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Abstract
Over the previous decades, biotechnological innovations have led to improved agricultural productivity, more nutritious foods and lower chemical usage. Both in western societies and Low Medium Income Countries (LMICs). However, the projected increases in the global population, means the production of nutritious food stuffs must increase dramatically. Building on existing genetic modification technologies a series of New Plant Breeding Technologies (NPBT) has recently emerged. These approaches include, Agro-infiltration, grafting, cis and intragenesis and gene editing technologies. How these new techniques should be regulated has fostered considerable debate. Concerns have also been raised, to ensure over-regulation does not arise, creating administrative and economic burden. In this article the existing landscape of genetically modified crops is reviewed and the potential of several New Plant Breeding Techniques (NPBT) described. Metabolomics is an omic technology that has developed in a concurrent manner with biotechnological advances in plant breeding. There is potentially further opportunities to advance our metabolomic technologies to characterise the outputs of New Plant Breeding Technologies, in a manner that is beneficial both from an academic, biosafety and industrial perspective. 
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Introduction  
Food and nutritional security represent a major global challenge. In order to feed a global population of 9.2 billion by 2050, crop/food production must increase by 70% (FAO, 2009). These increases must also occur with less arable land availability, less water, energy input, fertilisers and chemicals and under changed climates (Baulcombe et al., 2009). Additionally, the dwindling of fossil fuel reserves has prompted the need to switch our reliance on petro-chemical derived products to renewable sources, typically using Plant-based initial feedstocks. This is the proposed approach necessary to underpin the bioeconomy (Bugge et al., 2016). 
For 1000s of years humankind has used innovative approaches to improve plant-based crops for both food and sources of valuable commodities, including phytomedicines. For example, in the “pre-green” revolution era phenotype selection involving preference, experience and germplasm collections were the predominant approaches used (Doebley et al., 2006). Then, in the 1940s to 60s the “green revolution” delivered a dramatic increase in our capability to produce plant-based foods and products. The technological inputs were vital to this step-change in production, with new varieties and hybrids introduced (Khush, 2001). These new varieties were often outputs from mutagenesis (physical and chemical) programmes. The new germplasm was integrated with novel chemical inputs in the form of fertilisers and pest management formulations.
Subsequently, in the 1990s and beyond, biotechnology input became prevalent with transgenesis and marker-assisted selection (MAS) used as processes to generate new plant varieties. By 1994 the first GM food, Zeneca’s Flavr Savr Genetically Modified (GM) tomato, was marketed in the USA (Barclay, 1994; www, genewatch.org) and then in 1996 Monsanto’s herbicide tolerant GM Soy was commercialised in the USA (www.genewatch.org). The global hectarage used to produce GM crops has continued to grow, and 2014 represented the 19th consecutive year of growth following their commercialisation (James, 2014). However, although GM crops have been successfully implemented in North America, in Europe the situation is the opposite where very few GM crops have been grown. This is mainly due to consumer perception (Bonny, 2003) and the burden of costs associated with regulatory approval (Wesseler et al., 2019). To date, GM crops represent one of the most tested technologies for consumer and environmental safety, which has led to a very comprehensive panel of testing within Europe. The generation of European Food Standard Agency (EFSA) dossiers require the detailed acquisition of data on the GM variety in comparison to their genetic comparators (EC No 1829/2003). 
Over the last decade, biotechnological innovations have led to the establishment of New Plant Breeding Techniques (Lusser et al., 2011). These include (i) genome editing via different techniques such as oligonucleotide directed mutagenesis (ODM) and sequence specific nuclease (SSN); (ii) variants of conventional transformation methods including cisgenesis and intragenesis, grafting, and agro-infiltration; and (iii) negative segregants obtained through  manipulation of epigenetic landscape (via RNA-dependant DNA methylation, RdDM). These technological advances offer great potential to meet the global challenges associated with food and nutritional security, posed by population growth, consumer demand and climate change. However, the technologies are also creating new challenges for regulators when applying the traditional GMO definition and regulatory framework. 
In this article our aim is to describe some of the New Plant Breeding Techniques (NPBT) available, where they are presently located with respect to the regulation of genetic modified materials and the techniques and advances required from an academic perspective to improve the characterisation of these new varieties, with a particular focus on metabolomics. The need for evaluation in a risk assessment framework (Kawall et al., 2020; Paoletti et al., 2008; Zimny et al., 2019)  and consideration of the economic burden (Ali-Zaidi et al., 2019; Wesseler et al., 2019) in developing these new varieties and implementing their potential is acknowledged but beyond the present expertise and scope of this article. However, it is hoped that some of the technological advances described could help promote the use of modern analytics and actually reduce economic and regulatory burden in the long-term. 
 
New Plant Breeding Techniques (NPBT) presently available
Cis and intragenesis. A common feature of NPBT is the increased similarity to their non-GM comparator. For example, traditional transgenesis occurs when genes from any organism are inserted into the plant genome, whereas cisgenesis and intragenesis refer to the introduction of genes from a sexually compatible species. The difference between cis and intragenesis is the utilisation of elements of genetic elements from various cross-compatible species for intragenesis, whereas cisgenesis uses a more conservative approach with the presence of unchanged introns and regulatory elements within the target gene (Holme et al., 2013). The high similarity homology between the transferred gene and its endogenous counterpart could cause routine detection/traceability problems. This is because cis/intragenic lines must be free from foreign sequences (i.e. selectable markers or reporter genes).  The molecular markers used are typically modified endogenous or over expressed gene products linked to herbicide resistance (Liu et al., 2013). It would be interesting to know the long-term effects on the transcriptome and metabolome caused by these selection treatments (Miki et al., 2009).
Agro-infiltration/infection. The transient expression of gene products in plants via agro-infiltration has been successful in producing high-value pharmaceuticals, but is also a routine research tool to show gene function. The main production host used for this technique is Nicotiana benthamiana or more precisely a specific laboratory line of N. benthamiana (Bally et al., 2018), that is engineered accordingly. This line contains a loss-of-function mutation in a RNA–dependent RNA polymerase gene (Rdr1) (Wylie et al., 2015). That results a higher susceptibility to viruses or Agrobacterium, a plant-pathogen capable of mediating genetic transformation of plant cells. Agrobacterium tumefaciens, harbouring Ti plasmids, is the vehicle used to transfer the gene of interest into the plant cell. Ideally the Agrobacterium is infiltrated in the leaf material and, subsequently, production of the recombinant protein or metabolite of interest occurs three to five days after. Unlike traditional stable plant transformation, multiple Agrobacterium strains harbouring different genes of interest can be used simultaneously. Recently, agro-infection has been developed that uses viral vectors for heterologous expression of proteins (Majer et al., 2017). This approach generates systemic viral infection and logistically improves vector delivery and replication inside host cells. The speed of the approach makes the platform ideal for protein products used in the pharma industry, such as influenza (H1N1 and H5N1) vaccines (Landry et al., 2014) and ZMapp, which is an anti-Ebola antibody cocktail (Chen and Davis, 2016). Moreover, it has been suggested that this rapid transient approach could be used to manufacture vaccines and therapeutic antibodies to address the COVID-19 pandemic (Capell et al., 2020). Presently, high-value, low volume products are favoured by this approach which economically promotes pharma product targets. Scale-up into full industrial factories has been achieved (https://www.pharmaceutical-technology.com/projects/fraunhofernewplant) for agro-infiltration. In order to optimise production further, the EU Horizon 2020, Newcotiana consortium is developing new N. benthamiana chassis with reduced protease activities and altered glycosylation properties to improve protein yield and reduce allergenicity. In comparison to recombinant protein, the production of valuable small molecules by agro-infiltration has not received as much attention. This is somewhat surprising because the transient approach and destructive nature of the down-stream processing means, unlike the stable transformation system, toxic molecules or high level production can be achieved using plant-based transient expression, without adverse or lethal pleiotropic effects occurring. To date, a wide array of chemically diverse compounds have been generated using agro-infiltration. These compounds include carotenoids (Nogueira et al., 2019), taxol intermediates (Li et al., 2019), anthocyanins (Fresquet-Corrales et al., 2017), artemisinin precursors (van Herpen et al., 2010) and betalain (Polturk et al., 2016). The process has also been used to achieve gram-scale quantities of bioactive triterpene analogues (Reed et al., 2017). Despite the popular use of agro-infiltration very few studies exist that have characterised the transcriptional and/or metabolome changes arising during the agrobacterium infiltration process as a means of directing further chassis development for optimised production of specific chemicals as well as protein yield and quality.
Grafting. Rootstocks have been used in agriculture and horticulture for many centuries. Typically the shoot of one plant (known as the scion) can be attached to an elite rootstock. Depending on the rootstock’s properties, traits such as vigour, disease resistance and increased yield can be conferred to the chimeric plant (Goldschmidt, 2014). When the rootstock is GM and the scion not transgenic, the resulting vegetative tissues are classified as non-GM. However, the rootstock can deliver small RNAs to the vegetative tissues. Therefore, GM rootstocks designed to target genes by RNA interference can be used to silence genes of interest in the vegetative tissues and potentially confer a key trait of interest (Zhao and Song, 2014). The potential of grafting has further been exploited, through the discovery of horizontal gene transfer from nuclear and plastid DNA transfer across graft junctions; this transfer can occur between different plant species (Stegemann and Bock, 2009; Stegemann et al., 2012). Using this approach interspecies grafting between tobacco species Nicotiana tabacum and Nictotiana glauca has led to the generation of a new species (Fuentes et al., 2014). Recently, studies have also bypassed the limitation of genetically close-related species and acheived interfamily grafting. This was revealed to be facilitated by the involvement of extracellular-localised glucanases in cell wall reconstruction near the graft interface. N.benthamiana lines were engineered to work as interscion and successfully established grafts with a wide range of species from distinct evolutionary families (Notaguchi et al., 2020). These new grafting technologies open the potential to combine new pathways and create promising novel plant metabolomes.  
Gene editing. Of all the NPBT, gene editing offers the greatest potential to revolutionise the way we produce food and feedstocks for energy and other commodities. Gene editing in plants has been widely achieved via engineered Sequence Specific Nucleases (SSNs) to provide double stranded breaks (DSBs) at sequence specific points in the DNA. These include Zinc-finger nucleases (ZFN), TAL effector nucleases (TALENS) and Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-associated (Cas) protein SSNs, (Gaj et al., 2013). In common approaches, when SSNs enzymatically produce DSBs in the DNA, repair can occur via Non-Homologues End Joining (NHEJ) or Homologous Directed Repair (HDR), (Shrivastav et al., 2008). SSN-1 is the term used to describe small insertions or deletions derived from NHEJ, which can lead to loss or gain of function mutations in the gene targeted. SSN-2 is used to describe an edited DNA sequence at the site of the DSB in the presence of a homologous donor DNA template, usually via HDR. SSN-3 can result in total allele replacements, targeted gene insertions or their stacking at the DSB site as a result of HDR and suitable donor DNA templates. The SSN technology of choice presently is RNA-guided CRISPR/Cas, which is highly efficient and has ease of use, and has proven to be extremely versatile. 
More recently, the Cas9 enzymes have been engineered with extra catalytic domains to carry out base editing and the newest function prime editing (Anzalone et al., 2020; Chen et al., 2019). Both techniques enable gene targeting without requiring donor DNA templates, DSBs or the low efficiency HDR repair. Base deamination can occur resulting in precise simple nucleotide substitutions, whereas prime editors rely on reverse-transcribed DNA that is further incorporated into a targeted site hence broadening editing possibilities beyond substitutions. 
Effectively the tools are available to confer precise alterations in a gene that could mimic alleles responsible for conferring important traits of interest in a background specific manner without genetic crossing. Alternatively, the replacement of genes can arise or the stacking of genes improving multiple traits can be achieved. Another option is to use CRISPR/Cas in a multiplex mode where numerous genes of interest can be altered simultaneously. In all cases, following the introduction of the mutation in the primary generation, the option exists to segregate away the Cas gene, further crossing schemes can segregate away the Cas and guide RNA genes. In this way progeny containing potentially no foreign or intragenic DNA can be achieved. 
Typically the CRISPR/Cas machinery used to alter target genes/sequences is delivered into plant cells by Agrobacterium-mediated transformation or biolistic transformation. The option also exists to introduce the CRISPR/Cas ribonucleotide protein directly into the plant via protoplasts. Indeed, plant regeneration through tissue culture remains a fundamental difficulty in the application of genome editing across a wide range of crops. Promising studies have reported effective gene editing by co-delivering CRISPR reagents and developmental regulators to plant meristems in somatic tissues (Maher et al., 2020). 
Applications derived from CRISPR mediated gene editing have been deployed in different perspectives in plant breeding. For instance, multiplexed CRISPR/Cas has been used to perform de novo domestication (Zsogon et al., 2017 and 2018), whereby several genes linked to domestication were altered in Solanum pimpinellifolium, a wild tomato relative. This approach by-passed years of domestication to generate a new tomato variety that resembled those presently cultivated, yet permits the recovering of resilience lost during domestication.    How the transcriptomes and metabolomes of these plants have changed compared to their parental or ancestral counterparts and similar domesticated varieties would be very informative.

Regulatory considerations for New Plant Breeding Techniques
The European Commission defines GMOs (with the exception of human beings) as an organism, in which genetic material has been altered in a way that does not occur naturally by mating and/or natural recombination. Mutagenesis using chemical or ionising radiation is excluded from the definition or regulatory requirements because of its history of use (Lusser et al., 2011). In the US the regulatory process mainly focuses on the product, while in Europe the process involved in generating the GM plant is the focus. This can result in EFSA requirements that detail the molecular characterisation of the GM variety and the process used to generate the event, protein characterisation and equivalence, and compositional analysis. The latter mainly focussing on key constituents recommended by the OECD (OECD, 2012). These data must be determined typically under multiple environmental conditions and statistically analysed. In addition, food and feed safety assessments are required, along with toxicology and nutritional assessments (EC No 1829/2003; EFSA, 2013). The safety dossiers need to include detection, identification and quantification methodologies, and the reference material should also be made available. It is required that these analytical methods are specific to unambiguously identify the GMO in question. NPBT approaches can be used to generate varieties without the presence of any distinguishing foreign DNA. This approach differs from conventional mutagenesis, whereby the random mutation of multiple genes simultaneously occurs or the random insertion of new genes, as occurs with conventional GMOs. In 2018, the European Court of Justice (ECJ) ruled that organisms obtained by new mutagenesis techniques, i.e. genome editing are not exempted from the GMO legislation, in contrast to conventional mutagenesis techniques "that have conventionally been used in a number of applications and have a long safety record" (CJEU C-528/16; CJEU, 2018). So this has posed the question; how can gene-edited crops/foods, which contain no foreign/distinguishable DNA and potentially natural alleles be effectively detected, both in authorised and non-authorised materials present in the food chain? To address this challenge, new emerging scientific technologies/frameworks will need to be considered, perhaps rethinking the way we evaluate GM derived materials or even change to our current GMO policies. In the US gene edited crops have not been subjected to the same regulation required for traditional GMOs. Predominantly, because the end-products of the process do not contain foreign genetic information or material from plant pests (Camacho et al., 2014). However, the regulations have been revised in 2020 as part of the Sustainable, Ecological, Consistent, Uniform, Responsible, Efficient (SECURE) rule. In this case some gene editing outputs come under the traditional GMO regulations but those varieties with minor and limited modifications are not necessarily applicable. The developers can also self-determine whether they qualify for exemptions (www.geneticliteracyproject.org/2020/06/11/viewpoint-usda-relaxed-its-gmo-gene-edited-crop-rules).
Significant investments have previously been made in the development of “omic” technologies to evaluate and characterise GM plants. Although these approaches generated important informative datasets about the varieties in question and helped foster generic technological advances within the scientific community, the methodologies per se were not incorporated into the risk assessments or dossiers, predominantly on the basis of the cost burden associated (Fedorova and Herman 2020). This was particularly pertinent for Low Medium Income countries (LMICs) where the technology could be most useful. Since the initial application of “omic” technologies (Hoekenga, 2008; Noteborn et al., 2000) as a means of evaluating GM crops, the technologies have advanced further. This is particularly true of genomics, where rapid, accurate genome sequencing is now available, adding genotyping and transcriptomics by RNA-Seq to the evaluation techniques. Proteomics is now more robust with improved coverage and ease of quantification. The analysis of plant metabolomes, which are the end-products of the genome, has made notable advances but not to the same extent as other “omic” technologies.  The metabolome also represents a chemical composition and will thus still be representative in processed food or feeds, where DNA and protein integrity is compromised. Therefore, potentially the metabolome may not yield non-specific identifying constituents of gene-editing but could provide valuable comparative analysis to existing natural variation, and outputs from NPBT (see Figure 1 for the potential contributions NPBT to the approval process in Europe). In addition, after initial infrastructure acquisition, metabolomics can be cost-effective compared to other “omic” technologies

Upgrading the metabolomics platforms for better characterisation of NPBT 
The metabolomic characterisation of transgenic plants and mutants has not only played an important role in advancing our understanding of plant metabolism but also advancing metabolomic technologies in their own right. For example, the assessment of substantial equivalence between genetically modified potatoes and conventional cultivars (Catchpole et al., 2005) and the use of NMR to profile transgenic peas (Charlton et al., 2004) were initial examples that brought together robust experimental design, analytical coverage of metabolites and molecular features coupled with discriminative statistical analysis. The studies performed by Roessner et al., 2001a utilised metabolite profiling as a forensic tool to identify why a certain metabolic engineering strategy had not been successful. In addition to these examples, metabolomics has been routinely used to identify changes in plant metabolism associated with abiotic and biotic stresses (Lugan et al., 2010; Roessner et al., 2001b). It has also been used in plant breeding to identify naturally occurring variation (e.g. quantitative trait loci - QTLs) among core collections or mapping populations (Schauer et al., 2006). Reports also exist on the use of metabolomics to identify herbicide mode of action by comparison of herbicides with known and unknown targets (Trenkamp et al., 2009) or to address health-safety aspects (toxicological studies and traceability). Considering the vast efforts in combinatory chemistry and the absence of a novel herbicide mode of action for thirty years, it is surprising that metabolomic approaches to herbicide development have not been adopted in a more universal manner. The use of metabolomics to analyse genome-edited plants were no foreign-DNA is present is also been suggested for a more product orientated evaluation (Fraser et al., 2020). This approach has however, been strongly counter balanced, in view the approach being risk disproportionate (Fedorova and Herman 2020)
Given this prior track-record, there is no reason why metabolomics will not play an important role in characterising outputs from NPBT both academically, as well as from an industrial research and development and safety perspective. One of the major issues is how the significant advances in metabolomics will be made to ensure it is comparable or has the robustness to complement other “omic” technologies. The ultimate goal would be a metabolomic technology that in one analysis enables you to pinpoint the biochemical step or regulatory process altered or how a derived food product differs from its traditional counterparts. Presently and for the foreseeable future this is unlikely to be achieved, due to the intrinsic chemically diverse and dynamic range of the metabolome. However, improvements to the present status quo can and should be made. These advances will typically be associated with the biological questions being addressed. For example, if you were characterising a plant with a known alteration in a biosynthetic enzyme the approach would be very different to elucidating the effects of an uncharacterised transcription factor or the surveillance of food products. In the case of a biosynthetic pathway enzyme or regulator responsible for a specific pathway, it is likely that the pathway in question would first be analysed to ascertain end-products and intermediates. Ascertaining this question would then lead to addressing the question how modifying the pathway of interest has altered associated metabolism. A clear example is the characterisation of transgenic plants producing elevated anthocyanins and phenylpropanoids (Tohge et al., 2015; Zhang et al., 2015). In this case the products of the target pathway were comprehensively analysed and then GC/MS metabolite profiling used to ascertain associated changes in primary/intermediary metabolism; showing that a transcription factor regulating anthocyanin production, actually modulated precursor supply. Other examples include the manipulation of carotenoid biosynthesis leading to changes in intermediary metabolism, plastid type and/or phytohormones (Diretto et al., 2019; Fraser et al., 2007). 
A common feature of these examples, that is applicable to NPBT outputs, is the comprehensive nature of the analysis performed on the targeted pathway. The precursors are analysed in a quantitative manner, and extractions are optimised. In addition, the intermediates of the targeted pathway are analysed as well as the end-products and their derivatives. For the future it will be important to identify sources of authentic standards or well characterised mutant extracts. In fact, gene–edited mutants across a pathway could act as sources of authentic standards or extracts for identification purposes. One of the earliest and impactful examples of metabolomics/metabolite profiling was described using GC-MS to analyse mutant and transgenic Arabidopsis (Fiehn et al., 2000). Since this report, GC-MS has become the “gold standard” in assessing metabolite changes in plants. GC-MS routinely requires derivatisation to reduce polarity and facilitate chromatographic separation. The ability to create customised searchable libraries, typically using the Automated Mass Spectral Deconvolution and Identification System (AMDIS) is an advantage of this approach (Halket et al., 2005). The outputs from these analyses typically result in the relative quantification of 100 to 150 compounds depending on the plant species and tissue used. The classes of compounds amenable to this approach are sugars, polyols, organic acids, amino acids, fatty acids and some terpenoids. There are still a large number of unknowns present in this type of analysis, often matched as “known unknowns” (Goodacre et al., 2004). One approach to increasing the coverage of compounds identified by GC-MS is running more authentic standards or the use of GC separations coupled to high resolution accurate mass spectrometry. 
The alternative scenario could be a phenotype or food product (including processed products) where the precise effects of the modification are unknown. For example, outputs from de novo domestication, or outputs generated by trans-grafting techniques. In this instance, it would appear that metabolome coverage is key. Untargeted analysis by NMR, direct infusion MS or LC-MS can provide informative chemical fingerprints in this case (Dunn et al., 2011). These technologies typically use extraction protocols that are a compromise to obtain the widest representation of chemical classes possible. LC-High Resolution Mass Spectrometry is becoming the most popular technique to use for this fingerprinting purpose. Molecular features with accurate mass are typically used as variables as opposed to know metabolites, although high resolution MS has the accuracy to determine exact chemical composition but not structure. 
The application of multivariate statistical analyses, such as Principle Component Analysis (PCA) and discriminant analysis (DA) like Partial Least Squares (PLS-DA or OPLS-DA) and other packages (Random Forest, K-means clustering, etc.) can typically be used to identify the key differentiators between varieties and comparators (Ching et al., 2019). These molecular features or putative metabolites can then be used to direct more metabolite profiling or even targeted analysis. This hierarchical or multi-layered approach has been used in the determination of metabolite changes in cassava associated with conferring white fly tolerance (Perez-Fons et al., 2019). There are numerous metabolomics work flows that could be used to provide varying degrees of metabolomics characterisation depending on the biological question to be addressed. The potential workflows that could be implemented to characterise outputs from NPBT and the biological questions they raise have been illustrated in Figure 2. Furthermore, the definitions of the different types of metabolome analysis have been provided in Table 1, as this is an area were descriptors are used in an interchangeable manner that can cause confusion.  
It would appear from the literature that, in comparison to the initial reports related to the characterisation of GM plants, there has been a move from the use of a single analytical platform to multiple platform workflows as outlined in Figure 2. The major factor linking advances remains the same, that being the annotation of metabolites and coverage. One way metabolite coverage has been increased, is through the use of sequential extraction with different solvent mixtures of contrasting chemistries. The extractions targeted to different platforms covering complementary classes of compounds (Salem et al., 2020). Other reports describe the collection and implementation of large-scale libraries of metabolites, the WEIZMASS library being a recent example (Shahaf et al., 2016). In addition to metabolite libraries (Kopka et al., 2004), crop databases have also been developed that can effectively act as chemical core collections (Price et al., 2020). The pan-genome approaches (Zhao et al., 2018) could also be extrapolated to metabolomes and in this way it could be possible to identify biochemical variation resulting from NPBT. 
Conclusions and perspectives
NPBTs offer a new package of innovations with the potential to address global food and nutritional security challenges. Scientifically they also provide an excellent opportunity to upgrade and advance our analytical technologies to characterise these NPBT outputs. This is especially true of metabolomics which, due to the intrinsic nature of the cells’ biochemistry, has not reached the breadth of coverage that has been achieved with genomic technologies. In the long-term, delivering such informative data from both an academic and industrial perspective can only benefit all parties. It is clear, and should be forcefully stated, that a multidisciplinary approach with co-operation from all parties is required when dealing with NPBTs so that the economic, legislative and administrative burden does not restrict the potential and benefits of the technology (Ali-Zaidi et al., 2019; Fedorova and Herman, 2020). 

Declaration of Competing Interest
The authors declare that they have no known competing financial interests or personal relationships that could have appeared to influence this paper.
Acknowledgements
This work has been supported in part by the European Community’s H2020 Program under grant agreement 760331-Newcotiana. We would like to thank all donors who supported this research through their contributions to the CGIAR Fund: http://www.cgiar.org/about-us/our-funders/. This work was supported in part by, the CGIAR Research Program on Roots, Tubers and Bananas (RTB) and supported by CGIAR Fund Donors.  Funding from the Biotechnology and Biological Sciences Research Council OPTICAR Project (optimisation of tomato fruit carotenoid content for nutritional improvement and industrial exploitation; Project BB/P001742/1 contributed in part. Contributions for the Natural Resources Institute, University of Greenwich, from a grant provided by the Bill and Melinda Gates Foundation (Grant OPP1058938). The latter were not involved in the specific experimental studies. In part funding from the H2020 programme No. 679766. TomGEM; A holistic multi‐actor approach towards the design of new tomato varieties and management practices to improve yield and quality in the face of climate change contributed to the article.
References
Ali-Zaidi A.S., Vanderschuren H., Qaim M., Mahfouz M.M., Kohil A., Mansoor S., Tester M., 2019. New plant breeding technologies for food security. Science. 363, 1390-1391. https://doi.org/10.1126/science.aav6316
Anzalone A.V., Koblan L.W., Liu D.R., 2020. Genome editing with CRISPR-Cas nucleases, base editors, transposases and prime editors. Nat. Biotechnol. 38, 824-844. https://doi.org/10.1038/s41587-020-0561-9
Bally J., Jung H., Mortimer C., Naim F., Philips J.G., Hellens R., Bombarely A., Goodin M.M., Waterhouse P.M., 2018. The Rise and Rise of Nicotiana benthamiana: A Plant for All Reasons. Annu. Rev. Phytopathol. 56, 405–426. https://doi.org/10.1146/annurev-phyto-080417-050141 
Barclay C., 1994. Genetically Modified Food Research paper 194/74, House of Commons Library, U.K. file:///C:/Users/BioAdmin/Downloads/RP94-74.pdf
Baulcombe D., Crute I., Davies B., Dunwell J., Gale M., Jones J., Pretty J., Sutherland W., Toulmin C., 2009. Reaping the benefits: science and the sustainable intensification of global agriculture. Report. The Royal Society Policy Document 11/09, RS1608.  
Bonny S., 2003. Why are most Europeans opposed to GMOs? Factors explaining rejection in France and Europe. Electronic J. of Biotechnol. 6, 50-70.
Bugge M.M., Hansen T., Klitkou A., 2016 What Is the Bioeconomy? A Review of the Literature. Sustainability. 8, 691. https://doi.org/10.3390/su8070691
Camacho A., Van Deynze A., Chi-Ham C., Bennett A.B., 2014. Genetically engineered crops that fly under the US regulatory radar. Nat. Biotechnol. 32, 1087-1091. https://doi.org/10.1038/nbt.3057

Capell T., Twyman R.M., Armario-Najera V., Ma J.K.C., Schillberg S., Christou P., 2020. Potential Applications of Plant Biotechnology against SARS-CoV-2. Trends in Plant Science. 25, 635-643. https://doi.org/10.1016/j.tplants.2020.04.009
Catchpole G.S., Beckmann M., Enot D.P., Mondhe M., Zywicki B., Taylor J., Hardy N., Smith A., King R.D., Kell D.B., Fiehn O., Draper J., 2005. Hierarchical metabolomics demonstrates substantial compositional similarity between genetically modified and conventional potato crops. Proc. Natl Acad. Sci. USA. 102, 14458-14462. https://doi.org/10.1073/pnas.0503955102
Charlton A., Allnutt T., Holmes S., Chisholm J., Bean S., Ellis N., Mullineaux P., Oehlschlager S., 2004. NMR profiling of transgenic peas. Plant Biotechnol. J. 2, 27-35. https://doi.org/10.1046/j.1467-7652.2003.00045.x
Chen Q., Davis K., 2016. The potential of plants as a system for the development and production of human biologics. F1000Research. 5, 912. http://doi.org/10.12688/f1000research.8010.1
Chen K., Wang Y., Zhang R., Zhang H., Gao C., 2019. CRISPR/Cas Genome Editing and Precision Plant Breeding in Agriculture. Annu. Rev. Plant Biol. 70, 667-697. https://doi.org/10.1146/annurev-arplant-050718-100049
Ching, J., Wishart, D.S., and Xia, J. 2019. Using MetaboAnalyst 4.0 for comprehensive and integrative metabolomics data analysis. Current Protocols in Bioformatics, 68, e86. 
CJEU 2018. Judgment of the Court of Justice of the European Union in the case C-528/16 Confederation paysanne and others v. Premier minister and Ministre de l'Agriculture, de l'Agroalimentaire et de la Foret.
Diretto G., Frusciante S., Fabbri C., Schauer N., Busta L., Wang Z., Matas A.J., Fiore A., Rose J.K.C., Fernie A.R., Jetter R., Mattei B., Giovannoni J., Giuliano G., 2019. Manipulation of β‐carotene levels in tomato fruits results in increased ABA content and extended shelf life. Plant Biotechnol. J. 18, 1185-1199 https://doi.org/10.1111/pbi.13283

Doebley J.F., Gaut B.S., Smith B.D., 2006. The molecular genetics of crop domestication. Cell. 127, 1309–1321. https://doi.org/10.1016/j.cell.2006.12.006

Dunn, W.B., Broadhurst, D.I., Atherton, H.J., Goodacre, R. and Griffin, J. L. 2011. Systems level studies of mannalian metabolomics: the roles of mass spectrometry and nuclear resonance spectroscopy. Chem.Soc. Rev, 40, 387 – 426. 

EFSA guidance on the submission of applications for authorisation of genetically modified plants under Regulation (EC) No 1829/2003. 2013. EFSA Journal. 11: 3491. https://doi.org/10.2903/j.efsa.2013.3491
FAO, 2009. World agricultural summit on food security 16–18 November. UN, Rome.
Fresquet-Corrales S., Roque E., Sarrión-Perdigones A., Rochina M., López-Gresa M.P., Díaz-Mula H.M., Bellés J.M., Tomás-Barberán F., Beltrán J.P., Cañas L.A., 2017. Metabolic engineering to simultaneously activate anthocyanin and proanthocyanidin biosynthetic pathways in Nicotiana spp. PLoS One. 12: e0184839. https://doi.org/10.1371/journal.pone.0184839
Gaj T., Gersbach C.A., Barbas C.F., 2013. ZFN, TALEN, and CRISPR/Cas-based methods for genome engineering. Trends Biotechnol. 31, 397–405. https://doi.org/10.1016/j.tibtech.2013.04.004
Goldschmidt E.E., 2014. Plant grafting: new mechanisms, evolutionary implications. Front. Plant Sci. 5, 727. https://doi.org/10.3389/fpls.2014.00727
Goodacre, R., Vaidyanathan, S., Dunn, W.B., Harrigan, G.G. and Kell, D.B. 2004. Metabolomics by numbners: acquiring and understanding global metabolite data. Trends Biotechnol. 22, 245-252. 
Halket J.M., Waterman D., Przyborowska A.M., Patel R.K.P., Fraser P.D., Bramley P.M., 2005. Chemical derivatization and mass spectral libraries in metabolic profiling by GC/MS and LC/MS/MS. J. of Exp. Bot. 56, 611-636. https://doi.org/10.1093/jxb/eri069
Hoekenga O.A., 2008. Using Metabolomics to Estimate Unintended Effects in Transgenic Crop Plants: Problems, Promises, and Opportunities. J. of Biomol. Tech. 19,159–166.  
Fedorova, M., and Herman, R. 2020. Obligatory metabolomics profiling of gene-edited crops is risk disproportionate. The Plant Journal, 103, 1985-1988. 
Fiehn O., Kopka J., Dörmann P., Altmann T., Trethewey R.N., Willmitzer L., 2000. Metabolite profiling for plant functional genomics. Nat. Biotechnol. 18, 1157-1161. https://doi.org/10.1038/81137
Fraser P.D., Aharoni, A., Hall R.D., Huang, S., Giovannoni, J.J., Sonnewald, U., and Fernie, A.R. (2020). Metabolomics should be deployed in the identification and
characterization of gene-edited crops. The Plant Journal, 102, 897-902. 
Fraser P.D., Enfissi E.M.A., Halket J.M., Truesdale M.R., Yu D., Gerrish C., Bramley P.M., 2007. Manipulation of Phytoene Levels in Tomato Fruit: Effects on Isoprenoids, Plastids, and Intermediary Metabolism. The Plant Cell. 19, 3194–321. https://doi.org/10.1105/tpc.106.049817
Fuentes I., Stegemann S., Golczyk H., Karcher D., Bock R., 2014. Horizontal genome transfer as an asexual path to the formation of new species. Nature. 511, 232-235. https://doi.org/10.1038/nature13291
Holme I.B., Wendt T., Holm P.B., 2013. Intragenesis and cisgenesis as alternatives to transgenic crop development, Plant Biotechnol. J. 11, 395–407. https://doi.org/10.1111/pbi.12055
James C., 2014. Global Status of Commercialized Biotech/GM Crops. ISAAA Brief  No. 49. ISAAA: Ithaca, NY.

Kawall K., Cotter J., Then C., 2020. Broadening the GMO risk assessment in the EU for genome editing technologies in agriculture. Environ Sci Eur. 32, 106. https://doi.org/10.1186/s12302-020-00361-2

Khush G.S., 2001. Green revolution: the way forward. Nat. Rev. Genet. 2, 815–822. https://doi.org/10.1038/35093585

Kopka, J., Schauer, N., Kmeger, S., Birkemyer, C., Usadel, B., Bergmüller, E., Dörmann, P., Weckwerth, W., Gibon, Y., Stitt, M., Willmitzer, L., Fernie, A.R. and Steinhauser, D. 2004. GMD@ CSB. DB: the Golm metabolome database, Bioinformatics, 21, 1635-1638. 
Landry N., Pillet S., Favre D., Poulin J.-F., Trépanier S., Yassine-Diab B., Ward B.J., 2014. Influenza virus-like particle vaccines made in Nicotiana benthamiana elicit durable, poly-functional and cross-reactive T cell responses to influenza HA antigens. Clin. Immunol. 154, 164–177. https://doi.org/10.1016/j.clim.2014.08.003 
Li J., Mutanda I., Wang K., Yang L., Wang J., Wang Y., 2019. Chloroplastic metabolic engineering coupled with isoprenoid pool enhancement for committed taxanes biosynthesis in Nicotiana benthamiana. Nat. Commun. 10, 4850-4850. https://doi.org/10.1038/s41467-019-12879-y
Liu J., Gerken H., Huang J., Chen F., 2013. Engineering of an endogenous phytoene desaturase gene as a dominant selectable marker for Chlamydomonas reinhardtii transformation and enhanced biosynthesis of carotenoids. Process Biochemistry. 48, 788-795. https://doi.org/10.1016/j.procbio.2013.04.020
Lugan R., Niogret M.F., Leport L., Guégan J.-P., Larher F.R., Savouré A., Kopka J., Bouchereau A., 2010. Metabolome and water homeostasis analysis of Thellungiella salsuginea suggests that dehydration tolerance is a key response osmotic tress in this halophyte. Plant J. 64, 215-229. https://doi.org/10.1111/j.1365-313X.2010.04323.x
Lusser M., Parisi C., Plan D., Rodríguez-Cerezo E., 2011. New plant breeding techniques, state-of-the-art and prospects for commercial development. JRC Scientific and Technical Reports EUR 24760 EN

Majer E., Llorente B., Rodríguez-Concepción, M., Daròs J.-A., 2017. Rewiring carotenoid biosynthesis in plants using a viral vector. Sci. Rep. 7, 41645. https://doi.org/10.1038/srep41645
	
Maher M.F., Nasti R.A., Vollbrecht M., Starker C.G., Clark M.D., Voytas D.F., 2020. Plant gene editing through de novo induction of meristems. Nat. Biotechnol. 38, 84–89. https://doi.org/10.1038/s41587-019-0337-2
Miki B., Abdeen A., Manabe Y., MacDonald P., 2009. Selectable marker genes and unintended changes to the plant transcriptome. Plant Biotechnol. J. 7, 211-218. https://doi.org/10.1111/j.1467-7652.2009.00400.x
Nogueira M., Enfissi E.M.A., Welsch R., Beyer P., Zurbriggen M.D., Fraser P.D., 2019. Construction of a fusion enzyme for astaxanthin formation and its characterisation in microbial and plant hosts: A new tool for engineering ketocarotenoids. Metab. Eng. 52, 243-252. https://doi.org/10.1016/j.ymben.2018.12.006
Notaguchi M., Kurotani K.-I., Sato Y., Tabata R., Kawakatsu Y., Okayasu K., Sawai Y., Okada R., Asahina M., Ichihashi Y., Shirasu K., Suzuki T., Niwa M., Higashiyama T., 2020. Cell-cell adhesion in plant grafting is facilitated by β-1,4-glucanases. Science. 7, 369(6504), 698-702. http://doi.org/10.1126/science.abc3710
Noteborn H.P.J.M., Lommen A., van der Jagt R.C., Weseman J.M., 2000 Chemical fingerprinting for the evaluation of unintended secondary metabolic changes in transgenic food crops. J. of Biotechnol. 77, 103-114. 
OECD (Organisation for Economic Co-operation and Development), 2012. Revised Consensus Document on Compositional Considerations for New Varieties of Soybean [Glycine max (L.) Merr.]: Key Food and Feed Nutrients, Anti-nutrients, Toxicants and Allergens. ENV/JM/MONO(2012)24.
Paoletti C., Flamm E., Yan W., Meek S., Renckens S., Fellous M., Kuiper H., 2008. GMO risk assessment around the world: Some examples. Trends Food Sci. Technol. 19, 570-578. https://doi.org/10.1016/j.tifs.2008.07.007

Perez-Fons L., Bohorquez-Chaux A., Irigoyen M.L., Garceau D.C., Morreel K., Boerjan W., Walling L.L., Becerra Lopez-Lavalle L.A., Fraser P.D., 2019. A metabolomics characterisation of natural variation in the resistance of cassava to whitefly. BMC Plant Biol. 19, 518. https://doi.org/10.1186/s12870-019-2107-1
Polturak G., Breitel D., Grossman N., Sarrion‐Perdigones A., Weithorn E., Pliner M., Orzaez D., Granell A., Rogachev I., Aharoni A., 2016. Elucidation of the first committed step in betalain biosynthesis enables the heterologous engineering of betalain pigments in plants. New Phytol. 210, 269-283. https://doi.org/10.1111/nph.13796
Price E.J., Drapal M., Perez-Fons L., Amah D., Bhattacharjee R., Heider B., Rouard M., Swennen R., Becerra Lopez-Lavall, L.A., Fraser P.D., 2020.  Metabolite database for root, tuber and Banana crops to facilitate modern breeding in understudied crops. Plant J. 101 (6), 1258 -1268. http://doi.org/10.1111/tpj.14649
Reed J., Stephenson M.J., Miettinen K., Brouwer B., Leveau A., Brett P., Goss R.J.M., Goossens A., O’Connell M.A., Osbourn A., 2017. A translational synthetic biology platform for rapid access to gram-scale quantities of novel drug-like molecules. Metabolic Engineering 42, 185-193. https://doi.org/10.1016/j.ymben.2017.06.012
Roessner U., Luedemann A., Brust D., Fiehn O., Linke T., Willmitzer L., Fernie A.R., 2001a. Metabolic Profiling Allows Comprehensive Phenotyping of Genetically or Environmentally Modified Plant Systems. Plant Cell. 13, 11-29. https://doi.org/10.1105/tpc.13.1.11
Roessner U., Willmitzer L., Fernie A.R., 2001b. High-Resolution Metabolic Phenotyping of Genetically and Environmentally Diverse Potato Tuber Systems. Identification of Phenocopies. Plant Phys. 127, 749-764. https://doi.org/10.1104/pp.010316
Salem M.A., Yoshida T., Perez de Souza L., Alseekh S., Bajdzienko K., Fernie A.R., Giavalisco P., 2020. An improved extraction method enables the comprehensive analysis of lipids, proteins, metabolites and phytohormones from a single sample of leaf tissue under water-deficit stress. Plant J. 103, 1614-1632. https://doi.org/10.1111/tpj.14800
Schauer N., Semel Y., Roessner U., Gur A., Balbo I., Carrari F., Pleban T., Peres-Melis A., Bruedigam C., Kopka J., Willmitzer L., Zamir D., Fernie A.R., 2006. Comprehensive metabolic profiling and phenotyping of interspecific introgression lines for tomato improvement. Nat. Biotechnol. 2, 447-454. https://doi.org/10.1038/nbt1192
Shalaf N., Rogachev I., Heing U., Meir S., Malitsky S., Battat M., Wyner H., Zheng S., Wehrens R., Aharoni A., 2016. The WEIZMASS spectral library for high-confidence metabolite identiifcation. Nat. Commun. 7, 12423. https://doi.org/10.1038/ncomms12423

Shrivastav M., De Haro L.P., Nickoloff J.A., 2008. Regulation of DNA double-strand break repair pathway choice. Cell Res.18, 134–47. https://doi.org/10.1038/cr.2007.111

Stegemann S., Bock R., 2009. Exchange of genetic material between cells in plant tissue grafts. Science. 324, 649-651. https://doi.org/10.1126/science.1170397

Stegemann S., Keuthe M., Greiner S., Bock R., 2012. Horizontal transfer of chloroplast genomes between plant species. Proc. Natl. Acad. Sci. USA. 109, 2434-2438. https://doi.org/10.1073/pnas.1114076109
Tohge T., Zhang Y., Peterek S., Matros A., Rallapalli G., Tandrón Y.A., Butelli E., Kallam K., Hertkorn N., Mock H.-P., Martin C., Fernie A.R., 2015 Ectopic expression of snapdragon transcription factors facilitates the identification of genes encoding enzymes of anthocyanin decoration in tomato. Plant J. 83, 686-704. https://doi.org/10.1111/tpj.12920
Trenkamp S., Eckes P., Busch M., Fernie A.R., 2009. Temporally resolved GC-MS-based metabolic profiling of herbicide treated plants treated reveals that changes in polar primary metabolites alone can distinguish herbicides of differing mode of action. Metabolomics. 5, 277-291. https://doi.org/10.1007/s11306-008-0149-8

van Herpen T.W.J.M., Cankar K., Nogueira M., Bosch D., Bouwmeester H.J., Beekwilder J., 2010. Nicotiana benthamiana as a Production Platform for Artemisinin Precursors. PLoS One. 5, e14222. https://doi.org/10.1371/journal.pone.0014222

Wesseler J., Politiek H., Zilberman D., 2019. The Economics of Regulating New Plant Breeding Technologies - Implications for the Bioeconomy Illustrated by a Survey Among Dutch Plant Breeders. Frontiers in Plant Science. 10, article 1597. https://doi.org/10.3389/fpls.2019.01597
Wylie S.J., Zhang C., Long V., Roossinck M.J., Koh S.H., Jones M.G.K., Iqbal S., Li H., 2015. Differential Responses to Virus Challenge of Laboratory and Wild Accessions of Australian Species of Nicotiana, and Comparative Analysis of RDR1 Gene Sequences. PLoS One. 10, e0121787. https://doi.org/10.1371/journal.pone.0121787
Zhang Y., Butelli E., Alseekh S., Tohge T., Rallapalli G., Luo J., Kawar P.G., Hill L., Santino A., Fernie A.R., Martin C., 2015. Multi-level engineering facilitates the production of phenylpropanoid compounds in tomato. Nat. Commun. 6, 8635. https://doi.org/10.1038/ncomms9635

Zhao Q., Feng Q., Lu H., Li Y., Wang A., Tian Q., Zhan Q., Lu Y., Zhang L., Huang T., Wang Y., Fan D., Zhao Y., Wang Z., Zhou C., Chen J., Zhu C., Li W., Weng Q., Xu Q., Wang Z.-X., Wei X., Han B., Huang X., 2018. Pan-genome analysis highlights the extent of genomic variation in cultivated and wild rice. Nat. Genet. 50, 278–284. https://doi.org/10.1038/s41588-018-0041-z
Zhao D., Song G.-Q., 2014. Rootstock‐to‐scion transfer of transgene‐derived small interfering RNAs and their effect on virus resistance in nontransgenic sweet cherry. Plant Biotechnol. J. 12, 1319-1328. https://doi.org/10.1111/pbi.12243
Zimny T., Sowa S., Tyczewska A., Twardowski T., 2019. Certain new plant breeding techniques and their marketability in the context of EU GMO legislation- recent developments.  New Biotech. 51, 49-56. https://doi.org/10.1016/j.nbt.2019.02.003
Zsögön A., Čermák T., Voytas D., Peres L.E.P., 2017. Genome editing as a tool to achieve the crop ideotype and de novo domestication of wild relatives: Case study in tomato. Plant Sci.
256, 120–130. https://doi.org/10.1016/j.plantsci.2016.12.012
Zsögön A., Čermák T., Naves E.R., Notini M.M., Edel K.H., Weinl S., Freschi L., Voytas D.F., Kudla J., Peres L.E.P., 2018. De novo domestication of wild tomato using genome editing. Nat.
[bookmark: baep-author-id3]Biotech. 36, 1211–1216. https://doi.org/10.1038/nbt.4272
















Tables

Table 1. Summary of the terms used to describe the different metabolomics/metabolite profiling approaches used and the analytical techniques employed (modified and updated from Goodacre et al 2004). 


	Terms
	Description
	Predominant platforms used

	Untargeted Metabolomics
	Typically a comparative approach that captures all ions across a certain mass range in a global manner within a sample. The extraction method being a compromise and not optimised for a specific class of metabolites.
	LC-MS & NMR

	Metabolite profiling
	The determination of multiple metabolites (ca. 100) across different biosynthetic classes. Searchable libraries are typically used to provide unambiguous identification, although “known unknowns” can be included. 
	GC-MS focussing on primary or intermediary metabolism.
LC-MS Specialised (secondary) metabolism.


	Lipidomics
	Large-scale analysis of cellular lipids providing a representation of the lipidome.
	DiMS, LC-MS & GC-MS

	Targeted analysis
	Quantitative determination of a selected metabolite and its derivatives. Often includes a complete pathway with end-products and accumulating intermediate pools. The extraction optimised for specific compounds. 
	GC-MS, GC-FID, LC-MS & UHPLC/HPLC-PDA or FL.  MRM used to capture specific metabolites in a quantitative manner.
GC-MS in a selective ion monitoring 
mode has also been used. 





















Figure Legends.

Figure 1. A diagrammatic representation of the existing European approvals process for GMPs and NPBT (genome editing) is provided. Presently, NPBT are considered GMPs but could rapid comparative metabolite analysis be employed to alter their classification, reducing costs and extensive evaluation process? 

Figure 2. Potential metabolomics schemes for the characterisation of genotypes generated by New Plant Breeding Techniques. Modules in green (route 1) and blue (route 2) illustrated approaches to characterising a new metabolome without prior knowledge of the genome changes. The approaches in route 1 and 2 will maximise the coverage of the metabolome. The approach to characterising a genotype of known genotype is shown in pale red. The location of data integration modules are shown in yellow.
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