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Climate change threatens global food security, but the biggest impact will be in arid, low social-economic regions. To improve food security, new breeding technologies (NBTs) could be implemented for re-domestication of crop wild relatives (CWR). CWR harbor many beneficial traits, but it is difficult to incorporate these traits into conventional breeding programs. Thus, although genebanks hold significant collections of CWR, their potential has yet to be reached. Using barley as an example, we describe how using genebank collections, digital sequence information and NBTs, re-domesticated barley can be produced with improved characteristics, while retaining the resilience and adaptation of the original material. Lastly, we highlight some obstacles that need to be overcome for re-domesticates to be adopted.
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1 Introduction

The importance of genebanks in contributing to global food security is stated in target 2.5 of the UN Sustainable Development Goals.1 Globally, there are more than 1,750 genebanks conserving plant genetic resources (FAO, 2009). These genetic resources represent improved cultivars, landraces, weedy types, genetic stocks, and wild plant species. Of these, it is the wild species that are particularly recognized as potentially holding the key to many of the challenges facing agriculture today, including climate change, population growth and loss of agricultural land. The reason for emphasizing the importance of crop wild relatives (CWR) is that modern breeding has focused on developing high-yielding varieties that perform consistently across disparate environments, resulting in a diversity bottleneck within the breeding pool and farmers’ crops lacking resistance to biotic and abiotic stresses (Louwaars, 2018; Zhang et al., 2018; Khoury et al., 2022). CWR are seen as a vital source of diversity that can be leveraged to confer resistance to these stresses (Dempewolf et al., 2017; El Haddad et al., 2021).

Identifying and then making use of the genes that contribute to the resilience/resistance of CWR however, is not a small task, even with the advent of high throughput phenomics and genomics. Phenotyping technologies may be used to screen CWR directly, followed by crossing of the CWR with a cultivar with a suitable genetic background and then selection, or conversely, CWR may be crossed with domesticated lines first, followed by evaluation of the F1; both strategies involve advancement and screening of multiple subsequent backcross generations (Dempewolf et al., 2017; Zhang et al., 2022). Identification of the specific genes or quantitative trait loci (QTL) conferring resistance or tolerance to the target trait(s) can speed up the process of ensuring relevant genes are introgressed through marker-assisted selection (Swamy and Sarla, 2008; Sharma et al., 2013; Migicovsky and Myles, 2017). There are some examples where this type of pre-breeding work has paid dividends. For example, in rice (Oryza sativa), introgression lines derived from O. rufipogon have been produced with planthopper resistance (Li et al., 2019) and bacterial blight resistance (Xing et al., 2021); and introgression lines derived from O. meridonalis and O. rufipogon have increased salinity tolerance (Wairich et al., 2021). Nonetheless, the pre-breeding pipeline can be long, and challenges include inter-species cross-incompatibility and linkage drag, whereby it is not just the target gene that is introgressed, but also other genes, which may negatively impact the performance of introgression lines. Two examples would be the rye-wheat introgressions, which can negatively affect the agricultural value of wheat (Johansson et al., 2020), and H. spontaneum introgression into cultivated barley (Hernandez et al., 2020). These introgressions can also be quite large, increasing the chance that unwanted genes with unwanted traits are inserted. The choice of elite line used as background can also impact the expression of introgressed genes (Zhang et al., 2022). Progress in incorporating CWR into breeding programs therefore remains slow and requires very significant investment of time and money.

Given these barriers to using CWR in breeding pipelines, in agreement with others (Bohra et al., 2022; Garland and Curry, 2022), we suggest an alternative approach: to re-domesticate progenitors of modern crop cultivars using gene editing techniques (Hanak et al., 2022). The aim would not be to produce plant ideotypes that closely resemble modern cultivars; rather, to tweak promising accessions of target CWR to meet some of our food security needs, while retaining their resilience and resistance. Once the technology has been optimized, it could be applied to multiple genotypes and made available to farmers in marginal lands, ensuring evolution in the target environment in response to local environmental pressures. Here, we outline why this could significantly contribute to food security, focusing on barley as an exemplar of the approach.



2 Breeding and re-domestication

The main crops used in agriculture were domesticated roughly 12,000 years BP, in particular, in the region known as the Fertile Crescent, where crops such as barley, wheat, chickpea and lentils were first domesticated (Zohary et al., 2012). For millennia, farmers used their own cultivars, later recognized as ‘landraces’, which were adapted to the local environment. However, in the 19th century, breeding started to become more popular. With the understanding of genetics and new breeding methods such as pedigree and backcross breeding, mutation breeding and single seed descent, together with extensive use of fertilizer, the green revolution started in the 20th century (Fernie and Yan, 2019; Hickey et al., 2019; Singer et al., 2021). Since then, more tools have been implemented: molecular marker assisted breeding, genome wide association studies to find new QTL and, more recently, speed-breeding and inclusion of CWR in breeding programs (Hickey et al., 2019; Lenaerts et al., 2019; Singer et al., 2021). Additionally, new approaches incorporating machine-learning have been applied to increase breeding success (Niazian and Niedbała, 2020; Van Dijk et al., 2021).

Breeding in general, is nonetheless, still a time-consuming process and breeding with CWR is troublesome. Many hurdles must be overcome to use CWR, including possible crossing-incompatibilities and the workload of pre-breeding, outcrossing and line fixation. New approaches could be re- and de novo domestication (Box 1) using genome editing methods (Brozynska et al., 2016; Van Tassel et al., 2020; Gasparini et al., 2021; Zhu and Zhu, 2021). Here, a CWR is changed only in specific genes responsible for domestication. The plants could then, theoretically, be directly used in the field or act as new material in breeding pipelines. This approach offers some advantages over classical breeding:

I. Plants created by re- or de novo domestication (RD/DND) would be adapted to the environment they were taken from and harbor beneficial traits. This could include pathogen resistance, but in particular, tolerance to abiotic stresses and used in regions facing previously unknown or rare stresses (Yu and Li, 2022).

II. Only a specific number of genetic changes in domestication genes are needed to RD barley (Table 1), as proposed by Haas et al. (2019), and shown for tomato (Abbo et al., 2014; Zsögön et al., 2017).

III. Until 2023, 20 cultivated and 4 wild barleys have been sequenced and assembled (Sato et al., 2021; Sakkour et al., 2022; Pan et al., 2023). This could be considered a limitation, however, the genes behind the beneficial traits in the CWR do not need to be known; they are inherent in the plant.

IV. RD could be significantly faster compared to normal breeding, perhaps 1–5 years for RD compared to up to 10 years for winter barley breeding, and/or accelerate the pre-breeding process for CWR (Fernie and Yan, 2019; Hickey et al., 2019; Lenaerts et al., 2019; Stockinger, 2021; Zhu and Zhu, 2021).

V. RD could help break linkage drag by mutating desired traits without the carryover of undesired traits coupled to the QTL (See 4.2 NUD1).


BOX 1 | De novo- and re-domestication.

Domestication, from domesticus (lat. “belonging to the house”), describes the process of transitioning wild plants into the domus (lat. “home”). Domestication of barley dates to roughly 10,000 years BP (before present), and evidence links it to the Fertile crescent in the near east. Domestication of barley was accompanied by domestication of other crops: einkorn and emmer wheat, and legumes such as lentils. Recently, two terms around domestication have become common: ‘re-domestication’ (RD) and ‘de novo-domestication’ (DND). Here, we follow the definitions of Yu and Li (2022). Re-domestication describes the process of domestication of a CWR of a cultivated crop. In the scope of barley, Hordeum vulgare ssp. spontaneum is the CWR of Hordeum vulgare ssp. vulgare that we discuss. In contrast, DND describes the process of domestication of a plant that has not been domesticated previously. An example here would be Hordeum bulbosum, a perennial wild barley not yet domesticated or used in agriculture.
 



TABLE 1 Overview of the three important trait groups necessary to change in wild barley for re-domestication.
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3 Why barley?

Barley, Hordeum vulgare subsp. vulgare (L.) K. Richt., is one of the major crops in terms of dry matter production worldwide (Verstegen et al., 2014), with more than 150 million tonnes harvested last year, and an estimated 142 million tonnes in 2023 (Foreign Agricultural Service, 2023). The main use of barley is feed for livestock and malt for beer production (Verstegen et al., 2014). In some African regions, however, barley is a staple food for people, providing carbohydrate, fiber and micronutrients (Langridge, 2018). Farmers in Africa and India are using barley as a dual-purpose plant, cutting the straw for animal feed early in the season and harvesting grain from the recovered plants at the end of the season (Sadreddine, 2016; Kumar et al., 2017). The barley grain has a high level of beta-glucan, which is associated with the maintenance or reduction of blood cholesterol and to reduction in post-prandial glycaemia (Harland, 2014).

Cultivated barley originates from its wild progenitor H. vulgare L. subsp. spontaneum (K.Koch) Thell. It was discovered and classified by Karl Koch as a species (H. spontaneum K. Koch), although modern taxonomy classifies H. spontaneum as a subspecies of H. vulgare (von Bothmer and Jacobsen, 1985; Zohary et al., 2012; Blattner, 2018). Barley has high adaptability and is known as ‘the last crop before the desert’.


3.1 Wild barley: a highly resilient subspecies

Although modern cultivated barley is a highly adapted self-pollinator, the breeding pool has lacked allelic variation, in particular for use in challenging environments (Ellis et al., 2000; Dawson et al., 2015). In the last decade, breeders have addressed this bottleneck through the use of landraces (Kumar et al., 2020; Brbaklić et al., 2021; Hill et al., 2021). In contrast, wild barley, H. hordeum subsp. spontaneum, has not undergone years of selective breeding and therefore still has its allelic variation. Research in wild barley has identified some of the genetic basis of salinity and drought tolerance (Ebrahim et al., 2020; Khalil et al., 2021). Wild barley accessions from arid regions seem to be superior under drought stress (Hong et al., 2020; Pan et al., 2022; Wang et al., 2023). Transcriptome analysis of wild barley led to the discovery of several differentially expressed genes that are responsible for gas exchange and stomatal traits (Ashoub et al., 2018; Chen et al., 2019). Wu et al. (2022) found a wild barley polymorphis for increased β-amylase activity during drought stress in wild barley. While Shrestha et al. (2022) identified a new polymorphism in the proline accumulation pathway and Pan et al. (2022) found a polymorphism in the ROS scavenging pathway, both conferring increased drought stress. Nitrogen use efficiency (NUE) is increasingly important (Ekardt et al., 2018). Studies with wild barley suggest that it inherits improved NUE and could be a valuable source for new alleles (Shah et al., 2017, 2019; Zahn et al., 2020). Rehman et al. (2021) screened wild barley accessions and found several accessions that were less susceptible to common diseases (net blotch, scald, leaf rust and powdery mildew). Resistance QTL and/or genes have been identified against Puccinia graminis f. sp. tritici (wheat stem rust) and P. graminis f. sp. secalis (rye stem rust) (Sallam et al., 2017; Henningsen et al., 2021), while Pan et al. (2021) found a novel barley mosaic virus resistance QTL. In summary, wild barley holds many beneficial traits and genes that could contribute to solving the major challenges facing agriculture but could already be used today to address urgent crises for people in poorer, climate-stressed regions.



3.2 Barley genetic resources

Genetic diversity is the foundation of breeding; conversely, breeding resulted in a reduction in diversity, due to the narrow genetic pool used (Van De Wouw et al., 2010; Swarup et al., 2021). Wide adoption of modern cultivars, which perform to a satisfactory degree across different environments, further leads to genetic erosion within farmer fields, through the planting of monocultures over large areas of land and displacement of landraces (Khoury et al., 2022). Recognizing the importance of novel material in breeding programs, collections of germplasm started to be established in the late-19th century (Hay et al., 2021) and efforts continue to collect both cultivated and CWR germplasm (Eastwood et al., 2022; Khan et al., 2022).

Given the importance of barley as a crop, it is not surprising that it is one of the best represented crops in genebanks, at least in terms of number of accessions. Further reflecting its importance, it is included in Annex 1 of the International Treaty on Plant Genetic Resources for Food and Agriculture (FAO, 2010). According to FAO (2009), the largest collections of barley genetic resources were held by national genebanks in Canada, United States and Brazil, and by the International Center for Agricultural Research in the Dry Areas (ICARDA), together accounting for 27% of the 466,531 accessions held in genebanks worldwide. Genesys, an online aggregator database of genebank accessions (Genesys, 2022), currently has records for 277,913 Hordeum accessions (or 242,981 accessions using ‘barley’ as the search term). Most of these records (225,736) are cultivated barley (current GRIN taxon indicated as H. vulgare subsp. vulgare or H. vulgare), but apart from those not specified, the other taxon with the most records is H. vulgare subsp. spontaneum (12,904 accessions). Approximately 35% (4,490 accession records) of these are held by the Lieberman Germplasm Bank in Israel, with other genebanks with >1,000 accession records in Genesys being Embrapa in Brazil, ICARDA in Lebanon, the Nordic Genetic Resource Center in Sweden, and the National Small Grains Germplasm Research Facility in the USA. Only 7,001 of the accession records of H. vulgare subsp. spontaneum have georeferenced data for their original source location. Based on this data, accessions have been collected, in countries such as Jordan, Israel and Lebanon, countries that are recognized as having high rates of aridity, and where cultivation of crops might be difficult, especially if irrigation is not possible (Figure 1). Accessions of H. bulbosum, H. murinum (inc. subsp. leporinum) and H. marinum (inc. subsp. gussoneanum) originate from the same latitudinal range (approx. 25–45°N) but extend further west. The other wild species represented in Genesys is H. chilense which, based on records in Genesys, has only been collected in Chile. In addition to these barley CWR, there are a number of other wild Hordeum spp., many of which have been identified as under-represented in genebanks (Vincent et al., 2012; Lala et al., 2018), but which might ultimately be similarly important sources of genes and/or candidates for RD.
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FIGURE 1
 Overview of wild barley accessions listed in Genesys mapped to their origin on a global aridity index map (Zomer et al., 2022). Figure prepared by Andy Nelson, University of Twente, Netherlands.





4 Genome editing of target traits

Using digital sequence information and precise genome editing techniques such as CRISPR/Cas9, genes within CWR accessions can be specifically altered to the desired domesticated trait. The CRISPR/Cas9 toolkit facilitates the use of a small single-guide RNA containing a spacer, identical to the target region in the genome, guiding the enzyme complex to the target and inducing double strand breaks (Urnov et al., 2010; Gaj et al., 2013; Wei et al., 2013). Various tools then make the required change to the DNA in that region. For example, with base-editors, specific nucleotides can be changed to alter the transcribed amino acid (Gaudelli et al., 2017). PAM-less variants of Cas9 increase versatility and target selection (Walton et al., 2020; Ren et al., 2021). With prime editing, specific nucleotide changes at the protospacer region are possible (Anzalone et al., 2020). Twin prime editing targets larger regions enabling specific integrations into these regions (Anzalone et al., 2021). With multiplexing, several targets can be edited simultaneously, limited only by the plasmid size. However, new gRNA expression designs are increasing the possibilities (Xie et al., 2015).

CRISPR/Cas 9 mediated genome editing in barley is already well-established (Figure 2). Kapusi et al. (2017) induced deletions in the ENGase gene and Holme et al. (2017) knocked out phytase HvPAPhy_a. Use of CRISPR/Cas has also increased knowledge of lignin modifications (Lee et al., 2021), vitamin E biosynthesis (Zeng et al., 2020) and protein functions (Galli et al., 2022). Noteworthy is an approach by Panting et al. (2021) in which barley was modified for recombinant protein production. To RD barley from its progenitor, we conclude that four major traits would lead to a good foundation.

[image: Figure 2]

FIGURE 2
 Current state of CRISPR/Cas9 mediated genome editing of traits in barley. Literature was taken from web of science with to the search terms limited to barley, genome editing and CRISPR/Cas9 (S1). All published literature were knockouts. The chart was made using python with the packages provided in the Supplementary data (Data Sheet 2) and Inkscape (Inkscape Project, 2020).



4.1 Yield

Differences in yield between cultivated and wild barley can be large. Yield is a polygenetic trait, which is not conferred by a single gene. Genes from different classes contribute to yield (Nadolska-Orczyk et al., 2017). Recently, Fernández-Calleja et al. (2021), summarized the interplay of major flowering time genes affecting yield in different ways, for example by affecting the number of spikelets or floret survival (Fernández-Calleja et al., 2021). Furthermore, new genes are constantly being found, which affect yield in different conditions (Thabet et al., 2020). It is unlikely, that single or multiplex editing will achieve similar results to nearly 10,000 years of breeding, but targeting a combination of genes could increase wild barley yield (Table 1). One important trait associated with yield is row architecture. Cultivated barley varieties are either 2- or 6-rowed; in 2-rowed barley, the two lateral spikelets either side of the central spikelet are sterile, while in 6-rowed barley, all spikelets are fertile. Two-rowed wild barleys could be modified to increase the quantity of seeds (Fukuyama et al., 1975; Lundqvist, 1997; Komatsuda et al., 2007). A knockout of Vrs1 and Vrs5 would be necessary (Komatsuda et al., 2007; Ramsay et al., 2011). An alternative approach to improve wild barley yield could be to increase grain size, by targeting Grain width 2; deletion of this gene in rice and transcript suppression in wheat resulted in bigger grains (Hong et al., 2014; Yamaguchi et al., 2020).



4.2 Edibility

Barley is the only member of the Poaceae family with a special botanical trait. Roughly 10 days after flowering, an adhesive coating forms around the caryopsis (Taketa et al., 2008). The majority of cultivated barley has this layer, since for malting, it is not disadvantageous (Taketa et al., 2004). However, for food production, the naked variant is preferred due to ease of processing and increased edibility. The genetic basis for the naked trait is a 17kbp deletion in the Nud locus (Taketa et al., 2008). Recently, CRISPR/Cas9-induced deletions in the Nud gene recreated the natural deletion phenotype (Gerasimova et al., 2020).



4.3 Agriculture suitability

Wild barley harbors various attributes limiting its use in agriculture. The most important change would be to remove the brittleness character of wild barley spikes by inducing a knockout in either the Btr1 or Btr2 gene (Pourkheirandish et al., 2015). This would impact the retention of grains on the spike, limiting seed dispersal and enabling harvest. The second important attribute is plant height. Tall plants are prone to lodging and hence, yield losses and declines in seed/grain quality (Rajkumara, 2008). Through mutagenesis and breeding of mutated alleles into cultivars, Dockter et al. (2014) created a dwarf phenotype. The erectoides-k mutation was the first mutation generated, however a candidate gene has not yet been identified (Gustafsson et al., 1977; Skov Kristensen et al., 2016). Two candidate genes where knockouts are conferring reduced plant height are Semidwarf1 (sdw1) and DEP1 (Wendt et al., 2016; Xu et al., 2017). Another trait is threshability. Threshability is conferred by the Thresh-1 locus, where a functional region enables easy removal of awns and breaking of the rachis (Schmalenbach et al., 2011). This trait will need a different approach; since a functional Thresh-1 is needed for threshability, restoration of this locus would be necessary, requiring either a homology directed repair approach or the new twin prime-editing approach. The presence/absence of seed dormancy is also an important trait in relation to agricultural suitability. In contrast to cultivated barley, wild barley seeds are highly dormant and long periods of after-ripening are needed for germination (Takeda and Hori, 2007). Two dormancy-related QTLs are described in the literature (Gong et al., 2014). Qsd1 confers an alanine aminotransferase (AlaAT); RNAi knock-down experiments confirmed its role in seed dormancy while sequence analysis revealed an amino acid change conferring the dormant phenotype (Sato et al., 2016). Alternatively, Qsd2 encodes for the mitogen activated map kinase kinase 3 (MKK3); this allele is found in Asian cultivars (Nakamura et al., 2016). A single amino acid change confers pre-harvest sprouting resistance (i.e., greater dormancy), preventing early germination (Nakamura et al., 2016). Since both candidates can be targeted with base editors, this makes them ideal targets for genome editing.




5 Legal obstacles

Producing gene-edited RD plant types is clearly feasible, but to have impact, seeds need to be made available to farmers in the target regions. This may be challenging due to laws related firstly, to genome-edited crops and secondly, to the distribution and sale of seeds (Palmgren et al., 2015).


5.1 Legislation around genome-edited crops

Genome-edited crops (GECs) are regulated differently around the globe, creating a complicated picture of where gene-edited RD plants might be used (Figure 3). Many countries take a cautionary approach, in part because of the public perception of genetically modified organisms (GMOs) which contain foreign DNA.

[image: Figure 3]

FIGURE 3
 Overview of global regulations for (A) gene edited crops (GECs) and their classification; and (B) seed distribution systems and their requirements. The maps were generated using mapchart.net. References used for these maps can be found in the Supplementary File S2.



5.1.1 Case-by-case evaluation of GECs

Several countries generally accept GECs although there are still case-by-case evaluations of each product. The outcome then defines whether authorization is required, or a standard variety release procedure is applied (Whelan et al., 2020). Argentina was the first country with this type of legislative framework (Whelan et al., 2020). Other Latin American countries, e.g., Chile, Brazil and Colombia, followed Argentina’s approach (Schiemann et al., 2020). The United States, the current leader in NBT-derived plants (Parisi and Rodriguez-Cerezo, 2021), also takes this approach. The basis for this approach is that if plants obtained by NBTs contain a possibly naturally occurring mutation, they should be treated as conventionally generated plants (Hoffman, 2021). A recent new member of this type is Canada (Health Canada, 2022).

Countries in Africa could perhaps benefit the most from RD plants and, in general, from cultivation of GECs, as recognized by the African Union Agenda 2063 (Buchholzer and Frommer, 2023). Nigeria and Kenya are two pioneer countries with regulatory guidelines for GECs based on the case-by-case approach (Buchholzer and Frommer, 2023). In fact, in Kenya, gene insertions from sexually compatible species are excluded from the regulation under the Biosafety Act for GMOs (National Biosafety Authority Kenya, 2022).

On the Asian continent India introduced separate regulations regarding GECs in 2022. GECs obtained with non-homologous end joining or homologous directed repair with a template carrying specific nucleotide substitutions (regarded as a different allele) and without foreign DNA in the final product are exempted from GMO regulations (Government of India, 2022). Pakistan follows a similar route (Jones et al., 2022). Since Pakistan shows a high population growth rate, NBTs could be highly relevant in providing food security (Jones et al., 2022). Indonesia and the Philippines have also announced to follow the product-based approach (Sprink et al., 2022; Buchholzer and Frommer, 2023). Additionally, Japan and Australia share the approach of de-regulating plants edited without insertions of extracellularly made DNA template (Mallapaty, 2019; Tsuda et al., 2019).



5.1.2 GECs are treated as GMOs

The most restrictive approach to GECs is to group them with GMOs. This is the approach currently taken by, for example, the European Union, New Zealand, and the majority of countries in Africa (Fritsche et al., 2018; Genetic Literacy Project, 2020; European Parliament, 2022). Authorization is required for releasing GMOs on the market or into the environment, which can only be granted following an assessment of the risks (European Comission, 2021). Strict rules about monitoring, labeling and traceability requirements are part of the authorization (European Comission, 2021). Recently, the current approach, regulating the method of cultivar generation has been challenged, with suggestions that focus should be placed on the effect of the targeted gene edit (Jouanin et al., 2018; Leopoldina, NADW, 2019; Dima and Inze, 2021; Dima et al., 2022). In April 2021, the EU Commission published a study on New Genomic Techniques (NGTs), which include CRISPR/Cas9 and other genome editing approaches, indicating that current regulations need to be updated (European Comission, 2021). The same report concludes that “It may not be justified to apply different levels of regulatory oversight to similar products with similar levels of risk, as is the case for plants conventionally bred and obtained from certain NGTs.”



5.1.3 Ongoing debate

In between both extremes of evaluating GECs as GMOs or not, many countries are yet to decide. Recently, Burkina Faso, Ethiopia, Ghana, and Zimbabwe began discussing GECs (Entine et al., 2021). Asian countries such as Vietnam or Bangladesh could prosper significantly from GECs. Legislation still needs to be established but draft documents are being developed (Sprink et al., 2022). New Zealand is also a member of the states where NBTs are under discussion. The current situation sees GECs still as GMOs (Environmental Protection Authority of New Zealand, 2013; Kershen, 2015; Fritsche et al., 2018). Recently, a shift toward a political discussion in favor of GECs could be seen (Rolleston, 2019; Allan, 2023).

The legal challenges to using GECs are a major hurdle for farmers. While many countries have already accepted this technology, some countries that could benefit the most are still hesitant to adapt. Especially, in regions where borders are not entirely controlled, neighboring countries’ laws have a big impact. The European Union could be a flagship region in this field, paving the way for future adoption of this technology. A shift toward the acceptance of GECs could hereby lead to a general global shift, including in developing countries. For now, the current situation prohibits not only the use of this technology, but also the incentive to develop it further. Nonetheless, as more and more countries accept GECs and RD CWRs, more regions will likely follow.




5.2 Seed laws and regulations

Seed systems consider all components involved in seed supply and usage. Two different systems are defined: formal and informal (or farmers’) systems (Louwaars, 2007). The farmers’ system involves local seed selection, production and distribution by farmers (Louwaars, 2007 Louwaars and Manicad, 2022). The formal system consists of components surrounding seed production and supply on a large scale, operated by private or public entities (Louwaars, 2007). Additionally, a third, semi-formal (community-based or quality declared) system is sometimes distinguished. This may involve registered farmers or farmers’ organizations producing quality declared seeds (QDS). QDS must meet certain standards, but requirements are less strict than those applied to certified seeds within a formal system (FAO, 2006; Ayenan et al., 2021). For a variety to be registered and certified, it must be distinct, uniform, and stable (DUS) and undergo value for cultivation and use testing (VCU testing). The test considers variety performance, focusing on yield, resistance to harmful organisms, behaviour in the physical environment, and quality traits (Liveseed, 2021).

Western European countries and the United States have the oldest institutional framework for germplasm (Wattnem, 2016). The basis of today’s seed legislation was founded in 1966 (Wattnem, 2016). According to the system, a plant variety must fulfill ‘distinct, uniform and stable’ (DUS) criteria and ‘value for cultivation and use’ (VCU) testing and to be registered (both nationally and/or in the European Common Catalog). This system guarantees the quality of released varieties, but inhibited the farmers’ system and biodiversity conservation (Wattnem, 2016). This was addressed with a new directive enabling use of “conservational varieties” (Bocci, 2009). The US seed legislation differs substantially from the European version, making seed registration, certification and testing optional in regional institutions (Winge, 2012). Hence, the law does not illegalize the farmers’ system, and local, non-homogenized varieties can be marketed. Certification of a variety is highly interesting for agricultural businesses due to the protection provided by the Plant Variety Protection Act (PVP), the Plant Patent Act or the Utility Patent Protection for Plants (Winston, 2008). These laws allow breeders to prevent other parties from selling, reproducing, importing, exporting, or stocking the registered variety. Additionally, other parties cannot use it for breeding of new varieties or hybrids. Those protective practices hugely influenced the seed system’s homogenization (Wattnem, 2016) and marginalized the role of farmers’ systems.

In developing countries, seed regulations mainly arose from pressure imposed by agricultural companies and trade organizations (Wattnem, 2016). Latin American seed regulations are heavily influenced by EU seed laws. Such legal frameworks benefit the formal seed system through registration and certification processes that risk the exclusion of smaller companies or farmers. Colombia as an example, prohibits any commercialization and sharing of seeds without a certificate (Jiménez et al., 2013). Seeds can be certified if they fulfill DUS criteria and pass VCU testing. Additionally, registration is mandatory and storing seeds other than from the plot approved by the Colombian National Agricultural Institute (ICA) is not allowed (Campesina, 2015; Santilli, 2015; Wattnem, 2016).

Most African countries have national regulations (African Union Commission, 2021). Additionally, seed regulations in Africa are organized regionally, by the Economic Community of West African States (ECOWAS), the South African Development Community (SADC) and the Common Market for Eastern and Southern Africa (COMESA) (African Union Commission, 2021). The main aspects covered by the regional regulations are variety release, seed certification, and phytosanitary control (African Union Commission, 2021). Some national laws are in complete harmony with the regional laws; in other countries, implementation and harmonization are in progress. The regional rules focus on regulating the formal seed system, leaving the farmers’ system regulated by national legislation. National laws differ in their regulations of the informal seed system. Although in most countries, a variety must be in the national catalog and/or certified or with the quality declaration, some national provisions exempt farmers’ seeds from those regulations (Figure 3).

In Asia, the seed system legislation varies among countries, but since establishing seed laws, countries have been pressured to adopt patent legislation, the PVP act and the seed certification system (Campesina, 2015). FAO analyzed seed systems in 20 Asian states; only Malaysia and Laos still lacked national seed laws (FAO, 2020). Some countries implemented the PVP Act in their laws entirely or parts of it, such as the Republic of Korea and China, respectively (FAO, 2020). China did not implement the PVP act completely, in order to strengthen their farmers’ role in the seed system (FAO, 2020). Additionally, Indonesia, the Philippines, Bhutan and Myanmar seed laws concern and include farmers’ rights (FAO, 2020). Some countries made it more difficult for small farmers with the necessity for DUS and VCU testing. Nepal and Sri Lanka have both as a requirement for nearly all crops, but in general, DUS is more prevalent (FAO, 2020). Certification is mandatory mainly for major cereals, roots and tubers (FAO, 2020). Apart from legal requirements, a problem highlighted in the report was ‘fake seeds’ (FAO, 2020).

Making VCU testing, DUS and certification mandatory creates problems for farmers. Responding to the implementation of restrictive laws, farmers protested, for example, in India after implementation of the PVP act. Subsequently, the Protection of Plant Varieties and Farmers’ Rights Act was passed, giving the rights back to farmers (Peschard and Randeria, 2020). The act is known to be one of the legislations with the most rights given to farmers (Peschard, 2014). In Indonesia, the introduction of seed laws led to a court trial of a farmer for illegally reproducing and distributing seeds (Campesina, 2015). However, the Constitutional Court decided that the seed law was unconstitutional and permission to collect, reproduce and distribute seeds is not required anymore (Campesina, 2015).

The seed system legislation is still limiting and creating difficulties for farmers. RD of barley and other GECs could potentially bring significant prosperity to the informal seed system. However, even if the regulations around GECs enable their cultivation, seed laws and patent acts prevent those crops’ seeds from being used, reproduced and distributed by farmers. Additionally, the technology for making GEC varieties is largely restricted to the formal seed sector; hence, their production would be monopolized. It would be crucial to loosen restrictive patent and seed laws. Additionally, NGOs or state-run research facilities can play a role in making GECs accessible to farmers.




6 Discussion

Clearly there is huge potential for RD and DND crops, and the proof-of-concepts in ground cherry, tomato and allotetraploid rice show some of the likely impact of NBTs (Lemmon et al., 2018; Li et al., 2018; Zsögön et al., 2018; Yu et al., 2021). With the various NBT toolkits that are now available, we can specifically alter the genomic DNA of an organism to produce desired traits. However, there are still gaps hindering the full realization of the potential of NBT, namely: (i) transformability and tissue culture regeneration of plants; (ii) screening material; (iii) connecting genebank accessions with genomic data from genotyping, omics, and phenotyping data.

i. Transformability is perhaps still the biggest hurdle for NBTs. To date, in barley, most of the research is done using ‘Golden Promise’ since it is well known for its transformability and tissue culture suitability. Despite extensive research into new transformation protocols, progress using wild barley or even other genotypes of cultivated barley has been slow (Orman-Ligeza et al., 2020; Choi et al., 2022; Tiwari et al., 2022; Wang et al., 2022). Some success has been achieved using the barley ovule system (Holme et al., 2008), but we still need to optimize this technique for wild barley.

ii. Screening for suitable material will be another challenge, not only for RD; it is also necessary for classical breeding. For RD, incorporating algorithm-based analyzes is possible. These machine- or deep-learning tools are already common in plant science (Van Dijk et al., 2021; Yan and Wang, 2022). Automated analysis of big data sets has enabled disease stress analysis, crop phenotyping and biochemical network analysis (Singh et al., 2018; Van Dijk et al., 2021; Zheng et al., 2021). Recently, Sandhu et al. (2021) were able to predict complex traits in breeding wheat (Sandhu et al., 2021). Van Hilten et al. (2021), were able to predict phenotypes from genetic variants. As noted by Zheng et al. (2021), another great opportunity could be the use of satellite or drone data. While these authors mainly focused on precision farming of strawberry, we suggest another possibility: screening for wild plants in rough environments via satellite pictures or drones, and evaluation of the acquired data via machine-learning. Once appropriate analytical methods have been developed, this approach could cover large areas of land and quickly identify new genetic resources.

iii. Genetic resources comprise not just the physical material which a genebank distributes, but also all the information that is collected on the material. The most basic information is the passport data, but more and more characterization and evaluation data are being collected for genebank accessions. Further, it is increasingly recognized that it is important that accession-level data is made accessible; this will also be important to realize the potential of CWR and NBTs. Relevant data includes characterization and phenotyping data, and digital sequence information for specific genes and/or partial or whole genomes, collected by researchers both within and outside the genebank. Tools are available to ensure linkages among databases and accessibility, for example, the use of digital object identifiers for germplasm as part of the global information system (FAO, 2023) and databases such as Germinate which maintain accession-level phenotypic data (Raubach et al., 2021). Nonetheless, there needs to be strong collaboration among scientists to ensure relevant data is collected and made available, and to avoid duplication of efforts and waste of resources.

With progress in these fields, we can think about the future of plant breeding and achieving global food security, through RD, as discussed here for the CWR Hordeum vulgare subsp. spontaneum, but also for less closely related CWR. DND of Hordeum bulbosum could create a perennial barley suited to long-term sustainable cultivation. However, this will require significant research investment to develop transformation protocols. We are already at the start of what some are referring to as Breeding 4.0, combining genome editing with the use of algorithms to predict outcomes (Kuriakose et al., 2020; Shen et al., 2022; Zhao et al., 2022). Further ahead, in Breeding 5.0, the specific de-novo design of genes and metabolic pathways could be possible (Kuriakose et al., 2020). Thus, we can start to imagine creating plant types suited to diverse extreme environments, from regions with high aridity, to those with high levels of heavy metals or salt or other pollutants, to the challenges of for example, low gravity and/or high radiation in space. RD of highly resilient CWR may be the best starting point for producing varieties that are uniquely adapted.
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