confectionary, infant food), but has gained increasingly in importance in cosmetic as well as pharmaceutical applications (for an overview see Cankar et al., 2021). Inulin affects physiological and biochemical processes, which leads to positive health impacts and reduces the risk of many diseases (Street et al., 2013). The inulin market size is well over 200 kilo tons, with a global market volume of around 1 billion USD in 2021 (Market research international, 2022). The three biggest exporters of inulin are Belgium, Chile and the Netherlands with a total share of around 99% of the total exports (BACI database, 2020).
To the best of our knowledge, studies analyzing socio-economic and environmental impacts of nutrient fibers, even based on conventional breeding technologies, are scarce. Although the debate on human health effects of dietary fiber such as inulin has greatly increased in importance in the recent years (see Dahl and Stewart 2015; Zhao et al., 2018; He et al., 2022), the resulting socio-economic and environmental implications are still under-researched. The main reason is the lack of data availability and insufficient data quality (Gomesz-Barbero et al., 2008; Smale et al., 2009). In order to assess the socio-economic and environmental implications of dietary fiber, the whole value chain, including every production stage, from cradle, i.e. cultivation to gate, i.e., industrial processing, has to be analyzed.
Still, the evaluation of socio-economic and environmental impacts of bio-based innovations are frequently applied in the fields of bioenergy, biomaterials, biochemicals and the food sector. Applications of bio-based innovations are various and comprise biomass-based energy (Van Dam et al., 2010; de la Rúa and Lechón 2016; He et al., 2016; Perrin et al., 2017; Weik et al., 2019; Lozano Miralles et al., 2020; Auer and Rauch 2021.), biofuels (De Carvalho et al., 2016; Ji and Long 2016; Lechón et al., 2019; Jeswani et al., 2020; Wang et al., 2020) and biomass-based materials and chemicals (Valente et al., 2018; Ruiz Pachón et al., 2020). Assessments in the food sector focus on crops as well as crop-based products (Notarnicola et al., 2017; Cederberg et al., 2019; Kulmer et al., 2020; Garcia Gonzales and Bjornsson 2022), milk and milk based products (Revéret et al., 2015; Romano et al., 2021), vegetables as well as meat (Torrellas et al., 2012; Mugumaarhahama et al., 2021; Wilfart et al., 2021; López-Andrés et al., 2018) and food production in general (Gunasekera and Finnigan 2010).
The paper is organized as follows: we describe materials and method in Section Materials and methods. Section Results reports the results for the socio-economic and environmental impact assessment, while we discuss our main findings and draw conclusions in Section Discussion and conclusion.
MATERIALS AND METHODS
In this section, we provide details on the methodologies used for the socio-economic and environmental impact assessment; the multi-regional input-output model is used for the socio-economic impact assessment and the life cycle assessment is used to assess environmental impacts. This is followed by a detailed description of the different scenarios and the case-study site.
Multi-regional input-output model
Methodologically socio-impact assessments mainly use multi-regional input-output analysis (for an overview see Brinkman et al., 2019), because they can differentiate between direct, indirect, and induced effects and can include multiple impacts in contrast to computable general equilibrium (CGE) and partial equilibrium (PE) models. MRIO models have the ability to trace the whole production process from its origin via intermediate production stages to its final destination. The tracing starts with primary inputs like labor, capital, land or other environmental goods and ends at the final consumption of produced goods and services (Steen-Olsen et al., 2012; Weinzettel and Wood, 2018; Kulmer et al., 2020). Due to the interregional interlinkages, regions where the effects materialize (e.g., where value added is created) and activities that generate economic activity elsewhere (i.e. cause the largest spill-over effect) are easily identified (Lenzen et al., 2012; Giljum et al., 2015).
MRIO models are interconnected linear equations that represent, commonly in monetary values, the flows within the global economy. We can use the matrix notation to describe the different elements of the equations system and how the total output of the global economy is either used by industries as intermediate inputs, or to satisfy final demand. In order to enhance readability and clarity for the reader we abstract from a sector disaggregation:
[image: Mathematical expression showing a vector added to the product of a matrix and two vectors: a column vector of variables X sub one to X sub R equals a block matrix A with elements A sub ij, multiplied by a column vector of X and Y variables, then added to a column vector of Y variables.]
[image: Mathematical notation showing a capital X with a lowercase i as a subscript, commonly representing the ith element in a sequence or dataset.] denotes the column vector of total output by economic sector in country i [image: Mathematical expression showing an open parenthesis, i comma j element of set R, close parenthesis.]. A is a coefficient matrix describing input per output ratios in the production of these sectors with [image: Mathematical notation showing A with subscripts i and j, representing an element in the i-th row and j-th column of a matrix A.] denoting inputs from sectors in country i required to produce one unit of output from each sector in country j. [image: Mathematical notation showing uppercase letter Y with a lowercase subscript i.] is a column vector of total final demand for the output of country i.
This equation can be transformed into [image: Mathematical equation showing X equals the inverse of the quantity I minus A, multiplied by Y, commonly used in input-output analysis or linear algebra.], where [image: Mathematical expression showing the inverse of the matrix difference between capital I and capital A, written as open parenthesis I minus A close parenthesis to the power negative one.] describes the Leontief inverse matrix [image: Italicized uppercase letter L in a serif font, displayed in black against a white background. Commonly used as a mathematical variable or symbol in equations and scientific notation.], which represent the output multipliers in relation to final demand. Given any final demand, the total output needed to meet that demand is simply the product of the Leontief inverse matrix, and the final demand. That is the direct and indirect requirements per unit of final demand.
Through the MRIO analysis, we can estimate the total output in monetary terms that will be produced by the different sectors in the economy in order to satisfy the intermediate and final demand of goods and services. Eq. 1 can be also decomposed as follows:
[image: Mathematical equation showing X equals the quantity I plus A plus AA plus AAA continuing to A raised to the n, all multiplied by y, labeled as equation two.]
where [image: Mathematical expression showing a capital letter I with a subscript lowercase y, commonly used to represent a variable or function indexed by y.] are the direct impacts and [image: Mathematical expression showing open parenthesis A y plus A A y plus ellipsis plus A to the n y, close parenthesis.] are the indirect as well as induced impacts. The value added multiplier is given by [image: Mathematical expression showing the Greek letter nu followed by an uppercase italic L, commonly used to represent variables or parameters in equations.], where the vector [image: Mathematical equation showing the Greek letter nu is equal to the variable V divided by the variable X.] and where the vector [image: Italic uppercase letter V in a serif typeface, centered on a white background.] represents total value added from countries and industries. Analogously, the employment multiplier is given by [image: Italicized mathematical expression showing the variable e followed by subscript L.], where the vector [image: Mathematical equation showing lowercase e equals uppercase E divided by uppercase X.] and where the vector E represents employment by sector and country.
The MRIO model is calibrated to the EXIOBASE version 3 data (Wood et al., 2015; Stadler et al., 2018) of 2019. The model comprises 163 industries and covers 44 countries and five rest of the world regions by continents. From the several MRIO databases such as WIOD, EXIOBASE, EORA, OECD Inter-Country Input-Output and GTAP available to conduct global analysis we choose EXIOBASE based on the following criteria: 1) high resolution of CHIC relevant sectors such as numerous agricultural activities, food sectors, food processing industries and pharmaceutical, 2) number of regions and countries depicted, 3) extensive satellite account of environmental, economic and agricultural aspects as well as 4) most recent dataset with a consistent annual global MRIO tables for the time span 1995–2019 (note that from 2011 on the MRIO tables are projections).
Life cycle assessment
We apply the method of an attributional “Life Cycle Assessment (LCA)” to assess environmental impacts of a product. LCA has become a standard methodology to assess environmental impacts, defined in the International Standards ISO 14040 (International Organization for Standardization, 2006): LCA is a method to compile and assess the input and output flows as well as the potential environmental impacts of a product system during the various stages of its life cycle. Environmental impacts include the use of natural resources and the effects of emissions. The stages include extraction of raw materials, manufacturing, distribution, product use, recycling and final disposal (from cradle to grave/gate) (ISO 14040, International Organization for Standardization, 2006). In this study, we apply a “cradle to gate” assessment and the impacts focused on are greenhouse gas (GHG) emissions and primary energy demand.
Methodologically, an LCA is structured in four consecutive stages: 1) goal and scope definition (including a clear definition of the functional unit, system boundaries—see Figure 2—and associated assumptions); 2) life cycle inventory (the compilation of all the inputs and outputs respectively from and to nature associated to all processes that form part of the system’s life cycle); 3) life cycle impact assessment (in which the full inventory of inputs and outputs is translated into a number of aggregated metrics of environmental impacts); and 4) interpretation (in which results are discussed and compared to suitable benchmarks) (for details see ISO 14040, International Organization for Standardization, 2006).
For the assessment of the contribution of the GHG emissions, the global warming potential on 100-year time horizon (GWP 100) is used. The GHG—CO2, CH4, N2O—are expressed in terms of equivalent amount of CO2 (CO2-eq). Therefore, the CO2-eq factors are taken from (Myhre et al., 2013) using the factors including climate carbon feedback. Direct and indirect emissions are included in the assessment. CO2 emissions from burning biomass are balanced zero according to IPCC guidelines (IPCC, 2019). The cumulated primary energy demand (in MWh) includes the total energy demand (fossil, renewable, other) of all process steps of the inulin production.
Two types of data are used in the LCA calculation—namely foreground and background data. Foreground data is mainly based on the information collected from the case study site by Sensus BV; details are provided in Section Scenarios. Background data for materials, fuels and transport is mainly gathered from the database Ecoinvent 3.7.1 (Wernet et al., 2016), for some information, GEMIS 5.0 (IINAS 2021) is used. Information on the electricity mix for the Netherlands is drawn from European Commission (2020).
Both assessments—the MRIO model and LCA—use a production-based approach and build on the same assumptions, allowing a consistent combined analysis of economic and environmental impacts. Both approaches evaluate the whole upstream supply chain.
Scenarios
In this paper, we study the whole value chain of chicory based inulin with all production stages (Figure 1) based on the case study site; the production plant of Sensus BV., located in the Netherlands. In general, chicory roots are harvested from September to December (in the northern hemisphere and depending on the local weather conditions) (Gordon et al., 2018). The harvested roots are then transported to the factory, where they are washed, chipped and cleaned. Next, the roots are extracted with hot water, after which subsequent purification steps are applied to remove proteins, minerals, polyphenols, organic acids and sesquiterpene lactones (herein after “terpenes”). The type of purification and the order of process steps may differ but ultimately, the liquids in the purified process stream are evaporated and spray dried to yield pure inulin (Paine et al., 1932; Leclercq and Hageman 1993; De Leenheer 1996; De Leenheer and Smits 1999; Oliveira and Park, 2008). The common denominator of all current commercial inulin processes is that the processes are devoted to the purification of inulin without a lot of focus on the purification of other potentially valuable components. Of course, side streams are processed in the most optimal and sustainable way.
[image: Flowchart illustrating inulin extraction from agricultural production to harvesting, transport, and extraction process, with inputs such as fertilizer, machinery, labor, chemicals, energy, and other resources, resulting in inulin as a food ingredient and terpenes as a nutraceutical.]FIGURE 1 | Activities included in the analysis–simplified scheme.
The current status quo of inulin production from conventional chicory serves as reference scenario and describes the current commercialized process. Two NPBT scenarios are analyzed and impacts thereof are compared to the reference inulin process. The scenario “Improved inulin process” denotes NPBT chicory with a higher inulin content, hence enabling a higher yield of inulin compared to the reference scenario. Although the process choice is similar to the current inulin production process, the reduction of terpenes in the NPBT chicory variants results in a reduction of required purification steps with respect to the current process. It must be understood that the breeding results from the CHIC project did not result in a chicory variant with a higher inulin accumulation per plant. The resulting variant appeared to have a downregulated stress reaction to cold and folium reduction. In the reference case, chicory will breakdown inulin under typical seasonal stress conditions that occur during autumn (increasing cold periods and degradation of leaves). Logistically, this period is roughly in the middle of the harvesting period of the inulin campaign and, thus, has an impact on the yearly overall inulin content available for extraction. By reducing this stress reaction, the average reference inulin level will be retained longer during the harvesting period and thus result in an overall higher content and yield of inulin per year. For comparison reasons, this overall higher inulin content has been represented in a percentual increase per plant in the scenario calculations (19% instead of 17%). The scenario “Multi-product process” denotes a multi-ingredient process, where NPBT chicory has not only a higher inulin content but also includes specific health beneficial terpenes. Thus, in a different adsorption process, two products are yielded, inulin (same amount and quality as in the improved inulin process) and terpenes (applied as nutraceuticals). In general, optimizing a specific trait by breeding can lead to undesired tradeoffs on other aspects. In both scenarios that are presented in this paper, the results of the breeding experiments were grown in greenhouses to full plants. Although greenhouse conditions are different to open field conditions, the greenhouses were by no means sterile environments but required given the current regulatory status of the NPBT techniques that were used. The fact that fully grown plant could be harvested gave us confidence that these traits can result in a viable commercial crop.
Supplementary Appendix Table SA1 provides information on the characteristics of the assessed scenarios. It is assumed, that the chicory variants in the two NPBT scenarios are not considered genetically modified organisms (GMO), due to the European Court of Justice ruling of 2018 (European Court of Justice, 2018). When the new chicory variants are deemed to be GMO (which they currently are by ruling of the European Court of Justice), only a non-food value chain remains feasible since it is not foreseeable that food (supplement) applications on the European market are viable for ingredients from GMO crops.1
In order to compare the two NPBT scenarios to the reference scenario, the same set of assumptions regarding cultivation (open field cultivation on the case study area), annual average yield (46 t chicory per ha), market value of inulin (about 2 k € per t; product quality is equal to the current commercial product) and terpenes sold as a concentrated syrup (about 200 k € per t active ingredient) underlies the analysis. The use of fertilizer and pesticides per ha are assumed equal in both scenarios and the reference scenario. Due to the actual state of knowledge, it cannot be assumed that the new chicory variants need a higher or lower amount of nutrients or pesticides. The main difference between the NPBT scenarios and the reference inulin process is the inulin content of chicory roots. While in the reference scenario the average inulin content of 17% is assumed, the NPBT scenarios are characterized by a significantly higher inulin content of 19%. Consequently, on the one hand, production output in physical and monetary terms exceeds the one of the reference inulin process and on the other hand, we find higher efficiencies in terms of inulin yield per ha land. Costs and emissions of infrastructure construction such as buildings or large-scale machinery are irrelevant and thus not included in our assessment, as all scenarios show the same requirements. Additionally, the side stream chicory root pulp is not considered in our assessments due to the low economic value and hence negligible nature. Details on the economic and environmental performance of each scenario are illustrated in Section Economic and environmental performance of scenarios.
Data on farming of chicory and inulin as well as terpene production stems from Sensus BV the case study site of the CHIC project. Sensus BV is one of the largest manufacturers of chicory inulin and involved in the complete supply chain from farm to health promoting ingredient. Sensus BV provided data and assumptions on the current commercial process of inulin production as well as business cases based on modelled data on the inulin and terpene production of NPBT chicory variants. Furthermore, Sensus BV provided information on open field cultivation of chicory. Guidelines for farmers on cultivation of chicory in Netherlands and continental Europe (Wageningen University & Research (Ed.), 2018) complemented data of Sensus BV. Data on the bio-activity and hence on content of inulin and terpenes of chicory used to derive the business cases of the two NPBT scenarios stem from experiments in the CHIC project (Matos et al., 2020; Baixinho et al., 2021; Cankar et al., 2021; Häkkinen et al., 2021; Matos et al., 2021). Additionally we draw on pertinent studies to validate key assumptions on price of key parts, such as seeds, and productivity changes of NPBTs (Garcia-Yi et al., 2014; Noleppa 2016; Jones et al., 2017).
The MRIO analysis calculates the socio-economic impacts associated to a final demand of goods and services, denoted as y in the previous equations (Eq. 2). Thus, it is necessary to specify all goods required along the analyzed industrialized value chain and to identify the sectors that supply them in the economy to build the final demand vectors y (de la Rua and Lechón 2016; Wang et al., 2020). In this study, the final good is inulin and in one case inulin and terpenes, which we define by all goods and services necessary required to yield the respective final good (details are described in Section Economic and environmental performance of scenarios). This approach of tacking a step back and specifying the whole value chain is state-of-the art in MRIO analysis (Miller and Blair 2009).
Similarly, the goal of the LCA is to calculate the respective environmental impacts “from cradle to gate” (as mentioned also in Section Life cycle assessment) of the derived inulin product on a yearly basis and uses the functional unit of 1 t inulin leaving the production process. Therefore, the mass and energy balance of the whole value chain is needed to translate the yearly in- and outputs to environmental impacts. The system boundary (Figure 2) include the production of input substrates (e.g., fertilizers, pesticides) needed for cultivation and harvesting process, the transport to the production facility, the auxiliary materials and auxiliary energy needed in the production process. An average transport distance of approx. 100 km of the roots to the processing location is assumed. For comparison reason an allocation in the scenario “multi-product process” is needed. There are different allocation methods (see e.g., ISO 14040, International Organization for Standardization, 2006) that allocate GHG emissions and primary energy demand to the main and secondary products according to mass, energy content, exergy content and economic value added. Regarding the estimation of GHG emissions and primary energy demand, an allocation by mass in tons of the derived products inulin and terpenes is most suited, and the impacts are allocated to the amount of inulin produced.
[image: Flowchart illustrating insulin production from agricultural land, including cultivation and harvesting, transport, and extraction processes, with outputs of insulin as a food ingredient and terpenes as nutraceuticals, and noting system boundaries and auxiliary inputs.]FIGURE 2 | System boundary of the scenarios in the LCA.
RESULTS
The results section is structured as follows: First, we provide data and details on assumption underlying the socio-economic and environmental impact assessment. Second, the socio-economic impacts regarding production output of goods and services, value added and job creation for all scenarios with sectoral and regional details are illustrated. Third, in a similar vein, resulting environmental impacts regarding GHG emissions and the primary energy demand of the scenarios are discussed. Both assessments focus on the comparison of the effects of the two NPBT scenarios with the reference inulin process.
Economic and environmental performance of scenarios
Based on the activities required along the whole process and the associated costs, we have calculated the economic performance of inulin and terpenes from chicory. Table 1 shows the aggregated costs of the whole value chain for each scenario (details are reported in Supplementary Appendix Table SA2). The final demand vector for each scenario describes the costs in monetary units required to cultivate, harvest, wash and chip chicory, its transport and storage as well as the final process in the factory to get inulin and terpenes. Table 1 reports the cost vectors, which are then used to calculate the socio-economic effects associated to the system. Note that, the socio-economic assessment assumes that in all three scenarios the same amount of chicory (i.e., 60,000 t) is harvested. Consequently, the higher inulin content of chicory in the two NPBT scenarios enables a higher inulin yield and hence higher production output compared to the reference inulin process.
TABLE 1 | Cost vector of each scenario by sector aggregate.
[image: Table comparing cost distribution among Reference inulin, Improved inulin, and Multi-product processes, listing cost by sector in million euros and percentage share. Multi-product process has the highest total market value at thirty point zero three million euros.]In total, more than twenty activity sectors provide the goods and services required directly by the final demand. Although the production value is significantly higher in the NPBT scenarios, the technology and hence the economic structure are similar in all scenarios. Manufacturing goods and chemicals account for almost a quarter of total costs, while electricity used in the process to generate inulin and terpenes accounts for about 12%–14%. Although the cost share of fossil fuels is quite small, the multi-product process requires twice the amount (4%). Transport from and to the factory and services such as administrative, business and renting services are substantial cost categories. Agriculture costs are a bit higher in the NPBT scenarios, since gene edited seeds are more expensive than its conventional equivalent. Furthermore, the NPBT scenarios generate a higher amount of direct value added (Table 1) compared to the reference inulin process, which is calculated by subtracting of intermediary inputs from total revenues. More precisely, in the NPBT scenarios direct value added makes up half of total production output (in the reference scenario it is only a third). One reason is that due to the higher inulin content of chicory roots, farmers receive a higher price compared to the reference inulin process. In the multi-product process, the higher direct value added compared to the improved and reference inulin process, traces back to 1) higher capital demand due to a different structure of the multi-ingredient process and 2) higher revenues for farmers and the factory, due to the additional market value of terpenes.
For the environmental assessment, the mass and energy balance of the different processes is most important. Table 2 reports the main specifics of each scenario. The NPBT chicory variants based scenarios yield higher outputs in terms of inulin produced per t chicory root, due to a higher content of inulin (19%). To compare thethree scenarios the same amount of inulin produced (10,619 t inulin) per year is applied in the LCA in line with the functional unit of 1 t inulin. In the socio-economic assessment the comparison of scenarios is based on 60,000 t of harvested chicory roots in each scenario.2 The heating value of inulin and the chicory roots is equal in all scenarios and hence excluded from the comparison. Furthermore, as before mentioned, we need an allocation to include the environmental impacts resulting from the amount of inulin produced in the multi-product process. For the reference and improved process there is only one product (inulin) and it is allocated 100% of the GHG emissions and primary energy demand for the process. For the multi-product process, since there are two products (inulin and terpenes) the emissions and primary energy demand must be allocated between to each product. By mass allocation (applied in this study, see also Section Scenarios) in terms of t inulin and terpenes, approx. 83% of the total GHG emissions and the total primary energy demand are allocated to the amount of inulin produced. If we would apply a mass allocation using t dry matter of products, approx. 91% of the total GHG emissions and the total primary energy demand would be allocated to the inulin produced. If we would use an economic allocation approx. 74% of the total GHG emissions and the total primary energy demand would be allocated to the produced inulin, assuming the same market prices as in the socio-economic assessment (for details see Section Scenarios). Part of the life cycle inventory is included in Supplementary Appendix Table SA3.
TABLE 2 | Data on yield and energy demand of scenarios.
[image: Comparison table showing production and resource demand metrics for three processes: Reference inulin (lower inulin content, higher chicory root demand, 0.3 natural gas, 21 electricity), Improved inulin (higher inulin, lower root use, 0.3 natural gas, 19 electricity), and Multi-product (same inulin as improved, produces terpene mixture and active ingredients, higher natural gas at 1.2, 19 electricity).]Socio-economic impacts
Table 3 reports the production, value added and job generated of the global economy in order to satisfy the final demand of all goods and services required along all stages, from chicory sowing until the gate of Sensus BV to yield inulin and terpenes. As expected, due to the higher productivity of NPBTs, the socio-economic impacts are much higher than in the reference scenario; with the multi-product process showing the highest effects. In the latter the global economy produces about 74 M € of goods and services, from which almost 41 M € contribute to global GDP. Along with this increase in economic activity are positive employment effects with nearly 1,000 jobs. Socio-economic impacts of the reference inulin process and improved inulin process are similar regarding direction of effects, but on a smaller magnitude (two third of the multi-product process).
TABLE 3 | Socio-economic effects of each scenario.
[image: Table comparing the economic impacts of reference inulin, improved inulin, and multi-product processes. Metrics include production value, value added, jobs created, and various multipliers. Multi-product process yields the highest figures.]Using MRIO analysis enables us to decompose the socio-economic impacts in three types of effects: 1) The direct effect measures economic activity directly associated with the production of goods and services related to our systems (inulin and terpenes from chicory). 2) The indirect component measures the production of goods and services of the backward-linked industries supplying the direct goods and services. 3) The induced component measures the effects of increased income of the direct employees (all employees associated directly along the value chain with the production of inulin and terpenes). Figure 3 shows importance of these three impacts in each socio-economic effect. As expected, the induced effects have the lowest contribution in all scenarios, while the indirect effects has the highest one. In the multi-product process, indirect impacts contribute over 49 M € to total effects, accounting to over 65%. In case of employment, the importance of the indirect effect is even more pronounced and it generates more than 70% of the impacts in all scenarios. Value added is the category, where direct impacts are the highest (with a contribution of 30%–35%, depending on the scenario).
[image: Horizontal bar chart compares economic impact in million EUR and number of jobs for reference, improved, and multi-product insulin processes. Bars are segmented by direct, indirect, and induced impact, clearly labeled with values and color-coded.]FIGURE 3 | Direct, indirect and induced impacts per category (value added [M €], production of good and services (G&S) [M €], jobs [number]) and scenario.
In order to study in more detail the differences in impacts between the scenarios, we calculate final demand multipliers (see Table 3). Multipliers are values that quantify the economic impacts derived from a perturbation on the system. These include the direct consequence caused by the initial effects as well as the indirect ripples of the total effects on the economy (Miller and Blair, 2009). The multiplier effect is the ratio between the total economic impact estimated, denoted as X in the previous equations and the amount of money directly spent in the NPBT scenarios in terms of goods and services, denoted as y in the equations (and reported as total final demand in Table 1). The highest multipliers are gained in the multi-product process; thus when the final consumer requires 1 € of inulin and terpenes sold at the gate of Sensus BV, this generates a value added of 2.4 € and there will be a total production of goods and services in the whole economy equivalent to 4.3 € (direct, indirect and induced). The respective multiplier in the reference scenario and in the scenario with improved inulin process are slightly smaller. These results highlight the ability of chicory based inulin and terpenes to boost economic activity and increase competiveness of the European Union. The latter is also underscored by the regional allocation of impacts (see Figure 4). Not surprisingly, the highest impacts are found for the Netherlands. With a share of around 70% in case of value added and production of goods and services the impact is quite high. Due to strong EU-wide trade linkages, other European countries also profit. In total, nearly 80% of the gained value added and production output remain to the EU. However, turning to number of jobs we find that due to the comparably extremely low wages in Africa as well as South-East Asia in combination with the high importance of the indirect impact channel, these regions show the highest employment effects.
[image: Stacked bar chart comparing the shares of jobs, production of goods and services, and value added by region for three statistical classifications: reference, improved, and multi-products approaches. Color-coded regions include Netherlands, other European countries, Africa, Asia and Pacific, and rest of the world. Netherlands shows the highest share in all categories, with decreasing shares in subsequent regional groups.]FIGURE 4 | Distribution of indirect and induced impacts across regions.
One of the main advantages of MRIO analysis is not only to identify regions in which impacts occur but also the activity sectors with the highest contributions. Since direction of effects is similar in all scenarios, Figure 5 illustrates impacts on economic sectors on the example of the multi-product process (sectorial impacts on the two remaining scenarios are reported in Supplementary Appendix Figure SA1). Impacts on economic sectors depend on the indicator. Regarding value added and employment, the food products, crops, transport services, other business services and wholesale trade sectors benefit the most. The latter three also rank highest in terms of production output [image: Lowercase italic letter y in a serif font, typically used to represent a variable in mathematical or scientific notation.]. The results show that key service sectors, such as business services, wholesale trade, renting of machinery and telecommunication as well as manufacturing industries such as chemicals, electricity and metal are highly interconnected in the economy and thus benefit in all scenarios. The production of medicinal terpenes makes alternative input goods available to the medicinal and pharmaceutical industry—included in Other Services. Possible substitution effects were not considered in this analysis due to lacking information about new processes or products. On a regional perspective, the Netherlands are mainly responsible for the socio-economic impacts regarding value added and production output. In terms of employment, the impacts on number of jobs stem to a large degree from the Asian & Pacific region (on country level employment is most stimulated in China, India and Indonesia).
[image: Bar chart comparing 23 industries by value added, production of goods and services, and jobs on a multi-product process. Crops, fabricated metal products, and food products show high job numbers, while crops and chemicals have higher value added.]FIGURE 5 | Impacts of value added, production of goods and services (G&S) and jobs on economic sectors (Top-30 ranked sectors are illustrated).
Environmental impacts
Using LCA, the impacts on GHG emissions and cumulated primary energy demand of the whole value chain are quantified. Figure 6 shows the GHG emissions and cumulated primary energy demand of the analyzed NPBT scenarios in comparison to the reference scenario. The environmental impacts of the multi-product process are allocated to t inulin produced to enable a comparison (see Section Scenarios). The highest GHG emissions show the reference inulin process with 1.46–1.62 t CO2eq/t inulin, followed by the improved inulin process with 1.30–1.44 t CO2eq/t inulin and the multi-product process with 1.26–1.39 t CO2eq/t inulin. In relation to the cumulated primary energy demand, also the reference inulin process shows the highest amount with 7.16–7.91 MWh/t inulin, followed by the improved inulin process with 6.38–7.05 MWh/t inulin and the multi-product process with 6.14–6.78 MWh/t inulin. The higher inulin content in the chicory roots is important for the reduction of GHG emissions and cumulated primary energy demand of the NPBT scenarios. This effect is most visible by the comparison of the improved inulin process with the reference inulin process. While the improved inulin process show lower GHG emissions and the cumulated primary energy demand per t inulin by approx. 11% (0.15–0.18 t CO2eq/t inulin; 0.78 to 0.86 MWh/t inulin), within the multi-product process we see a reduction of approx. 14% (0.21–0.23 t CO2eq/t inulin; 1.02 to 1.13 MWh/t inulin) in comparison to the reference inulin process. The fossil primary energy demand contributes between 71% in the improved inulin process (4.55–5.03 MWh/t inulin) and the reference inulin process (5.11–5.64 MWh/t inulin), and 75% (4.60–5.08 MWh/t inulin) in the multi-product process to the total cumulated primary energy demand; the renewable energy demand between 22% (1.38–1.52 MWh/t inulin) in the multi-product process and 26% in the improved inulin process (1.63–1.81 MWh/t inulin) and the reference inulin process (1.83–2.03 MWh/t inulin), and the other primary energy demand by approx. 3% (0.16–0.24 MWh/t inulin) in all the scenarios. The multi-product process is characterized by a higher fossil primary energy demand, since the production process requires a higher amount of natural gas per t inulin.
[image: Bar chart graphic displaying three insulin production processes: reference, improved, and multi-product. The upper graph compares greenhouse gas emissions; the multi-product process yields the lowest, reference process the highest. The lower graph compares cumulated primary energy demand, following the same ranking.]FIGURE 6 | GHG emissions and cumulated primary energy demand of the new scenarios in comparison to the reference inulin production.
Focusing on the three main process steps (cultivation and harvesting, transport as well as processing of inulin), reveals, as indicated in Figure 7, that the highest contribution to the total GHG emissions (1.01–1.25 t CO2eq/t inulin, resp. 77%–80%) and the cumulated primary energy demand (5.13–6.42 MWh/t inulin, resp. 81%–84%) stems from the processing of the chicory roots to inulin. In contrast, the process step of transport contributes the smallest to the environmental impacts (0.11–0.16 t CO2eq/t inulin, resp. 9%–10% of the total GHG emissions, 0.49 to 0.73 MWh/t inulin, resp. 8%–9% of the total primary energy demand) in all scenarios. Due to the higher inulin content in the roots in the two NPBT scenarios, GHG emissions and primary energy demand are significantly smaller compared to the reference inulin process. This trend is observed in all process steps. However, comparing GHG emissions and cumulated primary energy demand of both NPBT scenarios reveals a similar magnitude with only negligible differences.
[image: Bar charts compare greenhouse gas emissions and cumulated primary energy demand for processing, transport, and cultivation and harvesting of reference, improved, and multiproduct inulin. Processing dominates emissions and energy use for all production methods.]FIGURE 7 | Contributions to the GHG emissions and cumulated primary energy demand by process steps (cultivation and harvesting, transport and processing).
Figure 8 shows the contributions of the different auxiliary materials and auxiliary energy required in the process steps of cultivation and harvesting and transport from the field to the factory. Therein the electricity mix is the dominant source of GHG emissions. The share of GHG emissions from electricity amounts to approx. 59% of the total GHG emissions in case of the improved inulin process (0.81 t CO2eq/t inulin) and the reference inulin process (0.91 t CO2eq/t inulin). The multi-product process shows with approx. 51% (0.68 t CO2eq/t inulin) the smallest but still substantial contribution of the electricity mix of the total GHG emissions. In contrast, the share of natural gas of the total GHG emissions is highest in the multi-product process (approx. 17%, 0.22 t CO2eq/t inulin), while it is significantly lower in the other two scenarios (approx. 5%, 0.06 resp 0.07 t CO2eq/t inulin). N2O emissions from the direct use of nitrogen fertilizer on the field are included using IPCC guidelines (IPCC, 2019). Direct nitrogen-fertilizer induced emissions in form of N2O are contributing by about 2% to total GHG emissions. In terms of shares of GHG emissions, the reference inulin process and the improved inulin process do not show any significant differences, however, in absolute numbers GHG emissions are much lower in the improved inulin process compared to the reference inulin process.
[image: Stacked bar chart compares greenhouse gas emissions for three inulin production processes: reference, improved, and multi-product. Multi-product process shows the lowest total emissions, reducing contributions from electricity, natural gas, and transport. Color-coded legend identifies emission sources.]FIGURE 8 | GHG emissions by auxiliary materials and auxiliary energy in cultivation and harvesting, transport and processing.
DISCUSSION AND CONCLUSION
Despite the relevance of inulin with respect to human health and the significant market value, chicory is still an underdeveloped crop on the available arable land in Europe. One reason is that other crops are more beneficial, in terms of earnings, for the farmers. New plant breeding technologies developed in the CHIC project (H2020-NMBP-BIOTEC-07-2017, GA No. 760891) result in chicory with a reduced stress reaction and as a result of that a higher overall inulin yield per year and additionally extract terpenes, health-related compounds, thus enabling higher productivity compared to conventional chicory (Matos et al., 2020; Baixinho et al., 2021; Cankar et al., 2021; Häkkinnen et al., 2021; Matos et al., 2021) and increasing the competitive value of chicory in the rotation cycle of the farmer. Two scenarios based on new chicory variants are analyzed and impacts thereof are compared to the reference scenario, which describes the current commercial inulin process from conventional chicory. Both NPBT scenarios show a higher overall inulin content resulting in a higher inulin yield per year, but the inulin adsorption process differs. While one aims to optimize overall inulin yield, the other one explores the potential of a multipurpose use, yielding inulin and health beneficial terpenes.
By conducting an environmental and socio-economic impact assessment of the whole value chain of the new chicory variants and their derived products, we find that NPBTs have the potential to 1) boost economic activity as well as competiveness and 2) reduce primary energy demand and lower GHG emissions.
More precisely, by applying multi-regional input output analysis, we find that inulin from new chicory variants creates more jobs and generates higher value added as well as production from goods and services throughout the whole economy, as the current commercial process based on conventional chicory. The impact of reduced inulin breakdown (and thus an overall higher inulin content) has a significant positive impact on socio-economic indicators. The highest impacts are gained in the multi-product process, where additional value added compared to the reference inulin process amounts to over 40 million EUR. The production of goods and services as well as the value added increase with 5 million EUR for the improved inulin process. What can also be seen, is that the value added of the multi-product process and thus also commercializing health promoting terpenes contributes even more (16 million EUR) in relation to the reference inulin production. Although not compared directly in this paper, it could be argued that commercializing the terpenes for the current crop without any breeding optimization would also be commercially attractive. From a regional perspective, nearly 70% of the generated value added accrue within Netherlands and over 80% are generated within Europe. Outside Europe, due to import leakage, Chinese and United States sectors are the most to benefit. Generally, the sectors most stimulated by the new processes are agricultural and food production, chemical sector, business services and transport. From a policy perspective, the ability of NPBT based value chains to improve EUs competitiveness and reduce foreign dependency requires an exploitation of their potential in regional and EU-wide food policy strategies.
In terms of environmental impacts, life cycle analysis (LCA) underscores how the inulin process based on new chicory variants leads to lower GHG emissions and cumulated primary energy demand in comparison to the reference inulin process. The main reason, as in the socio-economic assessment, for this positive effect of the NPBT scenarios roots in inulin content per t chicory. GHG emission reduction ranges between 11% and 14%, depending on the adopted process. Additional, regarding climate neutral production, we find that a reduction by 47%–53% of the total GHG emissions of the scenarios is possible by using a renewable electricity mix to cover the electricity demand in the processing step instead of the national electricity mix. The cumulated primary energy demand could be reduced by 22%–26% applying a renewable electricity mix. The national electricity mix of the Netherlands is relatively GHG intense since generation has a high proportion of natural gas (36%) and coal (18%) (European Commission, 2020).
Summarizing, from a socio-economic and environmental point of view, the multi-product process, is the most beneficial one. This is not surprising, given the fact that this process yields two products, inulin and terpenes. Still, also the improved inulin process generates positive economic effects and leads to lower GHG emissions as well as primary energy demand compared to the reference inulin process. On a broader perspective, in addition to the results gathered in this case study, it can be envisioned that the use of NPBT’s in chicory will impact human health by providing established health promoting ingredient like inulin more efficiently, but also to enable the production of new health promoting ingredients such as STL’s. The results of this study confirm that this crop improvement has a much broader positive impact through the whole production cycle starting with an improved competitiveness of chicory in the rotation cycle of the European farmer and resulting in broader positive economic and environmental effects for Europe.
It must be noted that both of the assessments have limitations. The accuracy of the impact assessment depend strongly on the quality of the input data. The modelled data for this case study are based on a research project. The assessment of the case study builds on the best data available. They are consistent across the scenarios compared. Still, in order to tackle the limitation of modelled data, we conducted robustness checks by means of sensitivity analysis and crosschecked with relevant literature. Sensitivity analysis by varying the inulin content (15%–21%) and the productivity (increasing and decreasing the chicory yield per ha) in the NPBT scenarios support our findings and still shows that in most settings, NPBT processes generate higher economic impacts. Similarly, assuming a higher yield of the new chicory variants per hectare by 50 t chicory roots per year instead of 46 t chicory roots per year, the total GHG emissions could be reduced by approx. 1%, while a lower yield by 40 t chicory roots per ha and year would raise the GHG emissions by approx. 2%. Future research could use data from successful field trials to evaluate the potential of NPBT based value chains to contribute to the goal of a fair, sustainable, healthy and environmentally friendly food system in Europe and to derive specific up-scaled scenarios to meet this objective.
LCA and socio-economic assessments contribute to understand not only the direct effects of a whole process, but also indirect and induced effects resulting from different products or processes. Although the socio-economic and environmental impacts estimated in this research reflect a very specific case study, and should be treated accordingly, these results could easily be transferred to other crops used for dietary fibers and nutraceuticals in Central Europe with similar agriculture cycle and therefore similar cost structure.
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FOOTNOTES
1The debate on the legal status of genome editing in the EU is ongoing and uncertain. The current EU legislation has clear implementation challenges and is not fit for purpose for some new genome techniques. The European Commission (European Commission, 2021) recommends that it needs to be revised to scientific as well as technological progress; in particular in the light of The European Green Deal, the Farm-to-Fork and the biodiversity strategy.
2Note that these differences due to the respective requirements of the socio-economic and environmental assessment, have no impact on the results and conclusions drawn.
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Adopters®

So-far non-adopters®

United States” Canada Australia Japan® New Zealand EU? Norway* Switzerland"
1992 1 — - - — - - .
1993 = = = — = — = =
1994 8 = = - — — = —
1995 2 15 5 - - - - -
1996 21 15 - - - - 4 -
1997 9 12 = = = — 7 =
1998 13 2 — - — 6 — —
1999 10 3 — - — — - -
2000 2 1 - - - - - -
2001 1 8 - - = - - -
2002 7 1 2 - — — - -
2003 2 1 14 - = — = =
2004 4 1 = 13 - - - -
2005 6 6 — 6 — - — -
2006 2 7 3 15 = = = =
2007 3 4 4 12 — 1 — =
2008 2 4 — 10 — — = -
2009 3 5 2 4 - — - -
2010 2 9 = 7 = 1 = =
2011 1 5 = 6 = - — =
2012 3 9 — 8 — — - —
2013 9 9 - 19 - - - -
2014 19 7 3 6 - — - -
2015 8 5 3 8 - 2 - -
2016 6 7 12 9 = — = =
2017 1 6 — 10 - — = =
2018 2 2 4 7 — — — —
2019 3 — - 0 — — - -
2020 1 = 1 1 - = - =
2021 3 - 3 4 — = - —
Total 184 144 56 145 0 10 11 0

*Adopter countries are countries that have authorised multiple events of GM plants and do actually cultivate them on more than 500,000 ha. Non-adoptersare cither countries which do not
have multiple events authorized and/or do not cultivate GM-plants on noteworthy arcas.

"Stacked events of registered single events are not included in the US list as they are not listed as they do not need a separate registration.

“No commercial cultivation despite approval; Japan has approved a lot of commercial GMOs for cultivation. However, commercial cultivation has been done very limited. The country has

not adopted the cultivation of GMO crops even though they would have the possibility to do so.

*Commercial cultivation with one event only in some regions of the Union (Spain and Portugal), the EU had once more commercial crops approved for cultivation but approval was expired
in most cases. Cultivation is exempted in some member states through Directive (EU) 2015/412 (opt out).

“Only cultivation of blue carnation for decoration purposes allowed.
‘Moratorium for commercial cultivation in place since 2005.
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Year Adopters” So-far non-adopters”

United States Canada Australia Japan New Zealand EU Norway Switzerland

1993 2 - - - - - - —
1994 — 3 — — - 1 — —
1995 54 23 - - - - - -
1996 40 41 — - - 3 — 1
1997 16 32 — — — 12 — —
1998 63 8 - - - 9 - -
1999 11 13 - - - - - -
2000 8 8 9 10 — — — —
2001 4 3 12 31 21 — — —
2002 1 2 18 6 6 9 - 1
2003 3 5 2 46 46 — — 1
2004 16 2 3 6 6 1 —

2005 8 14 4 17 17 3 - 1
2006 0 8 4 16 16 £ — —
2007 10 4 3 20 20 12 - -
2008 8 6 4 4 4 8 - -
2009 6 6 3 6 6 10 - —
2010 4 5 5 27 27 20 — —
2011 12 14 5 17 17 12 - -
2012 16 18 7 16 16 12 — —
2013 12 6 1 38 38 23 — —
2014 10 18 10 19 19 0 - -
2015 20 12 2 23 23 36 — —
2016 11 14 27 32 32 18 — —
2017 8 12 9 21 21 20 — —
2018 8 8 8 13 13 12 - -
2019 4 — — 3 6 — — —
2020 2 3 4 4 5 2 — —
2021 10 54 2 10 5 - — —
Total 370 293 142 375 142 226 n 4

"Each authorisation is counted: combined food-feed authorisation of an event possible in some jurisdictions and some time periods count as one authorisation, separate authorisations for
food and feed for the same event counts twice.

®Adopter countries are countries that have authorised multiple events of GM plants and do actually culfivate them on more than 500,000 ha. Non-adopters are cither countries which do not
L s
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Geographical scope

Method

Target group

References

Reviewed in
Beghin

and Gustafson
(2021)

Australia Questionnaire Citizens Batalha et al. (2021) N
Canada Choice experiment Consumers Muringai et al. (2020) Y
Canada Questionnaire Consumers Yang and Hobbs (2020) :
Canada Questionnaire Value chain stakeholders ~ Smyth et al. (2020) N
Canada Survey Consumers Vasquez Arreaga (2020) Y
Canada Survey, choice experiment Consumers An et al. (2019) '
Canada, United States, Austria, Questionnaire Citizens Busch et al. (2021) ¥
Germany, Italy
China Choice experiment Consumers Ortega et al. (2022) ¥
Europe, United States, Japan Survey Value chain stakeholders Jorasch (2020) N
Finland Interviews, survey Citizens Wessberg et al. (2021) N
France Qualitative sorting exercise Citizens, value chain Debucquet et al. (2020) N
stakeholders
France, United States Choice experiment Consumers Marette et al. (2021) X
Germany Discourse analysis na. Siebert et al. (2021)
Germany Focus group interviews Citizens Bundesinstitut fiir N
Risikobewertung (2017)
Germany Macro-economic simulation na. Maaf§ et al. (2019) N
Germany Qualitative interviews Citizens Friedrich (2020) N
Germany Questionnaire Citizens Dallendorfer et al. (2022) N
Japan Discourse analysis, participant na. Yamaguchi (2020) N
observation
Japan Questionnaire Citizens Farid et al. (2020) g
Japan Questionnaire Citizens Hibino et al. (2019) N
Japan Questionnaire Consumers Kato-Nitta et al. (2021) Y
Japan Questionnaire Citizens, value chain Kato-Nitta et al. (2019) ¥
stakeholders
Japan Questionnaire Consumers Otsuka (2021) N
Japan Twitter analysis Citizens Tabei et al. (2020) Y
Netherlands Questionnaire and interviews Citizens LIS Consult (2019) N
Netherlands, Belgium Questionnaire Consumers Pellens (2019) N
New Zealand Qualitative interviews Citizens Hudson et al. (2019) N
Norway Questionnaire, focus groups Citizens GENEinnovate (2020) N
Switzerland (German-speaking area)  Choice experiment, online, consumer ~ Consumers Saleh et al. (2021) Y
panel
United Kingdom Twitter analysis, workshops Citizens Smith and Samuel (2018) N
United Kingdom Workshops, online survey Citizens Ipsos MORI (2021) N
United States Facebook analysis Citizens Walker and Malson (2020) N
United States. Questionnaire Citizens, value chain Calabrese et al. (2021) N
stakeholders
United States. Questionnaire Consumers Caputo et al. (2020) :
United States Twitter analysis, metaphor analysis, ~ Citizens Hill (2020)
questionnaire
United States, Canada, Belgium, Choice experiment Consumers Shew et al. (2018) &

France, Australia

“This table is the result of a multi-stage literature screening process. In a first step, we searched established literature databases (Scopus, Web of Science, Google Scholar) with a large
selection of keywords related to gene or genome-edited plants, cisgenesis, New Plant Breeding Techniques, and New Genomic Techniques. After a first screening on whether the papers
included an empirical study of atitudes or opinions, we followed the snowball strategy and included selected references cited in the papers. From this sill growing database, this table only
e thoseatiadies: coniosad with RO Pt wikiin ot veceting new dins S sodewidare it dndnded. R o amliodie: % yen 2 s
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Jurisdiction/
status in the

legal process

United States/
established

Canada/established

Australia/established

Japan/established

New Zealand/
established

EU/discussion
proposal
Norway/discussion
proposal
Switzerland/discussion
proposal

Scope of legal
exemption/amendment

Cisgenesis, intragenesis Deletion(s) of any size; Targeted
substitutions of a single base pair; edits from sequences
which are known to correspond in the plants natural
gene pool. GMO with known plant/trait interaction

Cisgenesis (ot novel)

No DNA inserted (SDN1); RNAI (not inserted in
genome)

No DNA/RNA inserted, e.g. SDNI; cisgenesis

No exemptions
Cisgenesis, SDN1, SDN2
Cisgenesis, intragenesis, SDN1

Absence of transgenes

Permission/
notification needed
[P,

N, none]

Not yet specified
N

Not yet specified

Risk assessment
requirements
[GMO-RA, specific
RA,

none]”

None

GMO-RA*

None

None

GMO-RA
Not yet specified
None

Not yet specified

Labelling
requirements
[GMO

labelling, specific,
none]®

None

None

None

None

Not yet specified
Not yet specified
Specific

Not yet specified

“If considered novel.

"GMO-RA: same risk assessment as for GMOs

: specifics specific risk a

sment required - would be helpful to add some de

“GMO labelling: same labelling required as for GMOs; specific: specific labelling required—please, describe in the footnote to the table.
IProof of absence of off-target mutations required.
GMO-RA, same risk assessment requirements as for GMOs; GMO-labelling, same labelling requirements as for GMOs; P, permission; N, notification.

on the specific procedure in the footnote to the table
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Dimensions

Socio-political
acceptance

Market acceptance

Community
acceptance

Objects

Technology and/or its legal
regulation

Specific product or service

Specific local project using the
technological innovation

Subjects
Stakeholders, politicians, and general publics

Value chain actors, including corporate
businesses, investors, and consumers

Local population, stakeholders concerned by the
specific project, and the local administration

Source of evidence

Public opinion polls, comparative reviews of regulation,
observed actions and initiatives by subjects of acceptance

Consumer studies (willingness-to-pay, willingness-to-
consume etc.), market observations

Since the focus of the review is on non-adopters, and social
scientific studies of concrete projects with GMOS/GEOs in
these countries are virtually non-existent, this dimension
cannot be covered.





