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Introduction: A combination of factors including migration, climate change and the encroachment of growing cities are associated with the extinction of species and a reduction in biodiversity. In Mexico maize landraces are an important source of germplasm that could be invaluable for future breeding programs in response a changing environment. Efforts to develop conservation strategies are hampered by the costs of housing and maintaining large germplasm collections. Effective criteria are therefore needed to identify rare genotypes that are in danger of being lost and to define minimal cost-effective core collections.

Methods: A large-scale genotyping analysis of Mexican maize landraces was carried out using 14 SSR markers spread across the 10 maize chromosomes. DNA was extracted from 30 individual plants of each accession and 3 bulks containing 220ng of DNA from each of 10 individual plants were prepared. Amplification reactions were carried out individually on each bulk sample and SSRs were detected using an automatic sequencer. Binary scores were used to produce phylogenies and a rareness index Ri was developed to identify a minimal collection of accessions.

Results: A total of 40,140 individual plants from accessions obtained in 14 different Mexican states and covering 47 maize races were analyzed. Accessions from Northern and Central-Southern states could be distinguished based on genotype and accessions from Michoacán state were found to be distinct to all other accessions. A minimal collection of 56 accessions that covered all identified alleles and included rare allele combinations was determined.

Discussion: The strategy employed successfully distinguished accessions from different regions of Mexico and identified rare germplasm and offers a cost effective method to determine minimal germplasm collections for conservation in situ or ex situ. The strategy could easily be adapted for use in other native crop species such as common bean, chili pepper and tomato among others.
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Introduction

Mexico although dependent on maize as a basic staple food crop, is not self-sufficient in maize production and imports corn mainly from the United States. As the origin and center of domestication of maize (Lyu, 2017), Mexico houses an incomparable wealth of diverse maize germplasm that has traditionally been maintained by small farmers throughout the country (Dyer and Lopez-Feldman, 2013; Acosta-Díaz et al., 2014; Perales and Golicher, 2014; Donovan et al., 2022). These landrace populations are adapted to local environmental and climatic conditions and are often grown for specific applications. As such they represent an invaluable genetic resource for maize breeding programs. A recent report (Ramirez-Villegas et al., 2022), estimates that around 70% of the global diversity of maize germplasm is currently conserved in ex situ genebanks. Several maize germplasm collections exist in institutions throughout Mexico (see Supplementary Table S1) and at a global level,1 some collections harbor materials collected up to 60–80 years previously and may not accurately represent the landraces currently grown in Mexico. In this respect, a report by Mclean-Rodríguez et al. (2021), comparing ex situ germplasm stored for long periods and in situ materials currently grown has shown based on GBS analysis that at least in the specific case studied, the overall genome polymorphism was very similar between both groups. Currently grown in situ germplasm however showed some selection for alleles at specific loci associated with grain size. Effective ex situ preservation of germplasm demands specially designed infrastructure and the capacity to catalog, administer and periodically regenerate the accessions to avoid loss of seed viability due to long term storage (Guzzon et al., 2021). The need to reduce costs by ensuring the optimized management of ex situ collections by defining “core collections” has been discussed previously (Crossa et al., 1994) and more recently Singh et al. (2019) reported a strategy based on GBS genotyping to identify duplicated or closely related materials within Aegilops tauschii.

Landrace populations of maize in Mexico even without any official status, contribute enormously to the in situ conservation of maize germplasm diversity. The introduction of hybrid corn varieties to Mexico under the free trade agreement (NAFTA, 1994) and subsequent uncertainty as to the presence and effects of genetically modified maize, led to the suggestion that hybrid varieties could rapidly replace traditional landraces with a consequent loss of germplasm diversity (Dyer et al., 2014). A study conducted among small farmers in Chiapas (Mexico), addressed this hypothesis with the conclusion that hybrids are planted by small farmers mainly for commercial reasons, whereas landraces are preserved to ensure food security for individual farmers and their families and to satisfy local preferences and uses in the preparation of specific dishes (Bellon and Hellin, 2011).

The essential role played by smallholder farmers in conserving and promoting maize germplasm diversity and their participation in providing food security by maintaining specific maize landraces has been documented in detail (Bellon et al., 2018). However these traditional farming systems are under threat and multiple factors contribute to the loss of landrace diversity. These include: adoption of hybrid varieties, a transition to other crops such as avocado or tomato, the migration of younger generations from rural areas to cities or abroad, leaving the responsibility to maintain landrace populations to an aging population and changes in the commercialization and processing of maize among others (McLean-Rodríguez et al., 2019). In particular, before the moratorium on cultivation of transgenic maize varieties in Mexico was introduced it was feared that the cultivation of transgenic hybrids would lead to irreparable losses of valuable germplasm resources (Bellon and Berthaud, 2004; Bellon and Berthaud, 2006). In order to alleviate this situation and provide incentives to remain in rural areas and maintain traditional varieties of maize and other endogenous species, the idea to offer more directed support for in situ conservation has been receiving attention.2 In common with ex situ initiatives, the main problem for conservation programs in situ is to balance costs and effectiveness in order to identify the germplasm which should be given priority. Several criteria for germplasm selection can be applied simultaneously based on phenotype, geographical location and applications of different varieties, however the presence of rare genetic combinations may be easily overlooked in such schemes. Molecular markers such as SSR, ISSR, and GBS offer an advantage for the analysis of collections where diversity is expected within individual accessions or where morphological classification is not clear. Several reports employing these markers have been applied previously to analyze collections of maize landraces either specific to Mexico, Latin America or outside this region (Matsuoka et al., 2002; McLean-Rodríguez et al., 2021; Soliman et al., 2021).

With the aim to develop a molecular-genetic based criteria to identify rare alleles or combinations of alleles within maize germplasm, a cost effective, SSR based method for genotyping maize landraces on a large scale and a novel algorithm based on phylogeny analysis was developed (Hayano-Kanashiro et al., 2017). The algorithm can be applied to determine the minimal number of samples from a given collection that would include the widest range of genetic diversity. The method was originally tested successfully as a proof of concept, initially by analyzing only maize landraces from Puebla state (Hayano-Kanashiro et al., 2017). In this report we describe the analysis of maize landraces from 14 Mexican states involving 40,140 individual plants and representing 47 maize races, based on the same methodology. We show that the method is efficient in determining a minimal number of maize landrace accessions that could be prioritized for inclusion in conservation strategies and provides a useful criteria for the process of selecting germplasm for in situ and/or ex situ conservation which could be easily extended to landrace collections of other crops such as chili pepper or common bean.



Materials and methods


Plant material

The aim of the study was to exploit recently collected samples/accessions of a wide range of maize landrace germplasm. Other criteria used to select samples were the availability of GPS localization of collection sites and a basic morphological characterization in terms of race and/or color. Samples from regions important in terms of maize diversity and where landrace cultivation is significant such as Guerrero, Puebla and Michoacán, were essential to the study. Regions with lower levels of diversity from the northern states were also included for comparison (Perales and Golicher, 2014; Bellon et al., 2018). Although not all geographical regions and all maize races could be included, the sample represents one of the most extensive analyses in terms of combining molecular, geographical and morphological data carried out to date on maize landraces.

Maize landrace accessions were generously provided from local collections by institutions and universities throughout Mexico (see Annex 1 in Supplementary material). Landrace accessions were obtained from the states of Chihuahua, Coahuila, Durango, Guanajuato, Guerrero, Michoacán, Nuevo Leon, Nayarit, Puebla, Tabasco, Tamaulipas, Tlaxcala, Sinaloa, and Sonora and additionally for comparison, some teosinte and Palomero Toluqueño accessions were also included. The distribution and location of accessions analyzed is shown in Figure 1.
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FIGURE 1
 Map showing the locations of accessions analyzed in this study. A few accessions collected in the region bordering the states of Guanajuato and San Luis Potosí were included in the analysis as part of the group of accessions from Guanajuato. Similar accessions collected in the region bordering the states of Michoacán and Jalisco were included in the analysis as part of the group of accessions from Michoacán.


Forty seven of the 59 previously described maize races were included in the analysis namely: Pepitilla, Tuxpeño, Elotes Occidentales, Conejo, Elotes Cónicos, Ancho, Olotillo, Perla, Celaya, Vandeño, Arrocillo, Tepecintle, Tuxpeño Norteño, Zapalote Grande, Ratón, Onaveño, Bolita, Chalqueño, Tehuacanero, Maíz Dulce, Mushito, Cónico Norteño, Tabloncillo Zamorano, Mil granos, Tablilla de Ocho, Amarillo de Montaña, Complejo Serrano de Jalisco, Elotero de Sinaloa, Palomero Toluqueño, Reventador, Comiteco, Zapatole Chico, Cacahuacintle, Apachito, Cristalino de Chihuahua, Palomero de Chihuahua, Gordo, Azul, Bofo, Jala, Dulce de Jalisco, Elotero de Sinaloa, Tabloncillo Perla, Dulcillo del Noroeste, Blando de Sonora, Chapalote, Morado Oaxaca. In addition, 3 races of Teosinte: Chapala-Zea mays-subspecies Mexicana, Mesa central-Zea mays-subspecies Mexicana and Balsas-Zea mays-subspecies Parviglumis were also analyzed. The race of each accession is indicated in Supplementary Table S1. Some accessions could not be accurately classified as belonging to a particular race and this information has been left blank.



DNA extraction and molecular marker analysis

Preparation of DNA was as described in Hayano-Kanashiro et al. (2017) using the ZR-96 Plant/Seed DNA kit (ZYMO Research). The total number of accessions analyzed was 1,338 based on a bulk sampling strategy where DNA was extracted from 30 individual plants from each accession. Three bulked samples for each accession were obtained by pooling 220 ng of DNA from 10 individual plants. Therefore in total 40,140 individual plants were sampled. A selection of 14 microsatellite markers (SSR) distributed throughout the maize genome, determined based on data obtained from MAIZE GDB (Maize genetics and Genomics Database)3 was used for the analysis (Reyes-Valdes et al., 2013). PCR amplification conditions for SSR analysis were also described previously in Hayano-Kanashiro et al. (2017). Briefly, one primer of each pair was labeled with one of the fluorescent dyes: 6-FAM, PET, NED or VIC. Individual PCR reactions for each primer pair were carried out in 30 υl final volume, using AmpliTaq Gold® PCR Master Mix (Applied Biosystems) and 100 nanograms of template genomic DNA from each bulk. PCR conditions were as follows: 95°C initial denaturation for 5 min, 35 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 40 s, and a final extension at 72°C for 10 min. Amplification products were pooled in 3 groups of 4 different colored fluorescent dyes and one group of 2 colored dyes to avoid overlap of fragment sizes and were separated and visualized on an Applied Biosystems ABI 3730XL sequencer at the Genomic sequencing facility at LANGEBIO, CINVESTAV-Irapuato and analyzed using GENEMAPPER V. 4.0 and Peak scanner V. 1.0 software programs (Applied Biosystems).



Data analysis

Binary scores (1 presence, 2 absence) for each allele were compiled for all accessions and captured in a relational database (MySQL, Oracle© 2013). Analyses were carried out using R (R Development Core Team, 2011). Euclidean distance was measured within and between accessions to determine the genetic structure and a t test was also applied to determine the average differences between and within accessions. UPGMA (Unweighted Pair Group Method with Arithmetic Mean) was employed for cluster analysis and Jackknife resampling was used to evaluate the robustness of the dendrograms obtained. Collapsed clusters were obtained by defining the states of origin of the accessions as individual classes, then testing the statistical support for this classification. It was determined that the null hypothesis of equality of mean distances within and between states was rejected with a highly significant p value, p < 2.2 ×10−16 in both the Welch Two Sample t-test and the Wilcoxon rank sum test. A “collapsed” dendrogram could therefore be constructed grouping accessions by state. To test whether closely related collapsed clusters are strongly supported, a test of “robustness” of the collapsed clusters was carried out by determining the statistical support for the segregation of the accessions into two groups. This is done by testing the null hypothesis H0:  w =  b versus the alternative Ha:  w <  b, where  w and b are the true means of the distances within and between the groups, respectively and applying the Welch Two Sample t-test and the Wilcoxon rank sum test.

A coefficient of rareness, Ri was determined for all accessions as described in detail in Hayano-Kanashiro et al. (2017). A brief outline of the method is as follows: For each accession the average of the square differences between the score of each marker/allele combination in relation to the mean score in the whole collection is determined. Accessions with higher uncommon marker/allele combinations have higher Ri values. A looping algorithm was used to determine a set of accessions that contain all marker/allele combinations by first selecting the accession with the highest Ri. Then for the remaining accessions, the gain in number of marker allele combinations is determined until all marker/allele combinations are included in the set of accessions. Supplementary Tables S2, S3 present the set of all marker alleles and the matrix of marker/allele combinations per accession, respectively. Data can be accessed at: https://zenodo.org/record/7798787#.ZCwvluzMKa0 and the algorithm employed to obtain the minimum collection of genotypes can be accessed at: https://zenodo.org/record/7812240#.ZDM5Q-zMJjN.




Results and discussion

A simple method to compare diversity between studies is to determine the overall numbers and size ranges of the molecular alleles identified. Hayano-Kanashiro et al. (2017) showed that the analysis of samples from Puebla State alone using the methodology developed, uncovered a greater number of alleles and a wider range of allele sizes than any previous report. As would be expected the global analysis presented here, again uncovered new alleles and expanded the size range of the markers as shown in Table 1. Supplementary Table S2 indicates the sizes of all alleles identified and Supplementary Table S3 shows the incidence of each allele within each accession where 1,2 or 3 indicate presence in 1,2 or all 3 bulks of each accession. The most common allele was for SSR Phi96342, allele 242, found in 3798 of the bulked accession samples. Sixteen alleles (listed in Table 1) were found in only a single bulked sample. These results confirm the high levels of diversity of Mexican maize germplasm and emphasize the need to develop cost effective criteria for the conservation of these materials.



TABLE 1 Comparison of numbers and size ranges of alleles.
[image: Table1]

In order to determine the overall diversity and relationship between samples, genetic distances based on molecular data were calculated and the results are presented in the dendrogram in Figure 2. Strikingly and perhaps unexpectedly, the accessions are found to cluster strongly in relation to geographic region (colors represent different states) rather than morphological characteristics or race. On a larger scale samples obtained from northern states also cluster separately from those in central and southern states (indicated by A and B, respectively, in Figure 2). The clusters show that in the central and southern region genotypes are clearly regional, however in the northern states, a mixture of colors within some clusters can be observed, indicating that related genotypes are not so restricted to discrete geographical areas. Selection of landraces for adaptation to a specific environment may account for the association with geographical regions. Hayano-Kanashiro et al. (2017) reported no association between seed color and genotype and a low association with race and genotype. However a significant association with the altitude at which the landraces were grown and genotype was observed. Similar observations have been reported for maize landraces in Italy and France and for wheat in Afghanistan (Hartings et al., 2008; Diaw et al., 2021; Tehseen et al., 2021). In this case there are significant differences in the races/genotypes cultivated in the northern region in comparison to those grown in the central and southern region as documented in Supplementary Table S1. These observations are consistent with a selection for adaptation to a specific environment and therefore could explain the separation between samples from the northern states (lower altitudes and arid or semi-arid terrain) and those form the central/southern region (higher altitudes and temperate climate).

[image: Figure 2]

FIGURE 2
 Global analysis of diversity. Dendrogram showing relationship between all accessions. Accessions from different regions, Teosinte and Palomero are shown in different colors. CH-Chihuahua, DG-Durango, CL-Coahuila, GR-Guerrero, GT-Guanajuato, MC-Michoacán, NL-Nuevo León, NT-Nayarit, PA-Palomero, PL-Puebla, SL-Sinaloa, SR-Sonora, TE-Teosinte, TB-Tabasco, TL-Tlaxcala, TS-Tamaulipas. (A) Cluster of accessions from central and southern regions, (B) Cluster of accessions from the northern region, Black circle indicates undefined clusters, Brown circle-defined clusters.


In order to simplify the analysis a collapsed cluster dendrogram was obtained (Figure 3). Although this dendrogram reflects the topology in the dendrogram in Figure 2, the samples from Nuevo León (NL) and Durango (DG) are shown as separate but closely related branches. In Figure 2 however, a clear separation by state of origin within group B1 cannot be determined. In order to resolve these differences, the robustness of the topology of group B1 was determined and compared with a group of clearly defined clusters (Figure 2A1). Figure 4A shows that when this analysis is carried out for the clusters containing samples from Nayarit, Durango, and Nuevo León (northern states) within cluster B1 in Figure 2, the topology was not robust in regard to the samples from Durango and Nuevo León and no discrete separation was obtained in relation to the geographical origin of the samples. In comparison, the samples from Nayarit although also included in cluster B1, did meet the criteria to accept the formation of a separate cluster (Figure 4B). When the same analysis was carried out for cluster A1 in Figure 2, containing samples from Guanajuato and Puebla in the central region, a robust separation of clusters was confirmed for individual genotype groups even though the samples share many genotypic components (Figure 4C). These results in general suggest that although similar landrace genotypes are grown in Guanajuato and Puebla they remain distinct and that no or very low levels of exchange of germplasm occurs between these regions. In contrast the lack of robustness between the clusters from Durango and Nuevo León indicates that similar germplasm is grown throughout these states and to a lesser extent is shared with areas in Nayarit. The reason behind the overlap in genotypes between the accessions from Nuevo León and Durango is unclear. Bellon et al. (2018) however have discussed the importance of sharing and distribution of landrace materials between farmers. This will most commonly occur within local populations and from the map in Figure 1, it can be observed that many accessions from Nuevo León and Durango were obtained in areas close to or spanning the borders between the 2 states. The fact that this region is also served by major highways within the Mexican transport network may also facilitate the sharing of germplasm in this particular region.

[image: Figure 3]

FIGURE 3
 Initial representation of collapsed clusters. CH-Chihuahua, DG-Durango, CL-Coahuila, GR-Guerrero, GT-Guanajuato, MC-Michoacán, NL-Nuevo León, NT-Nayarit, PA-Palomero, PL-Puebla, SL-Sinaloa, SR-Sonora, TE-Teosinte, TB-Tabasco, TL-Tlaxcala, TS-Tamaulipas. Red box indicates the group tested for robustness.


[image: Figure 4]

FIGURE 4
 Analysis of robustness of selected clusters. (A) Accessions from Durango (DG, red) and Nuevo León (NL, blue), (B) Accessions from Durango DG and Nuevo León NL (red) and Nayarit (NT, blue), (C) Accessions from Guanajuato (GT, blue) and Puebla (PL, red).


Based on the analysis of robustness a corrected “collapsed” cluster dendrogram was produced which allows the topology and geographical associations of the genotypes to be clearly observed as shown in Figure 5 and reflects more accurately the topology of the dendrogram in Figure 2.
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FIGURE 5
 Global analysis summarized as robust collapsed clusters. Dendrogram summarizing the relationship between all accessions from different regions. CH-Chihuahua, DG-Durango, CL-Coahuila, GR-Guerrero, GT-Guanajuato, MC-Michoacán, NL-Nuevo León, NT-Nayarit, PA-Palomero, PL-Puebla, SL-Sinaloa, SR-Sonora, TE-Teosinte, TB-Tabasco, TL-Tlaxcala, TS-Tamaulipas. Two main clusters representing the North and Center/South are indicated, black circle indicates cluster of accessions from Michoacán.


The teosinte samples in Figure 5 form a completely separate cluster as would be expected and the dendrogram shows clearly the separation between the two main geographical regions. Whereas in general, accessions from northern states are more closely related and less diverse, the central and southern regions show much higher diversity. Samples from Guerrero group closely with those of the Palomero landrace and are clearly distinct in relation to the other states of the central region. The samples from Michoacán however are shown to be extremely diverse and completely separated from all other genotypes. These results indicate that germplasm from Guerrero and especially Michoacán harbors diverse genotypes that could be at the level of specific alleles or combinations of different alleles across the genome. This suggests that materials from these regions should be a priority when criteria for germplasm conservation are determined. A prevalence of 5 of the 7 defined teosinte races including Z. mays spp. Parviglumis and Z. mays spp. Mexicana has been reported in Michoacán (Carrera-Valtierra et al., 2012). Ellstrand et al. (2007) have also shown that spontaneous hybridization between Z. mays spp. Parviglumis and Z. mays spp. Mexicana and maize (Zea mays spp. mays) can occur under field conditions and it is therefore probable that hybridization between maize landraces and wild teosinte genotypes could occur and may be a contributing factor in the diversity of this germplasm.

Although attention for conservation should be paid to germplasm from Guerrero and Michoacán this does not mean that all accessions from these regions should be given priority or that all germplasm from other regions should be excluded. The application of the Rarity index Ri (Hayano-Kanashiro et al., 2017) is therefore an extremely useful tool for the identification of rare materials and the determination of a core collection that should be given priority for conservation.

Application of the Ri analysis to the whole collection of samples produced a set of selected accessions where the dendrogram in Figure 6 shows a very distinct topology to the overall diversity analysis in Figure 5. As expected not all samples from either Michoacán or Guerrero were included in the minimal set of genotypes and some rare genotype combinations were identified in accessions from other regions as summarized in Table 2. Consistent with the observations from Figure 5 Michoacán harbors more diverse samples and the highest numbers of rare genotypes were identified in this region. In contrast, no rare genotypes were identified in Durango, Nuevo León, Nayarit, Sonora, Tabasco, and Sinaloa. A surprising result is the observation that although the accessions from Puebla State as a whole did not form a separate cluster, 8 accessions were identified as rare. This is the same number as determined for Guerrero even though Guerrero germplasm in general is more diverse and forms a distinct cluster in the global diversity analysis. Interestingly, two main groups denominated A and B in Figure 6 that are distinct from those determined in the global diversity analysis were identified by the Ri analysis. On careful observation it can be seen that cluster B shows a similar topology and distribution of samples as Figure 2 where the teosinte samples (C) are most distant to all other samples. The Michoacán samples (D) form a discrete cluster and within the second main cluster the Guerrero accessions also form discrete cluster (E) whereas the palomero accessions and accessions from Puebla, Guanajuato and Tlaxcala are distributed throughout the remaining cluster (F). Perhaps the most unexpected result is the identification of rare genotypes in the northern states of Chihuahua, Coahuila, and Tamaulipas that group in a separate discrete cluster (A) distant from the other samples. On first sight this result is surprising, however a parallel analysis carried out to determine the presence of transgenes in the same samples used in this study (Under revision) revealed significant levels of transgenes in accessions obtained from regions close to the border with the United States. It is tempting to speculate therefore that the separation of cluster A may be due to introgression of genetic material from hybrid commercial maize into local landraces in these regions leading to new/rare allele combinations which were detected in the present analysis. The Ri identified 56 accessions as a minimal core collection that contains all 333 distinct SSR alleles identified in this study. Therefore the Ri can be used as a simple but effective tool to provide criteria for selection of germplasm that should be prioritized for conservation either in situ and/or ex situ. The Ri index could also be applied to monitor changes in landrace populations over time and in different regions. Although the methodology was applied to maize in this study, it could easily be adapted for landrace populations of other cultivated species such as chili pepper or common bean in Mexico or other important landrace species throughout the world.
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FIGURE 6
 Core subset of accessions. Dendrogram showing the relationship between the accessions that form a core subset which includes all 333 alleles detected in the analysis. CH-Chihuahua, CL-Coahuila, GR-Guerrero, GT-Guanajuato, MC-Michoacán, PA-Palomero, PL-Puebla, TE-Teosinte, TL-Tlaxcala, TS-Tamaulipas, (A) Northern region, (B) All other regions, teosinte, and Palomero, (C) Teosinte, (D) Michoacán, (E) Guerrero, (F) Central region/Palomero.




TABLE 2 Numbers of rare accessions identified in each state/genotype.
[image: Table2]



Conclusion

The large-scale SSR analysis of Mexican landraces uncovered new alleles in comparison to previous studies (Gethi et al., 2002; Matsuoka et al., 2002), confirming the wealth of diversity represented by this local germplasm. Landrace genotypes are strongly associated with local geographic regions where farmers probably share and distribute seeds saved from their harvest. The only region where this did not occur was between the states of Durango, Nuevo León and to a lesser extent Nayarit suggesting that seeds may be shared and distributed over this much more extensive area. Analysis of the robustness of the dendrogram topology also supports these conclusions. The global diversity analysis identified Michoacán and Guerrero as regions with comparatively higher diversity and these findings were confirmed by the Ri analysis that additionally identified rare genotypes within accessions from central region states. The lack of rare genotypes in samples from northern states is consistent with previously reported lower levels of diversity in this region (Perales and Golicher, 2014). The separate cluster of northern states in the Ri analysis was unexpected but may be due to introgression of commercial hybrid germplasm into local landraces.
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Footnotes

1   https://www.genebanks.org/resources/crops/maize/

2   https://www.gob.mx/cms/uploads/attachment/file/325810/biodiversidad_1_uno-32-47_eckart_boege.pdf

3   http://www.maizegdb.org/
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