

GENERAL DISCUSSION

Overview

The main objective posed in this thesis was to contribute to the conservation-access-utilization continuum of plant genetic resources at the national level, focusing on CWR as a source of novel genetic variation worth to be preserved in the interest of food security, given the limited genetic diversity held by current crops and the challenges brought by climate change. In this sense, not only the taxonomic diversity of CWR was taken into account as a conservation target, but also the genetic diversity and potential adaptations to biotic and abiotic stresses that their populations contain. To that aim, we have prioritized CWR of importance for Spain and applied ecogeographical approaches to estimate the among-population genetic diversity of CWR populations, to contribute to a proposal of sites for in situ conservation and ex situ collection, strengthening the access and, in this manner, the utilization of these valuable plant genetic resources. This discussion section is structured in three subsections relating to the i) identification and prioritization of CWR, ii) conservation of CWR and iii) access and utilization of CWR. The genetic variation of adaptive value component is transversally discussed over the three subsections, as the genetic diversity held by CWR must be the basis for the design of conservation plans that should pursue boosting the use of CWR as gene donors for plant breeding. Figure 1 shows a simplified schema of the processes involved and the products obtained in this thesis, which are the main subjects of this general discussion.


Figure 1. Processes (blue) and products (green) developed in the framework of this thesis
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Identification and prioritization of crop wild relatives

The broad definition of a crop wild relative (CWR) as a wild plant species closely related to a crop provides an ambiguous context for the identification of CWR, sometimes leading to consider as much as 80% of the national Floras as CWR species. This is, for instance, the case of Spain and other countries in the EuroMediterranean region (Kell et al., 2007). However, in other cases, a much lower proportion of the Flora of the countries is considered a CWR species (e.g. 14.8% in The Netherlands (van Treuren et al., 2017), around 10% in Benin (Idohou et al., 2013), 35% in England (Fielder et al., 2015a) or 43% in Scotland (Fielder et al., 2015b)). Accordingly, and accounting for the differences in plant species richness among countries, the number of species in national CWR checklists can be very different. For example, we find checklists with more than 24000, 6500 and 7000 species in China (Kell et al., 2015), Italy (Ciancaleoni et al., 2021) and Turkey (Tas et al., 2019), respectively, and other checklists with less than 500 species (e.g. Zambia (Mwila et al., 2019)), Benin and The Netherlands. Nevertheless, among the published checklists, the final number of species normally ranges between 1200 species (England and Scotland) and 2000 - 3000 species (e.g. Russia (Smekalova, 2008; Chukhina et al., 2020), United Kingdom (Maxted et al., 2007); Portugal (Magos Brehm et al., 2008), Czech Republic (Taylor et al., 2017), Finland (Fitzgerald, 2013), Cyprus (Phillips et al., 2014) or Norway (Phillips et al., 2016), which implies, in every case, larger checklists than the Spanish checklist proposed in this thesis (929 species). Overall, these are large numbers for implementing effective conservation strategies for CWR and all these checklists were subsequently prioritized.

Criteria for prioritization varies among countries, depending on their idiosyncrasy, but there are shared criteria that all countries applied. The two criteria applied in all cases are ease of crossability with crops (except for the United Kingdom) and economic value of related crops. The application of both criteria, whether the approach for the generation of checklists was monographic (selection of crops and then list related wild species) or floristic (list of all CWR in the area using floristic inventories) (Maxted et al., 2011; Magos Brehm et al., 2013), resulted in the definition of different groups of CWR depending on the use of the related crop. In this sense, in Spain we established four categories (Food, Fodder and Forage, Ornamental and Industrial and Other Uses) that were similarly established in all consulted national inventories, with the exception of Venezuela (Berlingeri and Crespo, 2012), Mexico (Contreras-Toledo et al., 2018) and Italy (Ciancaleoni et al., 2021), that only focused on CWR related to human food. Thus, the overall trend followed in the last decade, and opposite to the suggested existence of biases favoring wild food crop relatives against other groups such as ornamentals or forage species in the generation of checklists and inventories (Meilleur and Hodgkin, 2004), is the inclusion of categories not only important for food security, but also for the economic sustainability of the countries. In any case, the criteria applied for the prioritization of CWR in Spain was intentionally biased in favor of food and forage categories in the interest of food security. This preferential treatment is also implemented in other national inventories: for example, Khoury et al., (2013) only prioritized CWR in major agricultural crops for the USA, Fielder et al. (2015a and 2015b) only prioritized species in the human and animal food categories, and Cyprus and Turkey only included these two categories in their inventories (Phillips et al., 2014; Tas et al., 2019).

Following on the main criteria applied for prioritization of checklists, in Spain we considered as a priority those CWR classified in any of the IUCN threat categories or those endemic to the country (excluding Ornamental and Industrial and Other uses categories, as explained above). Regarding relative threat status, it is worth mentioning that it is a common criterion for prioritization of CWR as shown in the processes followed by 10 out of the 18 published national prioritized inventories (Venezuela, Finland, USA, China, Scotland, England, Turkey, The Netherlands, Russia and United Kingdom) and in the prioritization of plant genetic resources for ex situ collection in Israel (Barazani et al., 2008). Furthermore, it is also a widespread criterion for prioritization when following point scoring procedures (i.e., assigning values according to agreed criteria, as first described for CWR prioritization in Portugal (Magos-Brehm et al., 2010) and subsequently applied in the prioritization of inventories of Benin (Idohou et al., 2013), Mexico (Contreras-Toledo et al., 2018) or Zambia (Mwila et al., 2019), increasing to 13 the number of countries the threat status criterion for prioritization. The endemic status is also a common criterion used to select those CWR of particular importance for the country. Except for China or USA, all countries apply the endemicity criterion for prioritization or similar criteria that considers its rarity (e.g. Russia) or national distribution (Mexico, Zambia or Benin) of inventoried CWR.

Last, but not least, the native status of prioritized CWR should be addressed in this discussion, directly linking to genetic diversity of CWR. In this sense, we found different strategies among consulted inventories. Introduced and naturalized taxa are included in most of the inventories (e.g., Portugal, Italy, Zambia, the Czech Republic, Norway, Scotland, England, the USA, Benin, Venezuela), claiming that these genetic resources occurring in the country and linked to important crops should be taken into account. For instance, Bossdorf et al. (2005) argue that the evolution in the country (although short) might have provided these CWR with useful genetic diversity for crop breeding. On the contrary, highly biodiverse countries such as Turkey or China, directly focused on native wild species, as done in the Spanish case. As discussed in Chapter 1, both approaches may entail benefits, however it is expected a higher genetic variation in native CWR, as they are closer to their centers of diversity (Corinto, 2014). In this sense, and despite the inclusion of introduced and naturalized CWR in the inventories, many of them restrict their presence in the prioritized inventories. That is the case for the selected CWR for ex situ collection in Israel or priority CWR in Benin; the case of Scotland and the Czech Republic in which only native or archeophytes were considered for prioritization; the Netherlands which only considered naturalized or introduced species if these naturalization events took place before 1900, or the USA, in which higher priority was given to native taxa.

Conservation Status Assessment

The assessments of CWR conservation status - both in situ and ex situ- are the starting point to evaluate the preservation of CWR in each country. Remarkably, the conservation status assessment has been traditionally performed independently, separating in situ and ex situ actions. This is partly due to the different responsibilities granted to institutions taking care of conservation actions, assuming that genebanks implement ex situ conservation actions and that protected areas managers take care of the in situ conservation. In most cases, although pursuing the same conservation objective, these different actions are uncoordinated, causing gaps in conservation actions. Furthermore, if particularly focusing on CWR, their in situ conservation is neglected in many cases due to a simplified view that assumes that protected area managers can easily adapt ongoing management plans to include CWR (Hunter et al., 2012). Hunter et al. (2012) also warned about the threats faced by gene banks for the ex situ conservation of CWR, based on the lack of coordinated systems and insecure funding, facts that might compromise the adequate conservation of the accessions. Thus, CWR preservation must involve multiple actors that are expected to coordinate actions to achieve conservation goals (Magos Brehm et al., 2013). The implementation of assessments for CWR conservation must seek the complementary conservation, developing integrated strategies (Maxted et al., 2015) and management plans (Iriondo et al., 2021). In this sense, in this thesis both approaches have been explored searching for complementary conservation: we have evaluated the distribution of priority CWR and their ex situ conservation status (Chapters 1 and 2) and performed gap and complementarity analyses using protected areas in the Natura 2000 network for the identification of suitable sites for the establishment of genetic reserves (Chapters 2 and 3). In line with this, most of the above-mentioned inventories of other countries have also been subject of in situ and ex situ conservation assessments. For instance, in situ conservation status was evaluated for priority CWR of Benin, Portugal, Venezuela, Finland, Cyprus, England, Scotland, Norway, the Czech Republic, Turkey, Zambia, United Kingdom and Russia, including also a regional global assessment (Vincent et al., 2019). The ex situ conservation status was assessed for Portugal, Venezuela, USA, England, Scotland and Norway, plus the global assessment performed by Castañeda-Álvarez et al. (2016). Furthermore, The Netherlands assessed the vulnerability of CWR populations to climate change, in an attempt to clearly direct conservation efforts in a pragmatic manner. The lack of evaluation of the vulnerability of species or sites to climate change in this thesis might be considered as a limitation, as it might compromise the long-term stability of genetic reserves. However, the work on conservation of CWR in Spain has been continued beyond the development of this thesis and these type of analyses are now included in the National Strategy for the Conservation and Use of CWR and wild harvested plants of Spain (Molina Pertíñez et al. in press). In this Strategy, the vulnerability of CWR to climate change is addressed, making this issue one of the objectives to accomplish within the Goal A of the Strategy.

The in situ conservation assessment by any of the methodologies used (i.e. richness analysis, gap analyses against protected areas networks or complementarity analyses using protected areas or cells) is evidently affected by the amount and quality of the available chorological data. In this thesis, the distribution data for in situ evaluation was obtained from the Global Information Facility (GBIF, www.gbif.org) which is, up to date, the most used open access species distribution database. However, this database is also reported to contain biases in the available data due to different sampling efforts, national involvement and funding, and even because of societal and taxonomic preferences (Beck et al., 2014; Troudet et al., 2017; Ronquillo et al., 2020). These biases have been discussed in recent works addressing European CWR complementary conservation, acknowledging also a low participation of certain countries in the GBIF database or restriction on access to sensitive data (i.e., threatened species, narrow endemic taxa) (Rubio Teso et al., 2021). Taking into account these limitations and the overall representation of high priority CWR in protected areas in Spain obtained (74% of target species have at least one population in Natura 2000, Chapter 2), we consider that CWR in Spain are well represented in protected areas, as our findings can be considered as conservative results (i.e., we can expect more CWR species and populations to occur inside protected areas). However, the mere presence of CWR populations within the limits of protected areas does not guarantee their conservation and, much less, the conservation of their genetic diversity.

It is worth mentioning another novel approach used for the conservation assessment of CWR diversity. That is the case of the recent work by González-Orozco et al., (2021) who applied a phylogenetic approach in combination with species distribution modeling to assess the in situ and ex situ conservation status of Colombian CWR. They stress the importance of paying attention not only the taxonomic richness but also to the suitability of the preserved genetic diversity for crop breeding when planning conservation actions for CWR (i.e. take into account genetic compatibility with crops; issue that has been addressed in this thesis by the application of the gene pool and taxon group concept, Chapter 1).

Conservation of genetic diversity is a priority in conservation management and should aim to preserve the evolutionary potential of the species in the long term (Foster Huenneke, 1991). The concern in the conservation of genetic diversity and how to approach it has been largely discussed in the context of both threatened plant species and plant genetic resources conservation. For instance, Brown and Briggs, (1991), already 30 years ago, suggested the sampling of, at least, five populations to adequately cover and ex situ preserve the genetic diversity of endangered species. They argued that endangered species are not widely distributed and normally have few populations. These minimum was further extended to 50 sites by Brown and Marshall in 1995, adducing that distribution restrictions experienced by threatened species are not applicable to non-endangered taxa, and thus a higher number of populations was needed to cover the genetic diversity of these species. Steps forward in the estimation of the genetic diversity of the species, led to the proposal of sampling at least 35% of the known populations of a species, targeting in this way 70% of the genetic diversity - avoiding arbitrary numbers that might not suit each target species - for in situ conservation planning (Whitlock et al., 2016). Up to date, the minimum of five populations is the most common used indicator in the field of CWR to assess their in situ or ex situ conservation status. Both the in situ and ex situ assessments performed in England (Fielder et al., 2015a) and Scotland (Fielder et al., 2015b) proposed the threshold of five populations/accessions to evaluate the conservation status of the targeted CWR. Concerning the ex situ assessments, five accessions were also the minimum threshold settled for Finland (Fitzgerald, 2013), Norway (Phillips et al., 2016) or Zambia (Mwila et al., 2019) and slightly increased to a minimum of ten accessions in the global assessment of the ex situ conservation of CWR by Castañeda-Álvarez et al. (2016). In this thesis, both the minimum five populations/accessions and the 35% threshold of populations have been assessed (Chapter 1 and Chapter 2) as starting point for the evaluation of the conservation of genetic diversity.

Following on the importance of not only the genetic diversity of a species, but also in its potential adaptive value, Brown and Briggs (1991) suggested the interest on sampling diverse ecotypes as a source of potential adaptations, idea that directly links to the ecogeographic approach used in this thesis (Chapter 3 and Chapter 4). The use of Ecogeographic Land Characterization maps (ELC maps) is considered as a step forward in the estimation of genetic variation of adaptive value for plant genetic resources conservation (Parra-Quijano et al., 2020). Having in mind that the main objective for the establishment of a genetic reserve of CWR is the preservation of genetic diversity of the species and the evolutionary potential of their populations (Maxted et al., 2008; Iriondo et al., 2012), the use of ELC maps is widely followed in the conservation assessments of CWR. For instance, Phillips et al. (2016) used the ELC categories for sampling design in Norway, trying to cover the full ecogeographic range of the species’ populations and assessed the ELC categories representation within protected areas. Similar approaches were followed for the conservation assessments in Sweden (Weibull and Phillips, 2020), Mexico (Contreras-Toledo et al., 2019), the Czech Republic (Taylor et al., 2017), in the global in situ assessment carried out by Vincent et al. (2019) and similar maps were used in the global ex situ analyses of Castañeda-Álvarez et al. (2016).

In this thesis, not only ELC maps have been used, but we have also proposed an innovative ELC application by linking populations to ELC categories in which they occur (Chapter 3). We propose a new conservation target unit that is built by joining the populations’ occurrences of CWR to each of the ELC categories in which they occur, putting the focus on the adaptive value of each population of a species. To our knowledge, this is the first time that such combinations are used as conservation target units. Further to current approaches in which ELC representation of in situ CWR populations is assessed (Rubio Teso et al., 2013; Phillips et al., 2016; Taylor et al., 2017; Contreras-Toledo et al., 2019; Vincent et al., 2019; Weibull and Phillips, 2020) or ex situ collections planned or evaluated in their genetic representation according to ELC categories (Parra-Quijano et al., 2012a; Garcia et al., 2017; García et al., 2017) this methodology proposes to conserve at least one population of each of the CWR-Eco combinations and cover in this way the overall potential genetic diversity of the targeted species.

Based on the hypothesis that different environments can exert divergent selective pressures on plant populations, and thus genetic differentiation in genes of adaptive value (Thormann et al, 2014), Parra-Quijano et al. (2012b) provided a conceptual framework supporting the applicability of ELC maps for the design of conservation plans for plant genetic resources. In this way, ELC maps have been reported to show a good performance for predicting phenotype differentiation for Lupinus species in the field according to ELC categories (Parra-Quijano et al., 2012a). Nonetheless, linking the genetic diversity to environmental patterns does not always find a close association. For instance, Foster Huenneke (1991) provided some examples of unsuccessful correlations, citing some works carried out in the decade of the 70’s (mainly with isozymes). In a similar way, Thormann et al. (2016b) did not find a significant correlation among climatic differences and genetic structure in barley using microsatellites markers. However, it should be noted that these works do not estimate genetic diversity of adaptive value, but neutral genetic diversity. Neutral genetic diversity, by definition, does not affect fitness, it is not subjected to selective pressures and, therefore, does not allow to know to which extent the evolutionary and adaptive potential of a species could be affected by environmental conditions (González Campos, 2019).

More recently, and using data from sequenced regions that are neutral and also under selection, Reeves and Richards (2018) claimed that geographic and environmental distances are not good proxies for the estimation of functional genetic diversity, finding biases in haplotypic representation in Populus and Soighum species. However, García Sánchez (2020) provided some limitations to the findings of Reeves and Richards (2018), pointing to the lack of edaphic variables in the populations characterization and also that they did not take into account environmental variables’ contribution to the distribution of the species, contrary to what is done for the generation of ELC maps. In addition, Di Santo and Hamilton (2020) tested the neutral, adaptive and functional genetic diversity of 15 plant species using geographic and environmental distances as predictors for such diversity, providing strong arguments (close to 71% of adaptive variation and 45% of functional diversity captured) for the use of environmental distances in the design of ex situ collecting plans.

Most published works related to CWR conservation consider multi-species approaches to increase the efficiency of in situ conservation. For example, richness analyses are applied in the collecting strategy of 98 CWR to cereal crops in Spain (García et al., 2017), also in the proposal of 150 sites for global conservation of CWR (Vincent et al., 2019) or for the proposal of sites for the establishment of genetic reserves in the UK (Maxted et al., 2007). Complementarity analyses, iterative processes that maximize the number of species in the minimum number of places (Rebelo, 1994), are also a methodology that intends to protect multiple species at the minimum cost. Complementarity analyses have been applied in the conservation assessments of Norway, Cyprus, Zambia or Turkey, just to cite some. Both richness and complementarity analyses have been implemented in this thesis (Chapter 1, Chapter 2 and Chapter 3), and results show that they are an excellent approach to conserve CWR in situ and ex situ in Spain. However, the increment in the number of target conservation units, resulting when the combination of CWR with ELC categories is used, may considerably increase the resources needed to implement in situ and ex situ conservation actions. Therefore, there is an urgency to implement more efficient approaches based on multiple-species conservation. The integration of phytosociological approaches may be helpful in this regard. Results obtained in Chapter 3 highlight the usefulness of phytosociological associations to combine multiple-species conservation along with the potential genetic diversity their populations might contain. Since this methodology has been implemented to a reduced group of CWR, its application to other groups of CWR must be tested. This approach might be useful to enhance the already established genetic reserves of specific CWR with allied CWR species. This could be the case for the established network of Apium genetic reserves in Germany (Bonisch et al., 2015) or the proposed genetic reserves of Beta relatives (Frese et al., 2017).

Access and utilization of crop wild relatives

The establishment of genetic reserves should contemplate the current and future utilization of the genetic diversity preserved, making it available for potential users (Maxted et al., 1997). Besides, one of the aims of the ex situ conservation is to make available the material both to reinforce natural populations or to be used in scientific essays, among others (Bacchetta et al., 2008). In this way, the access to genetic diversity to be used would be linking the conservation efforts to the sustainable use of these genetic resources, as suggested by Maxted et al. (2008). However, an enhanced access to plant material whether from the in situ genetic reserves or from the ex situ collections, needs a previous characterization of the contained diversity, both in the genotypic and the phenotypic component. In this way, potential users could orientate sampling and trials efforts; otherwise, the effective access to genetic variation of adaptive value would be impractical. The genotypic characterization of all populations that are part of a genetic reserve network or in a gene bank collection is a costly and time-consuming process (Dulloo et al., 2008). Thus, the implementation of methodologies that may help the characterization of genetic variation of adaptive value is a key element when designing conservation plans aimed also to facilitate the access to such variation.

Falconer (1952) already proposed the selection of populations under the same environment in which the improved breed is destined to live. That is the principle applied to the selection of CWR for crop breeding through the predictive characterization methodology (Thormann et al., 2014a, 2016a) and the Focused Identification of Germplasm Strategy (FIGS) (Mackay and Street, 2004). Heterogeneous environmental conditions, by generating different types of limitations to living organisms, are likely to promote divergent selection in the populations of a given species and lead to phenotypic differentiation through local adaptation. Predictive characterization aims to help in the selection of germplasm for breeding and pre-breeding purposes, identifying CWR populations with higher probabilities of containing trait adaptations than if randomly chosen. To reach this objective, the incorporation of indicators helping in the discrimination of genetic variation of adaptive value is required. In this regard, predictive characterization techniques involve the use of ecogeographic information, including bioclimatic, edaphic, geophysic and other environmental variables to characterize populations. Furthermore, implications of phenotypic plasticity (i.e., the capacity of some genotypes to produce different phenotypic responses depending on the environmental pressures) are not tested in these works.

FIGS and predictive characterization techniques have been shown useful for the identification of germplasm with adaptive traits for crop breeding, by using climatic and environmental variables in the search of adaptive diversity. Regarding the FIGS approach (used with landraces and cultivated diversity), and just to cite some examples, Khazaei et al. (2013) found ecotypic differentiation due to drought pressures in faba bean, Bari et al. (2012) reported resistance to wheat stem rust associated to certain environments and Endresen et al. (2011) tested the subset selections for wheat stem rust and barley net blotch resistances, successfully finding correlations between resistance and certain climate variables. On the other hand, although predictive characterization is becoming popular in the search for adaptive traits in CWR (Thormann et al., 2014b; Garcia et al., 2017; Rubio Teso et al., 2020), works validating the results of predictive characterization subsets are still scarce. García Sánchez et al., (2019) experimentally validated the results obtained through this methodology, finding a significant association between the ecogeographic variables used and the acyanogenic status of white clover. Although further experimental studies are needed to validate the results of this approach, based on the successful results of the FIGS methodology with landraces, we expect similar or even higher performance of predictive characterization techniques with CWR. That is because, contrary to landraces, CWR have only evolved under natural selective pressures and thus, one would expect to find stronger correlations between adaptive traits and the type of environment. Nonetheless, experimental essays and quantitative genetic studies to assess the wide applicability and appropriate scale of these methodologies are unavoidable steps to adequately assess the benefits of predictive characterization.

In conclusion, the link between conservation and access to the genetic diversity of adaptive value of CWR is approached in this thesis through the identification of priority CWR of interest for Spain (Chapter 1), the identification of high-priority CWR that are in urgent need of conservation (Chapter 2), the proposal of establishment of multispecies genetic reserves considering adaptive genetic variation - through the use of ELC maps - (Chapter 3) and the proposal of populations for collecting germplasm of wild lentil as candidates in their tolerance to drought, soil salinity and waterlogging and their resistance to lentil rust (Chapter 4), taking into account environmental variables for the selection of subsets.
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