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The genus Phaseolus, native to the Americas, is composed of more than eighty wild species, five of which were domesticated in pre-Columbian times. Since the beginning of domestication events in this genus, ample opportunities for gene flow with wild relatives have existed. The present work reviews the extent of gene flow in the genus Phaseolus in primary and secondary areas of domestication with the aim of illustrating how this evolutionary force may have conditioned ecological fitness and the widespread adoption of cultigens. We focus on the biological bases of gene flow in the genus Phaseolus from a spatial and time perspective, the dynamics of wild-weedy-crop complexes in the common bean and the Lima bean, the two most important domesticated species of the genus, and the usefulness of genomic tools to detect inter and intraspecific introgression events. In this review we discuss the reproductive strategies of several Phaseolus species, the factors that may favor outcrossing rates and evidence suggesting that interspecific gene flow may increase ecological fitness of wild populations. We also show that wild-weedy-crop complexes generate genetic diversity over which farmers are able to select and expand their cultigens outside primary areas of domestication. Ultimately, we argue that more studies are needed on the reproductive biology of the genus Phaseolus since for most species breeding systems are largely unknown. We also argue that there is an urgent need to preserve wild-weedy-crop complexes and characterize the genetic diversity generated by them, in particular the genome-wide effects of introgressions and their value for breeding programs. Recent technological advances in genomics, coupled with agronomic characterizations, may make a large contribution.
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INTRODUCTION

The genus Phaseolus is native to the Americas with wild species growing from Connecticut in the United States [for P. polystachyus (L.) B.S. & P.: Dohle et al. (2019)] down to the province of Córdoba in Argentina [for wild P. vulgaris L.: Drewes (2008)]. From about eighty species currently known in Phaseolus (Ulloa Ulloa et al., 2018), five species were affected by domestication, namely P. acutifolius A. Gray (the tepary bean), P. coccineus L. (the scarlet runner), P. dumosus Macfady (the year-bean), P. lunatus L. (the Lima bean) and P. vulgaris L. (the common bean). Two independent domestications occurred for both the Lima bean (Motta-Aldana et al., 2010) and the common bean (Chacón et al., 2005; Bitocchi et al., 2013) in Mesoamerica and the Andes of South America, while a single domestication occurred for the tepary (Muñoz et al., 2006), the scarlet runner (Guerra-García et al., 2017) and the year-bean (Schmit and Debouck, 1991), all of them in Mesoamerica. Current research dates the initial domestication events at approximately 8,000 years before present (Mamidi et al., 2011). After domestication, landraces were diffused outside their areas of origin to different places in the Americas, and after 1493, P. vulgaris, P. lunatus and to a lesser degree P. coccineus were introduced in different parts of the Old World, as cultivated varieties for their edible seeds (Kaplan and Kaplan, 1992). In the case of the former two, materials of the Mesoamerican and Andean gene pools were brought into new lands, and sometimes were grown together.

Due to the widespread distribution of wild Phaseolus species in the Americas, the multiple cases of domestication and the worldwide diffusion of cultivated forms, the genus Phaseolus offers a great opportunity to examine the role and extent of gene flow in primary and secondary centers of diversity and its evolutionary consequences. Since the beginning of domestication in the genus Phaseolus, ample opportunities for gene flow between crop and wild relatives have existed through wild-weedy-crop complexes. In spite of the profuse nature of these complexes, very little is known about the genetic variability that is being generated and its adaptive significance. With this review we intend to illustrate how gene flow may have conditioned ecological fitness and the widespread adoption of cultigens. Given the high risk that faces the continuity of these complexes, due to diverse factors such as low habitat conservation and changes in farmers’ behavior, there is an urgent need to preserve these complexes and to understand their role in generating useful recombinants for breeding programs that may help overcome current and future challenges.

This review is organized into six sections. In the first section, the biological bases of gene flow in the genus Phaseolus are established, namely floral morphology, behavior of pollinators and breeding systems in a comparative framework. The second section addresses the spatial context of gene flow, particularly the widespread occurrence of gene flow among wild and domesticated populations, the origin of weedy forms, the large variation in outcrossing rates among different localities, the direction of gene flow and their implications for adaptation of wild populations and cultigens to new and changing environments. In the third section, a time perspective for gene flow is introduced, namely, the importance of gene flow between landraces and their wild relatives in primary areas of origin and the role of gene flow in secondary centers of diversity where cultivated forms were later introduced and their implications for breeding programs. The fourth and fifth sections review in more detail the dynamics of wild-weedy-crop gene flow in the two most studied Phaseolus species, the common bean and the Lima bean. For the common bean, the current knowledge of wild-weedy-crop gene flow along its natural range of distribution is discussed. For the Lima bean, the Yucatán Peninsula represents a natural laboratory to study wild-weedy-crop gene flow in this species. This is the region that houses the largest number of native varieties of this crop in all of Mexico, which grow sympatrically with wild populations. This contact has led to the formation of wild-weedy-crop inter-reproductive complexes, whose existence is favored both by intrinsic characteristics of the species and by characteristics of the traditional Mayan agriculture. In this section, the research carried out in Mexico on this important micro-evolutionary process is reviewed along with its implications on the diversity and genetic structure of Lima bean in the Yucatán Peninsula. The last section is devoted to review how the genomic footprints of introgression in wild and domesticated populations are detected. The results of recent studies in Phaseolus species where different genomic tools have been used are presented, with a focus on the use of these tools to detect introgression events between species and between gene pools within species. The identification of these events will open hypotheses of spontaneous gene flow or early breeding efforts and can facilitate the identification of genetic drivers for different traits.



SECTION 1: BIOLOGICAL BASES OF GENE FLOW IN THE GENUS PHASEOLUS

The legumes of the subtribe Phaseolinae (Leguminosae: Phaseoleae), which includes Phaseolus (Lackey, 1983; Schrire, 2005), have papilionaceous zygomorphic flowers with five petals: the standard, two wings, and two petals almost united forming the keel [see Doutt (1932); Figures 1–3], and the fruit from a single carpel is defined as a pod (with two valves united along two sutures, the seeds adhering to the placenta through the funiculi along the dorsal suture) (Berrie, 1977). Because of the vascular tissues in the ovary, the funiculi alternate in joining to the placenta (Doutt, 1932). In the wild, the pod opens along the sutures, and because of the fibers present in the valves there is a strong twisting of such valves, resulting in the spreading of the seeds a couple of meters from the mother plant [maximum 5.5 m in wild Lima bean: Baudoin et al. (2004)]. For significant gene flow – the purpose of this review, this short distance would stress the importance of pollen carried by pollinators. The functional pollination unit is the papilionaceous flower itself (Figure 1A); in terms of functionality equally important may be the biochemistry of nectar (Baker and Baker, 1983), scents or attractants that will not be considered in this work. This flower consists of the standard acting as attraction and guiding device, the wings and the keel as landing platform for pollinators, and the keel as guide to the nectar source and the protecting unit for the stamens and style (Arroyo, 1981; Sousa-Peña et al., 1996).
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FIGURE 1. The different parts of the flower in P. dumosus. (A) A bee has landed and located itself on the left wing. (B) Protrusion of the style end outside the cavity of the keel (direction indicated by the arrow). (C) The spur of the left wing has been slightly displaced to the right to show how it fits onto the lower part of the left petal of the keel (the arrow indicates the downward pressure exerted by the pollinator). (D) The denticulate discoid nectary between the base of the ovary and the staminal tube.



[image: image]

FIGURE 2. (a) Leptospron adenanthum (G. Meyer) A. Delgado. (b) Macroptilium atropurpureum (DC.) Urban. (c) Ancistrotropis peduncularis (Fawcett & Rendle) A. Delgado. (d) Sigmoidotropis speciosa (Kunth) A. Delgado. (e) Cochliasanthus caracalla (L.) Trew. (f) Helicotropis linearis (Kunth) A. Delgado (photographs taken by D.G. Debouck except e by A. Ciprián).
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FIGURE 3. (a) Phaseolus albiflorus. (b) P. chiapasanus. (c) P. acutifolius. (d) P. talamancensis. (e) P. augusti. (f) P. xanthotrichus. (g) P. dumosus. (h) P. lunatus. (i) P. vulgaris (photographs taken by D.G. Debouck).


The many ways the papilionaceous corolla is spatially organized to attract specific pollinators among the hundreds possible in the Neotropics (Opler, 1983) have confused bean taxonomists for almost two centuries. On dried specimens it is often difficult to assess the relative length of the standard vs. that of the wings, the position of the wings, the symmetry of the corolla or the final twisting of the keel. For example, the flowers of Figure 2 belong today to species of six different legume genera, although they were all once considered as species of Phaseolus as indicated by the basionyms (Delgado-Salinas et al., 2011). Macroptilium species usually have spreading prominent wings (Figure 2b), brightly colored in contrast to an often greenish or less colored standard. The distal tightly coiled part of the keel in Leptospron (Figure 2a) reminds some Phaseolus species (e.g., P. albiflorus Freytag & Debouck, Figure 3a). Ancistrotropis species have a narrow hooked distal part of the keel (Figure 2c), in contrast with the 2.5 loosely coiled forward spreading keel of Helicotropis (Figure 2f), yet different from Sigmoidotropis speciosa (Figure 2d) or Cochliasanthus caracalla (Figure 2e). But in Phaseolus species (Figures 3a–i) the spatial configuration of the corolla follows the same general pattern. This can be explained by common descent (Darwin, 1859). Further, Delgado-Salinas et al. (1993) have shown the genus to be monophyletic. We shall now briefly describe this pattern.

The five petals are inserted on the floral disk that has an active discoid nectary (Figures 1A,D). Mature pollen grains are shed with anthers opening and can fall on the stigmatic surface at the end of the style. Since pollen fall and stigma receptivity are synchronous and occurring at colored floral bud stage, self-pollination is most common in P. vulgaris (Webster et al., 1977), but there might be a little distance between the pack of anthers and the stigma as often observed in P. coccineus (Webster et al., 1980). This together with maturity differences (Bliss, 1980) may favor allogamy. No genetic incompatibility has been reported within Phaseolus species (Evans, 1976), although post-fertilization hybrid weakness may exist caused by genetic distance between gene pools within long-range species (Koinange and Gepts, 1992). Cytoplasmic male-sterility (CMS) inducing failure of the microgametogenesis has however been observed in wild populations of P. coccineus, P. dumosus and P. vulgaris, as a mechanism to promote intra-specific gene flow (Hervieu et al., 1993; Hervieu et al., 1994). About self-(in)compatibility, Arroyo (1981) reported five species tested [out of the 82–85 species existing in the genus Phaseolus: Ulloa Ulloa et al. (2018)] – actually the five cultivated species, and one auto-incompatible: P. coccineus. This author, however, indicates this last record as dubious: if pollen of the same flower is brought on the stigma, the species is self-fertile (Ibrahim and Coyne, 1975). Delgado-Salinas (1985) does not report self-incompatibility in the genus, but the need in many species for the stigma cuticle to be broken. This might be the ultimate explanation why tripping by bumblebees (Figures 4a,d) has a positive effect on seed yield in P. vulgaris (Ibarra-Pérez et al., 1999), and this action by visiting pollinators shall now be explained.
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FIGURE 4. Wild insects pollinating flowers of (clockwise from upper left): (a) dumosus; (b) coccineus, and (c,d) vulgaris. Note that in (a) and (d) the wild bumblebees have a weight problem to push the left wing downward (the bumblebee in (d) performing better and being rewarded by the stigma on its face), while in contrast in (c) the heavy carpenter bee needs the two wings to keep its balance. In (b) a swallowtail Papilio just uses the two wings as support while sucking the nectar (photo credit: (a) and (d) J. Gereda, Tenerife, Valle del Cauca, Colombia, 2020; (b) D.G. Debouck, Popayán, Cauca, Colombia, 1978; (c) same, 1988).


There is a very close contact between the left wing (for the observer) and the left petal (same) of the keel; further there is a little pouch in the keel close to the basal disk that makes these two petals to adhere strongly at this point (Delgado-Salinas, 1985; Figure 1C). A pressure on the left wing pushes the keel downward (Figures 1C, 4d), thus exposing the stigma and the pollen brush to the visiting bee (Figure 1B). This move of the staminal column and style is defined technically as tripping (Ibarra-Pérez et al., 1999). Through its weight the visiting bee or bumble bee can collect pollen from the pollen brush (Lavin and Delgado-Salinas, 1990) on the forefront of its head, while it has opened the access to the nectar. The nectar accumulates in the narrow space between the wings and keel claws, and the base of the staminal tube and ovary (Figure 1D). A similar pollination mechanism has been reported by Hedström and Thulin (1986) for Vigna vexillata (L.) A. Rich (a legume of the same subtribe) in the field in Costa Rica. As reported by Sousa-Peña et al. (1996), there are differences in ultra-violet light absorption between the keel, the wings and the upper margin of standard, almost guiding the pollinator toward the base of the left wing. This different absorption is due to subtle differences in the epidermis and cuticle of the petals. When visiting the next flower, with pollen from the previously visited flower on its forefront, the bee can deposit alien pollen on the newly exposed stigma, and wide cross can occur if the stigma is receptive before auto-pollination. Fertilization normally occurs 8 h after anthesis (Weinstein, 1926), thus that lag gives some chance to alien pollen brought by an early visiting insect. In pods where hybridization happened, multiple paternity may occur with a frequency of 5–8%, with the hybrid seeds frequently located in the stylar part of the pod (Ibarra-Pérez et al., 1996). The visiting bee is rewarded principally by nectar (Webster et al., 1982), pollen and possibly other nutrients (lipids, amino acids) of the stigmatic exudate (Lord and Webster, 1979). On bee leaving, the stamens and the end of style with stigma and pollen brush return into the keel cavity (Figure 1B), making possible the visit by another bee (Berrie, 1977). Further, the little changed aspect of the flower (see Figures 5c,d) opens up the possibility of multiple paternity (Ibarra-Pérez et al., 1996). Before probing, a second bee possibly does not know what amount of nectar is left. Tripping boosts seed yield in common bean (Darwin, 1858; Ibarra-Pérez et al., 1999) and definitely in scarlet runner (Free, 1966; Kendall and Smith, 1976). So, the floral morphology, color and spatial orientation of the corolla (from the insect perspective), abundance, timing and chemical composition of the nectar have all resulted from co-evolution between these legume plants and their pollinators over millions of years [the age of Phaseolus has been estimated at 8 million years: Delgado-Salinas et al. (2006) or at 15 million years: Garcia et al. (2021)].
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FIGURE 5. Flowers of species of section Phaseoli DC often pollinated by hummingbirds: (a) P. coccineus, (b) P. costaricensis, (c) P. dumosus, and (d) P. vulgaris; note that in (c) in contrast to (d) the flower has not been visited yet (photographs taken by D.G. Debouck).


Phaseolus species (Figures 3a–i) display all a close counterclockwise 1.5–2–3-coiled keel and spreading to the left (for the observer), resulting thus in asymmetrical flowers. In section Xanthotricha A. Delgado the coiling ends up tightly but toward the inner part of the corolla (Figure 3f; Freytag and Debouck, 2002). The largest flowers are the ones of P. chiapasanus Piper (42 mm long x 25 mm high) (Figure 3b), while the smallest ones are the ones of P. macvaughii A. Delgado (6 × 4 mm). The wide spreading of the wings is common in the Phaseoli DC. section (see P. dumosus, Figures 3g, 5c, and P. vulgaris, Figures 3i, 5d). The standard can be variously reflected, poorly in P. zimapanensis A. Delgado to strongly in P. reticulatus Freytag & Debouck (Freytag and Debouck, 2002) and can be asymmetrical. Auricles can be strongly developed as in P. pluriflorus Maréchal, Mascherpa, & Stainier or not at all as in P. parvulus Greene, in the same section! In the wild, flower colors display a huge variation, mostly in tones of lilac and purple, but not in yellow or blue. Some herbarium labels may report yellow, but this refers to (mostly white) flowers 1 day after anthesis (flower opening). Scarlet or brick red exists in P. coccineus (Figure 5a), dark orange in P. glabellus Piper, old rose in P. albescens McVaugh ex R. Ramírez & A. Delgado, magenta in P. costaricensis Freytag & Debouck (Figure 5b) and P. lignosus Britton. Pure white flowers are not so frequent in wild species; they are found in P. albiflorus and feral P. dumosus (Figure 3g), in contrast with cultivated varieties, where they are often associated with white or cream seeds. A frequent color pattern is that of deep purple or lilac standard with lighter wings (illustrated here in P. augusti Harms, Figure 3e). The petals might be equally colored as in P. talamancensis Debouck & Torres (Figure 3d). Greenish standards are found in P. lunatus (Figure 3h) and P. oligospermus Piper, while distinctly veined standards are found in P. jaliscanus Piper, P. marechalii A. Delgado and P. nodosus Freytag & Debouck.

Effective pollinators (Figures 4a–d) reported so far include medium to large size species of Hymenoptera of the following genera: Apis (Darwin, 1858; Free, 1966; Free and Racey, 1968; Kendall and Smith, 1976; Ibarra-Pérez et al., 2000; Regina-Royer et al., 2000), Bombus (Henslow, 1878; Barrons, 1938; Free and Racey, 1968; Kendall and Smith, 1976; Okonkwo and Clayberg, 1984; Ibarra-Pérez et al., 2000; Silveira et al., 2001; Figure 4a), Megachile and Xylocopa (Bliss, 1980; Stoetzer, 1984; Hardy et al., 1997; Ramírez-Delgadillo and Delgado-Salinas, 1999; Regina-Royer et al., 2000; Figure 4c). Thrips Frankliniella seem also involved in cross pollination of common bean (Mackie and Smith, 1935; Proctor et al., 1996) and Lima bean (Allard and Workman, 1963). Hummingbirds have been reported visiting flowers of P. coccineus (Burquez and Sarukhán, 1980; Sousa-Peña et al., 1996), P. costaricensis (Freytag and Debouck, 1996), and P. vulgaris (Mazariegos, 2000).

It is noteworthy that the species of the genus with the most noticeable blossoms composed by multiflowered racemes of scarlet and carmine flowers (Figures 5a–d) are pollinated by hummingbirds; according to Proctor et al. (1996) insects do not perceive that color, leaving thus the prime nectar to these high-energy demanding birds. Nectar robbers such as some bumblebees making a hole at the base of the corolla have been reported (Henslow, 1878; Free, 1968; Inouye, 1983) and affect yield (Kendall and Smith, 1976). Butterflies also are visiting insects (Figure 4b), whose very long proboscis may compensate for the lack of pressure applied on the left wing. Although pollinators seem active throughout the day, it seems that effective pollination occurs during the 1–4 h after dawn under increasing temperature (Free, 1968; Burquez and Sarukhán, 1980; Hardy et al., 1997).

The floral morphology described above and the presence of accessible nectar at the internal base of the flower is conducive to autogamy but with various degrees of outcrossing (Ibarra-Pérez et al., 2000). Common bean and Lima bean have been usually reported as autogamous crops [Webster et al. (1977, 1979) respectively], while the scarlet runner has been reported as allogamous (Webster et al., 1980). The wild forms of the former two have limited gene flow [Zoro Bi et al. (2003); Rendón-Anaya et al. (2017), respectively]. As additional mechanisms that promote outcrossing, one should mention that a couple of common bean plants with cytoplasmic male sterility in fertile accessions are known (Mackenzie, 1991), as well as male sterile plants due to recessive genes (van Rheenen et al., 1979; Mutschler and Bliss, 1980). Tepary bean is cleistogamous (Waines and Barnhart, 2001), and possibly the other species with very small flowers [e.g., P. macvaughii, P. microcarpus Mart.]. The breeding systems of the over eighty Phaseolus species are still largely unknown, from cleistogamous to almost fully allogamous, but apparently genetically self-compatible in most cases. Perhaps with few exceptions a mechanism calling for the cooperation of superior insects has been selected to cross plants within populations (or closely neighbor populations) to generate genetic variation and to allow drift and differentiation [as evidenced by molecular marker studies: González Torres et al. (2004); Martínez-Castillo et al. (2006)]. Not less interesting for humans as possible domesticators is selfing in order to keep useful variants; for the beans this additional strategy calls for the cooperation of equally organized organisms to conserve countless variants in order to expand.



SECTION 2: SPATIAL CONTEXT OF GENE FLOW IN THE GENUS PHASEOLUS

Producing pure seed of elite bred varieties has been a concern of bean breeders since the beginning of the breeding business. The rate of outcrossing has thus caught breeders’ attention in many places. Rates of outcrossing display a huge variation across locations (Table 1). At the same place, the variation can be significant from one year to another, possibly linked to pollinator activity, itself linked to weather conditions (Ibarra-Pérez et al., 1997, 1999). At Davis, California, Allard and Workman (1963) noted a variation of 0.8–9% over seasons in Lima bean because of thrips activity.


TABLE 1. Outcrossing rates reported for common bean across different places.

[image: Table 1]Although more data need to be assembled, it seems that outcrossing rates are higher when wild forms are involved (Gepts et al., 2000). Figure 6 may provide an explanation for such higher rates. As a member of the section Phaseoli including P. coccineus (Porch et al., 2013), the common bean has a stigmatic surface covering the tip of the style and extending internally, and more so in the cultivated form. The bigger size of the terminal part of the style, as illustrated in Figure 6, is probably not caused by chance but related to the bigger size of the flower in many varieties of cultivated common bean, as an indirect consequence of domestication and selection for bigger seeds and fruits (Evans, 1980; Gepts and Debouck, 1991). It is true that flowers [namely of P. coccineus of both wild and cultivated forms: Delgado Salinas (1988); Mapes and Basurto (2016)] are consumed by some indigenous peoples of Mexico, but conscious selective pressures for increased flower size have not yet been documented.
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FIGURE 6. Comparison of tips of styles and stigmas in wild (left) and cultivated (right) P. vulgaris. The stigma area is bigger in the cultivated form and expands toward the internal part of the keel (to the left in both cases) (photograph by D.G. Debouck).


Weedy forms being the result of natural crossing between the wild form and its respective derived cultivated form (Beebe et al., 1997; Papa and Gepts, 2003) have been reported in many places in the Americas (Table 2). Apparently, all cultivated bean species continue to freely exchange pollen with their respective wild ancestor; both are interfertile and can be considered as the primary gene pool (Debouck and Smartt, 1995). Even in tepary reported as cleistogamous (Waines and Barnhart, 2001) one weedy form from introgression has been found (accession G40177 from Arizona, in CIAT genebank). One can see that where the bean crop and the respective wild form are sympatric hybridization is occurring: the year-bean P. dumosus, although as a crop extant from Veracruz down to Cajamarca, only has hybrid swarms in southwest Guatemala where its true wild form is distributed (Freytag and Debouck, 2002). The wild forms of P. lunatus have a huge distribution, from Sonora and Tamaulipas in Mexico down to the Chaco area (Debouck, 2019). The Lima bean, as a crop, nowadays has a spotty distribution in tropical America, perhaps with the exception of the Peninsula of Yucatan and the Andes of Ecuador and NW Peru, where large planting still occurs and hybrid swarms are frequent (Debouck et al., 1987; Martínez-Castillo et al., 2006). The wild form of the scarlet runner is distributed from Chihuahua down to Jalapa in Guatemala and Francisco Morazán in Honduras (Freytag and Debouck, 2002), and crosses with the landraces are frequent where they are in contact, namely in the Mexican states of Puebla, Oaxaca and Chiapas (Delgado Salinas, 1988). Table 2 shows a few cases representative of the situation.


TABLE 2. Places where weedy forms likely resulting from gene flow have been reported in the Americas.

[image: Table 2]In common bean crosses occur in both directions (Beebe et al., 1997), but in some places predominantly from the cultivated form into the wild form (Papa and Gepts, 2003; Payró de la Cruz et al., 2005). A similar dominant direction has also been observed in Lima bean (Martínez-Castillo et al., 2007). In both cases, the explanation might be demographic: the cultivated field might offer to pollinators a much bigger mass of pollen (and nectar opportunities) as compared to the small wild population on field borders. Not surprisingly, there might be concern for the accidental introduction of transgene into the wild form (Gepts and Papa, 2003; Haygood et al., 2003; Andersson and de Vicente, 2010). Note some weedy forms may result from regressive mutations toward the wild, namely affecting pod dehiscence, seed weight and speckled color in seed. Such weedy forms can be observed in Lima bean in tropical Africa (e.g., G25246B from Ghana, or G26261B from Nigeria, in CIAT genebank).

Gene flow toward the crop is likely to bring back “wild” traits of dominant nature such as strong pod dehiscence, black speckled seeds, and antinutritional factors (Gepts and Debouck, 1991). These genotypes in the F1 offspring are thus likely to be rogued out by farmers, namely if there is a Sunday market with premium price for uniform seed with light colors [as observed in Michoacán: Zizumbo-Villarreal et al. (2005)]. But that elimination might be reconsidered if there is a food shortage [wild beans have an 8,000 years history as famine-food: Brücher (1954); Debouck (1990)] or if the beans are cooked by toasting (Tohme et al., 1995). During the first millenium of domestication it is not impossible that the food shortage could have been frequent or that less pressure could be exerted from the Sunday market, and thus all genotypes were used for the pot (Debouck, 2017). It might be relevant to mention that the first millenium of P. vulgaris domestication in the central Andes happened without maize and without ceramic vessel (Debouck, 2016); the reactions by early domesticators vis-à-vis introgression with sympatric wild forms might have been different from current farmers’ practices.

One should note that this pollen mediated gene flow between the crop and its wild ancestor and/or a closely related wild species is not restricted to Phaseolus beans but has taken (is still taking) place for several American crops (Table 3). It seems not restricted to the Americas either, as it has been mentioned to occur in other crops such as azuki bean (Vigna angularis) in Japan (Xu et al., 2000), pearl millet (Pennisetum glaucum) in Senegal (Pernès et al., 1984), rice (Oryza sativa) in Thailand (Ishikawa et al., 2006), and sorghum (Sorghum bicolor) in Sudan (Harlan, 1995). Other examples were provided by Heiser (1973). An explanation across species and locations (and times) might be in the fact that farmers usually do not select directly on the breeding systems of their crops but on traits related to the harvestable plant parts and/or related to the husbandry. But when that reproductive continuum is broken by distance [higher than 110 m in common bean: Zizumbo-Villarreal et al. (2005)] and/or by absence of synchronous flowering, the gene flow with the wild form is discontinued and only happens in the cultivated field. If so, the generated diversity will be related to the number of different genotypes in that field, the trend over the last century being to plant fewer and fewer of them. It is thus not surprising that some authors have noted the uniformity in the bean crop (Adams, 1977; Sonnante et al., 1994; Gioia et al., 2019).


TABLE 3. Cases of gene flow between the crop and its wild ancestor in the Americas.
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SECTION THREE: A TIME PERSPECTIVE FOR GENE FLOW IN THE GENUS PHASEOLUS

The records presented in Tables 2, 3 may also imply a time perspective, although as a snapshot given the short time span for the observations made since Darwin time. Not only these many authors have observed gene flow in several bean species in different places, but also repeatedly over these past 160 years. But it may be for longer: Rendón-Anaya et al. (2017) have shown genomic introgressions from P. coccineus and P. dumosus into wild Mesoamerican P. vulgaris. Lobaton et al. (2018) reported the presence of a block of sequences of P. coccineus in chromosome 9 of a Guatemalan common bean landrace. Lioi and Hammer (1989) reported a unique phaseolin variant in wild P. vulgaris possibly resulting from introgression with P. coccineus. It is important to mention that when cultivated P. vulgaris and P. coccineus are planted side-by-side natural hybridization does occur (Rutger and Beckham, 1970). Long before humans entered the Americas through Beringia (Wells, 2003), a major natural crossing occurred in Central America: the genesis of P. dumosus. There, about 1–2 million years ago (Gepts et al., 2000), a wild P. vulgaris was crossed with P. coccineus, and backcrossed several times with P. coccineus and once with P. costaricensis (Mina-Vargas et al., 2016). From the wild ancestral form of P. dumosus restricted to montane forests of southern Guatemala (Freytag and Debouck, 2002), a weedy form arises. This weedy form that is harvested in the wild and also cultivated has been able to invade a habitat with more humid conditions and at high elevation, as compared to those of P. vulgaris and P. coccineus, as an indication of invasiveness and novel ecological fitness. Interestingly, it shows resistance to fungi diseases such as anthracnose and white mold prevailing in these conditions (Hunter et al., 1982; Mahuku et al., 2002).

Gene flow has been present throughout the domestication process from the start some 8,000 years ago, in four out of the five cultivated species. One could anticipate a humble beginning not far from the wild form, possibly not in big acreages, and notably distant from the large areas where beans have been grown up to a recent past and today (Debouck, 2017). In spotty areas, the genic exchange with the original wild form was almost continuous, except when the material under domestication was moved out of the range of the wild form, thus allowing the reduction of antinutritional factors and the fixation of domesticated traits (Debouck, 2000). The extent of gene flow has been such that in the two species reported as preferentially autogamous, the common and the Lima beans, races or groups of cultivars have been recognized [Singh et al. (1991) and Westphal (1974), respectively]. It is that gene flow that resulted in the uniqueness of the races ‘Durango’ and ‘Nueva Granada’, away from their original places of domestication (Chacón et al., 2005); that uniqueness built up over centuries. At higher level in the organization of genetic diversity, the independent domestications and long genetic isolation have resulted in the hybrid weakness between the major gene pools (Singh and Gutiérrez, 1984; Gepts and Bliss, 1985), a genetically induced physiological disorder coming from the wild forms (Koinange and Gepts, 1992).

After 1493, P. vulgaris, P. lunatus and, to a lesser degree, P. coccineus were introduced in different parts of the Old World, as cultivated varieties for their edible seeds (Kaplan and Kaplan, 1992); P. acutifolius and P. dumosus were introduced into Africa only during the last century [Schmit and Baudoin (1987) and Molosiwa et al. (2014), respectively]. In the case of the former two, materials of the two original American gene pools were brought into new lands, and sometimes were grown together. In many places of eastern Africa mixtures were preferred over pure lines (Pickersgill, 1998). This planting of both gene pools happened most frequently in the case of common bean (Gepts and Bliss, 1988), less so for Lima bean because of different temperature requirements. Once again, farmers in these new homelands did not select on the reproductive system, and thus gene flow could happen, but this time between landraces, no more involving wild forms or wild species. The interest for recombinations between gene pools and beyond the incompatibility barriers has been motivated by the possibility of having the yield potential of Mesoamerican varieties while keeping the large seeds usually found in the Andean landraces, and secondary centers of diversity where the two gene pools are grown together may offer such recombinations. Thus, new variants identified at marker levels have been observed in Spain and Portugal (Santalla et al., 2002; Rodiño et al., 2006), Italy (Sicard et al., 2005; Raggi et al., 2013), the Netherlands (Zeven et al., 1999), central Europe (Angioi et al., 2010), Malawi (Khairallah et al., 1990), and China (Zhang et al., 2008). Gioia et al. (2013) have shown that many European landraces actually are recombinants between the two major gene pools, somehow reducing the original founder effect of domestication (stronger against the Mesoamerican gene pool because of the preference for larger seeds).

But the probabilities of finding interesting recombinants are related to durations of contact (and testing by farmers): three to five centuries in the Old World at the longest, while one could anticipate sixty or more centuries in Colombia and Brazil. Archaeological records report the presence of beans 8,700 years before present in the Middle Cauca valley of Colombia (Aceituno and Loaiza, 2014) and 6,000 years before present in the upper Madeira region of SW Amazonia of Brazil (Watling et al., 2018). Not surprisingly, the variation in gene pools in these two areas is significant (Gepts and Bliss, 1986; Beebe et al., 2001; Burle et al., 2010; Blair et al., 2013). Beyond molecular markers, which establish the inter-gene pool recombination nature of the materials, more studies are needed about their agronomic attributes, as they could save years in breeding. In this regard, in terms of seed iron content (for example G21242), the first results are promising (Islam et al., 2004). Another area from which important introgression has been reported is Chile (Paredes and Gepts, 1995), where a small – demographically speaking – race originated (Singh et al., 1991). This race was confirmed on microsatellite loci evidence (Kwak and Gepts, 2009) and originated from wild forms of the southern Andes (Becerra-Velásquez et al., 2011). In moving their favorite beans around the planet, humans brought the packed-in breeding systems, and local Hymenoptera quickly found their way to the nutritious nectar. Humans were not always inspired in pushing their practices toward uniformity, because novel variation and yield were served at low cost!



SECTION FOUR: DYNAMICS OF WILD-WEEDY-CROP GENE FLOW IN THE COMMON BEAN

It has been well documented that domestication brought a reduction of genetic diversity in crop plants, a phenomenon known as the founder effect of domestication (Ladizinsky, 1998). In the common bean, this effect was further severed by repeated introduction of landraces from the ancestral domestication areas to other places in the Americas in pre-Columbian times, and to other continents after Columbus (Gepts and Bliss, 1988; Gepts et al., 1988; Gioia et al., 2013). So, one can wonder how were bean landraces able to adapt to a large variety of agro-ecological environments in such circumstances? Part of the answer might be in the wild relatives.

Every time wild and landrace populations enter into contact, and given an adequate proximity, a proper environment and some overlapping in flowering times, potential for gene flow exists. Thanks to gene flow with wild relatives, landraces could acquire new alleles that may be relevant for adaptation processes (Rendón-Anaya et al., 2017). In this context, interbreeding wild-weedy-crop complexes provide a mechanism by which alleles may be interchanged between the different elements of the complex and thus their genetic composition may be altered (Van Raamsdonk and Van Der Maesen, 1996). In this section, we review the distribution and the characteristics of these complexes in common bean in Mesoamerica and the Andes with the aim of illustrating their importance in shaping the genetic structure of wild and domesticated populations and giving recommendations for future studies.

Table 4 summarizes some of the main features of wild-weedy-crop complexes of common bean in Mesoamerica and the Andes. In these complexes, wild beans are defined as those having indeterminate vines of 2–3 m long, strongly dehiscent pods and small seeds (3.6–6.2 g per hundred seeds for Mesoamerican types and 6–14 g for Andean types) of solid shiny black color or brown speckled pattern with tiny black stripes and/or spots. Weedy types are defined as those having larger seeds (9–11 g per hundred seeds for Mesoamerican types and around 18 g for Andean types) with solid black or speckled with gray, beige or tan background with longer and highly dehiscent pods. Wild and weedy types are usually found in disturbed habitats and sometimes in agricultural habitats among the cultivated plants. Domesticated types hold typical traits of the domestication syndrome as larger seeds (around 21 g per hundred seed for Mesoamerican types and around 40–65 g for Andean types), seeds of varied color patterns, larger and mostly indehiscent pods, sometimes show determinate growth habit and are found in cultivated fields.


TABLE 4. Wild-weedy-crop complexes reported in common bean in Mesoamerica and the Andes.
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The presence of wild-weedy-crop complexes in common bean has been mainly determined by the observation that the different components of the complex grow next to each other or within a radius of a few kilometers, and by the presence of segregating or stabilized intermediate forms between domesticated and wild types (e.g., types showing highly dehiscent pods and pod length and seed color typical of landraces) (Beebe et al., 1997). For example, in Oaxaca, Mexico, Acosta Gallegos et al. (1994) found a wild population growing on the margins of ‘milpas’ along with maize, cultivated common bean and squashes and in nearby disturbed open habitats. Intermediate forms, on the basis of seed traits, were found growing in mixture with wild beans. In one collection trip carried out in Guatemala, Debouck (1995) observed, among the wild seeds harvested from one population in Quetzaltenango, the presence of seed types that suggested introgression from common bean landraces grown nearby (these seeds were either larger with wild color pattern or small with solid color). In Costa Rica, Debouck et al. (1989a) reported wild P. vulgaris populations in two places in the province of San José. In both wild populations, the authors observed escaped forms with brown speckled grayish seeds of larger size (around 15 g per 100 seeds), which suggested introgression from landraces. In Ecuador, Debouck et al. (1989b) observed two weedy populations growing close to one wild bean population in Girón, Azuay. The seeds of these weedy populations showed some influence of cultivated types; however, no cultivated beans were found in the close vicinity. Meanwhile, Beebe et al. (1997) found in Colombia and Peru, weedy stabilized genotypes that displayed traits of both wild and domesticated types, as well as segregating populations, which were indicative of the persistence of these complexes over time. Also, the predominance of local wild phaseolin types (in contrast to introduced phaseolin types) among all the components of the complexes in Peru and Colombia showed the ancient evolution of these complexes. In Bolivia, Debouck (1994) found in Tarija two weedy populations growing within a radius of 5 km from a wild population, one of them growing on thickets and the other one growing within a maize field along with cultivated beans. The seed characteristics of these weedy types suggested natural hybridizations between wild and cultivated populations.

The direction of gene flow has been inferred on the basis of morphological traits and biochemical (e.g., phaseolin type) and molecular markers for a handful of these complexes, therefore this is a subject that deserves more attention. Here we describe some studies that not only show the direction of gene flow but also its impact on genetic diversity. Beebe et al. (1997) found the ‘T’ phaseolin in a wild population from the Colombian Andes and as this phaseolin type is typical of wild populations from central-southern Andes and their domesticated counterparts, the authors explained this finding as a result of introgression of phaseolin T from introduced Andean landraces. Phaseolin was also useful for the authors to describe gene flow in the opposite direction, namely from wild to landrace populations, when they observed the presence of ‘B’ phaseolin, typical of wild populations from Colombia, in medium-large seeded Mesoamerican landraces. Phaseolin was also useful to document cases of introgression between Mesoamerican and Andean landraces as evidenced by the presence of Andean phaseolin types in small-seeded Mesoamerican landraces in central Colombia where these landraces are often grown in mixtures. In central-western Mexico, Zizumbo-Villarreal et al. (2005) studied the genetic structure of three complexes by means of seed mass and three dominant molecular markers (ISSR). In all the complexes, the authors found that genetic diversity in wild populations was equal or even lower than the one found in domesticated populations within its own complex. This larger diversity in landraces was explained as a result of farmers’ practices such as regional seed interchange and cultivation of a large mixture of landraces within each plot. In one of the complexes, the wild population showed a closer genetic relationship to the weedy and domesticated populations within its own complex than to other wild populations of the region, a result that was interpreted as indicative of a predominance of gene flow from domesticated to wild populations. A similar result was reported by Papa and Gepts (2003) in a study of gene flow in wild and domesticated populations of common bean in Mexico by means of AFLP markers. An admixture analysis suggested that gene flow is asymmetric and is more prominent from domesticated to wild populations, which was explained by differences in population size (pollen from domesticated populations is more prominent than wild populations) and by the negative selection that farmers may make against domesticated seeds showing signs of introgression from wild types. This asymmetric gene flow has also been shown by a genome-wide analysis carried out by Rendón-Anaya et al. (2017). The authors found that the length of introgressed tracks in the genome was larger in the direction domesticated to wild than in the opposite direction.

In plants, genetic structure comparisons made on the basis of molecular markers with different modes of inheritance (biparental, paternal and maternal) are key to reach a more comprehensive understanding on how seed and pollen movement mediate intraspecific (McCauley, 1994; Arnaud et al., 2003; Du et al., 2011; Mandel et al., 2016) and interspecific gene flow (Desiderio et al., 2013; Rendón-Anaya et al., 2017). In spite of this, in the common bean these types of comparisons have been very scarce. In one of these studies, Chacón et al. (2005) analyzed the chloroplast DNA haplotype (cpHp) diversity in wild and domesticated common beans. The authors found that only a single chloroplast haplotype was present in the Andean races (Nueva Granada, Peru and Chile) while the Mesoamerican races (Durango, Mesoamerica, Jalisco, and Guatemala) differed in their chloroplast haplotypes (cpHps). Independent evidence mainly based on nuclear DNA markers have shown that the common bean was domesticated only once in Mesoamerica (Kwak et al., 2009). Under this hypothesis, the presence of multiple cpHps among the Mesoamerican races was partly explained by the authors as a result of multiple events of chloroplast capture from local wild populations. Because chloroplast DNA is maternally inherited, chloroplast capture will require that hybrids resulting from wild (pollen receptor) x domesticated (pollen donor) crosses (and that therefore contain the cpHp from the wild population) experience repeated backcrossing with pollen from the landrace population. Late-generation hybrids will resemble more the landrace population but will keep the cpHp of the sympatric wild population and maybe other traits relevant for adaptation to local conditions. In another study, González Torres et al. (2004) found in wild common bean populations from Costa Rica, cpHps typical of landraces, a pattern that was interpreted by the authors as possible gene flow events through chloroplast capture from introduced landraces.

Despite the importance of wild-weedy-crop complexes, several studies have shown that the persistence and preservation of these complexes largely depends on the use that farmers make of them and may be at risk. For example, Beebe et al. (1997) reported that farmers in Peru consume grains harvested from all the components of the complex as green or dry beans, while the commercial variety that they grow is sold in the market. The authors also reported that in Colombia farmers distinguish and give different names to wild and weedy types (‘pajarito’ and ‘copetón,’ respectively), and in some cases farmers tolerate bean weedy types among their maize fields for self-consumption, while wild bean types are neglected most of the time. In Mexico, Zizumbo-Villarreal et al. (2005) reported that in the three complexes that they studied farmers were able to distinguish the weedy types and that farmers protected them because weedy types were more resistant to different types of stresses such as drought, excessive wet periods and fungi attacks. These observations suggest that one of the consequences that these complexes may bring is the introduction of adaptive traits among the different components of the complex. In this respect, Beebe et al. (1997) called attention to the fact that, in Colombia, weedy types are widely distributed, even in regions where wild populations have not yet been collected. The authors argued that the broad adaptation shown by weedy types might have been derived from genes present in landraces. In this context, the authors stated that the preservation of these complexes would depend at the end on the value that can be derived from the variability generated in them. In this regard, genome-wide analyses as the ones carried out by Rendón-Anaya et al. (2017) are highly relevant not only to document cases of genomic introgressions in both wild and domestic populations but to show the value of these introgressions, for example to allow the adaptation of landraces to diverse agro-ecological environments. Today, genomic tools are available to document the genetic footprints of introgressions and this subject will be addressed below.



SECTION FIVE: WILD-WEEDY-CROP GENE FLOW IN LIMA BEAN FROM THE PENINSULA OF YUCATAN, MEXICO

In Mexico, wild Lima beans are distributed on the Pacific slope, the Gulf of Mexico, the Yucatán Peninsula and, to a lesser extent, in some areas along the Central Neovolcanic axis (Andueza-Noh et al., 2016). On the other hand, cultivated Lima beans have a restricted distribution toward the south-southeast of Mexico, where it is part of the traditional agriculture of the ethnic groups present there (Ballesteros, 1999). One region of Mexico where wild and cultivated populations grow sympatrically is the Yucatán Peninsula (Martínez-Castillo et al., 2004). In this region, Lima bean landraces are known in Maya as Ib or Ibe (although each of these has a specific name in the Mayan language) and wild Lima bean is known as Ib-cho (ib of mouse). While Ib-cho is inedible due to the high content of cyanogenic glycosides (linamarin) of its seeds (Baudoin et al., 1991), Ib represents the fourth most important crop within the traditional Mayan slash and burn farming system known as milpa (Martínez-Castillo et al., 2004).

The sympatric growth of wild and cultivated Lima bean populations in the Yucatán Peninsula, as well as the high outcrossing rates (Baudoin et al., 1998; Penha et al., 2017) and the generation of soil seed banks by the wild populations with a 3-year viability (Degreef et al., 2002), allow the existence of wild-weedy-crop gene flow, which represents one of the main micro-evolutionary forces that affect the diversity and genetic structure of domesticated species (Ellstrand et al., 1999). In the Yucatán Peninsula, the probability of wild-weedy-crop gene flow events increases as a result of some characteristics of the Mayan milpa, such as: (1) its itinerancy, which favors contact between wild and domesticated populations, (2) fire management, which helps in the regeneration of wild populations from the seed banks generated by them, (3) manual weeding, which allows wild plants to regenerate and reach reproductive stage, (4) rest periods of the plot of up to 20 years, which allows the regeneration and maintenance of wild populations, and (5) production for auto-consumption, which promotes more relaxed seed selection criteria that allow the maintenance of introgressed seeds. All the aforementioned make the Yucatán Peninsula a natural laboratory to study the wild-weedy-crop gene flow in Lima bean, a process that could be very old considering the finding of seed remains with domesticated traits in Yucatan with an age of at least 1000 years before present (Kaplan, 1965). The existence of wild-weedy-crop gene flow could be one of the reasons why this region has the greatest number of landraces in the entire Mexico (Ballesteros, 1999), including more than 30 reported landraces (Martínez-Castillo et al., 2004).

The first evidence of wild-weedy-crop gene flow in Lima bean from the Yucatán Peninsula came from morphological information (Figure 7). Martínez-Castillo et al. (2004) reported the collection of domesticated Lima bean plants with wild characteristics (small purple flowers, small seeds and pods). Martínez-Castillo et al. (2006) reported two wild populations of Lima beans with plants that presented morphological characteristics similar to those observed in some landraces (i.e., large white flowers, large pods and seeds). Martínez-Castillo et al. (2008) collected seeds with wild characteristics within a barn (Figure 8). Although these characteristics indicated that they were not edible, the family who owned these seeds reported consuming them and indicated they planted the seeds in their home garden to protect them, two aspects that suggest an incipient domestication process. The authors of that work pointed out that the management of mixtures of seeds in Lima bean (i.e., lots with seeds of different colors, shapes and sizes, as a result of the mixture of various landraces) by Mayan farmers and their production for auto-consumption, are factors that could mask the presence of weedy seeds, thus favoring entry of wild genes into the domesticated gene pool.
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FIGURE 7. Seeds collected in a wild-weedy-crop inter-reproductive complex located in a 2 year’s old milpa from Campeche, Mexico. In this milpa, only Sac-Ib landrace (with round-white seeds) was planted.



[image: image]

FIGURE 8. Seeds of Lima bean with wild characteristics collected in a barn from Quintana Roo, Mexico. Yellow arrows point to these seeds.


If the Lima bean cultivation has occurred for a very long time in the Yucatán Peninsula, this could have allowed wild and cultivated populations to become in contact on multiple occasions, thus generating gene flow events. Hence, the Yucatán Peninsula could be considered as a large wild-weedy-crop complex for this species. Using nine microsatellite loci, Martínez-Castillo et al. (2007) analyzed the magnitude and direction of wild-weedy-crop gene flow in Lima bean from four traditional agricultural regions of the Yucatán Peninsula. Coefficients of estimated ancestry, obtained with the STRUCTURE program, showed low levels of recent gene flow between wild and cultivated populations (Figure 9), both at the Peninsula level and within the four agricultural regions. However, the authors also reported the finding of a wild population where the 20 individuals analyzed presented an intermediate wild-weedy-crop ancestry. This population was collected in the area of the Ruins of Itzinte, in the northeast of Campeche, a place where the so-called continuous milpa is practiced (in this type of milpa, there is no rest period for the plot) and where Lima bean has been cultivated for many years. The authors also reported two other wild populations that presented individuals with high percentages of cultivated ancestry (Figure 9). These three populations are weedy populations and they can function as a genetic bridge between the wild and cultivated populations; thus, favoring processes of gene flow and introgression between both gene pools. The authors also reported low levels of historical wild-weedy-crop gene flow in the Peninsula (Nm = 0.44) and within agricultural regions (Nm = 0.31–0.51), but that gene flow was asymmetric, three-fold higher from the cultivated populations toward the wild ones. Interestingly, although the existence of wild-weedy-crop gene flow events in Lima bean seem to be a common process in the region, and maybe have been occurring for more than 1000 years, there is a marked genetic structure in the Yucatán Peninsula that clearly differentiates the wild gene pool from the cultivated one.
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FIGURE 9. Coefficients of estimated ancestry per individual of 12 cultivated (D), 9 wild (W), and 3 weedy (We) populations of Lima beans from Yucatán Peninsula, Mexico, using 9 microsatellite loci and the Structure program. Each individual is represented by a single vertical line broken into two colored segments (wild, gray; cultivated, black), with lengths proportional to the individual’s estimated ancestry fraction from each of the two biological statuses. A wild population was considered as weedy when it had 20% or more ancestry from the cultivated gene pool. Modified from Martínez-Castillo et al. (2007).


Another approach to evaluate wild-weedy-crop gene flow in the Lima bean from the Yucatán Peninsula is directly to study the milpas where contact between wild and domesticated populations is currently occurring. Even though the interaction between these populations seems to be a common event in this region, the itinerant nature of the Mayan milpa does not facilitate its discovery. Dzul-Tejero et al. (2014), using 12 microsatellite loci, evaluated levels of introgression and their impact on the genetic diversity of Lima bean in three milpas where wild and cultivated plants grew. Using the STRUCTURE program, these authors reported substantial differences in the degree of introgression of the milpas studied (Figure 10). The milpa with the lowest degree of introgression was the Xocen milpa in which the farmer clearly recognized the introgressed seeds and carried out selection against them. This farmer asserted that the “mixture” of Ib-cho with his Ibes caused a bitter taste in the seeds preventing him from selling his production. In contrast, the milpa showing the highest level of introgression was the X-Hazil milpa where the farmer selected and kept the introgressed seeds, which were part of his diet and not for commercialization. The authors also reported higher levels of genetic diversity in the cultivated gene pool of the X-Hazil milpa (HE = 0.21), compared to the cultivated gene pool of the Xocen milpa (HE = 0.02); this result highlights the importance of gene flow and introgression as processes that can increase the levels of genetic diversity in domesticated species.
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FIGURE 10. Coefficients of estimated ancestry of wild and cultivated individuals of Lima beans growing sympatrically in two milpas from Yucatan (Xocen milpa) and Quintana Roo (X-Hazil milpa), Mexico, using 12 microsatellite loci and the Structure program. Each individual is represented by a single vertical line broken into two colored segments, with lengths proportional to the individual’s estimated ancestry fraction from each of the two biological statuses. Modified from Dzul-Tejero et al. (2014).


In conclusion, studies carried out in the Yucatán Peninsula indicate that wild-weedy-crop gene flow events are common in Lima bean, although not always easy to locate; while the antiquity of the crop suggests that these events have been taking place for more than 1000 years. However, at present there is a clear genetic differentiation between wild and cultivated populations as result, in part, of the selfing tendency of the species. Also, Mayan farmers play a very important role in favoring or preventing wild-weedy-crop gene flow, which occurs through aspects such as tolerance -or not- of wild plants, seed selection criteria, manual weeding and the destination of production, among others. Since the Mayan milpa has not escaped the process of agricultural intensification (reflected in the reduction of the rest period, increase in the use of herbicides and fertilizers, and production focused on the market), wild-weedy-crop gene flow events are more common in milpas that receive a more traditional management. It is also in these milpas where the impact of wild-weedy-crop gene flow on the genetic diversity of the cultivated gene pool of Lima bean may be greater.



SECTION SIX: GENOMIC FOOTPRINTS OF INTROGRESSION IN PHASEOLUS SPECIES

Due to the high level of inbreeding observed in Phaseolus species, cultivars of the different domesticated species tend to have low heterozygosity and be stratified in clearly defined populations. Current high throughput sequencing technologies allow to obtain genome wide genetic information across gene pools, which can be used to identify the introgressed haplotype segments resulting from both ancient and modern admixture events across gene pools and even species. In this section we will review different genomic resources produced in the last few years for Phaseolus species, including genome assemblies, whole genome resequencing and genotyping-by-sequencing of populations, focusing on the use of these resources to document the genetic footprint of introgression events among landraces and modern cultivars.

Currently available genome assemblies for Phaseolus species are focused on common bean. A chromosome-level genome assembly of the Andean landrace G19833 was first generated combining different short read technologies, and integrating markers from genetic maps (Schmutz et al., 2014). This genome is widely used as a reference for the species and has been reassembled based on long PacBio reads. A draft genome assembly of the Mesoamerican cultivar BAT93 was also made available by Vlasova et al. (2016). Although chromosome-level assembly was not achieved in this case and then major structural variation with G19833 could not be identified, this study includes a complete analysis of gene evolution, focused on genes expressed at different stages of the developmental process. A third genome assembly of the Durango race cultivar UI111 is currently available at LIS and Phytozome. Regarding other Phaseolus species, our research group recently made available in Phytozome the genome of the P. lunatus accession G27455 (Garcia et al., 2021). Although information of introgressed segments cannot be inferred directly for assemblies of individual accessions, these assembled genomes are critical as tools to guide the analysis of population genomics data obtained from different protocols based on Illumina sequencing.

Regarding whole genome resequencing (WGS), a first set of 17 Andean and Mesoamerican varieties of common bean was sequenced at low average read depth (below 5X) with the goal of building a molecular tool for genotyping (Song et al., 2015). A recent example of the use of this tool is the study of Almeida et al. (2020) in which the genotypic information allowed to identify Andean introgressions in Mesoamerican accessions cultivated in Brazil. The data from this study was integrated with WGS of 37 additional accessions sequenced at a larger average read depth (7X to 15X) (Lobaton et al., 2018). The main outcome of this work was the identification of a large number of ancient and recent interspecific and inter gene pool introgression across the sequenced accessions. Surprising results included the consistent identification of a large introgression at chromosome Pv08 of the Andean varieties G19833, G24705, G4627 and G5686, which were thought to be completely Andean landraces. Introgression of haplotypes from P. acutifolius and P. coccineus was also identified within the genomes of improved varieties developed from interspecific crosses achieved by biotechnological tools such as embryo rescue (Waines et al., 1988). This includes the VAX lines, which are descendants of crosses between P. vulgaris and P. acutifolius to improve resistance to common bacterial blight. A consistent identification of an introgression on chromosome Pv08 suggests that this region holds the most important genes conferring the improved resistance in VAX lines. Similarly, introgressions of P. coccineus were identified at chromosomes Pv08, Pv10, and Pv11 of the advanced line ALB 213, which is known to be developed from a backcross experiment with a P. coccineus donor, looking for resistance to heat. Recently, 683 genotypes cultivated at different environmental conditions and subjected to different abiotic stresses were resequenced to perform association mapping with yield components, including seed size, flowering time and harvest maturity (Wu et al., 2020).

To elucidate the phylogenetic relationships among Phaseolus species, WGS was performed on 29 samples across 12 species (Rendón-Anaya et al., 2017). This study confirmed the hybridization event between P. coccineus and P. vulgaris giving rise to P. dumosus (Mina-Vargas et al., 2016). Within P. vulgaris, the phylogeny reconstruction clustered the wild Andean genotypes from the Amotape-Huancabamba depression in northern Peru apart from cultivars of both Andean and Mesoamerican origin, suggesting a further speciation event. Global interspecific and intraspecific introgression was assessed through the calculation of the D-statistic. This showed that intraspecific introgression was more frequent than interspecific introgression and that introgression is more frequent from domesticated to wild accessions than the opposite, probably due to selection against phenotypic characteristics conferred by wild alleles. Introgressions of genes from P. coccineus, P. dumosus and P. costaricencis into P. vulgaris are enriched for functional categories including cell wall organization and metabolism of polysaccharides, and are related to resistance to biotic stresses and to the adaptation of P. vulgaris to a wide range of environmental conditions.

Due to its cost effectiveness, Genotype-by-Sequencing (GBS) has been used as an alternative method to explore genetic variability in larger diversity panels, as well as controlled populations. Considering domesticated genotypes of common bean, Campa et al. (2018) performed GBS on 308 landraces from a Spanish diversity panel. A total of 3,099 SNPs were identified and genotyped to assess the genetic diversity of the population. Although the authors did not explicitly look for signatures of introgression, the pattern of admixture between Andean and Mesoamerican genetic backgrounds inferred from the structure analysis in 82 accessions suggested some level of introgression within landraces in this panel. These accessions correspond to the seed type termed “snap bean.” Likewise, Valdisser et al. (2017) genotyped 188 samples, including 91 landraces from the Brazilian core collection and 97 breeding lines from different sources. A total of 6,286 SNPs were obtained in this work. Recent works considered larger panels to perform multisite GWAS and genomic prediction for different traits. Oladzad et al. (2019) generated GBS data of 807 common bean genotypes (469 Mesoamerican and 325 Andean) to perform multisite phenotype association for different traits in moderate subsets of about 120 accessions, following an approach termed Bean Abiotic Stress Evaluation (BASE). Significant associations were identified for yield, flowering time, the level of green color and tolerance to the Macrophomina phaseolina disease under heat stress. Likewise, MacQueen et al. (2020) presented the results obtained from genotyping of 327 accessions from the Cooperative Dry Bean Nursery (CDBN) which are cultivated in the United States and Canada. A total of 1.2 million SNPs were obtained to perform association with 21 different traits related to yield, grain quality and resistance to biotic stresses. Significant associations were identified for 8 of the 21 traits. In Nay et al. (2019) GBS was performed on a panel of 316 lines from the International Center for Tropical Agriculture (CIAT) to identify associations with Angular Leaf Spot (ALS). Finally, Keller et al. (2020) generated GBS data on 481 elite Andean breeding lines from CIAT (called the VEF panel) to evaluate different models of genomic prediction for yield, flowering time and seed weight under drought conditions.

Regarding genotyping of wild common bean populations, Ariani et al. (2018) analyzed GBS data for 246 wild accessions from the major gene pools, including 77 accessions from the southern Andes and 12 accessions from the Amotape-Huancabamba depression (termed PhI for phaseolin I). Despite the lower number of samples, the PhI population showed higher diversity than the wild Andean population. A Bayesian analysis of different demographic models supported the hypothesis of a Mesoamerican origin of the species with a divergence of the PhI population about 373,000 years ago and a second divergence of the southern Andean population about 87,000 years ago. Regarding introgression, admixture signals suggested introgression between the Mesoamerican populations centered in central and northern Mexico, whereas some Mesoamerican accessions from Colombia showed introgression of Andean haplotypes. Cortés and Blair (2018) genotyped 86 wild accessions across the distribution range of P. vulgaris to assess genetic association with environmental variables, particularly with drought index. Divergence in population statistics such as nucleotide divergence and Tajima’s D between associated and non-associated regions indicated divergent selection in wild common bean within these regions. This divergence is explained by the antagonistic role of early flowering time, which is advantageous in non-dry conditions but is disadvantageous for tolerance to drought. These accessions were later reanalyzed to perform Genome-Wide Association with different climatic indexes related to heat stress, comparing different phenotype-genotype association models (López-Hernández and Cortés, 2019).

Regarding Lima bean, Chacón-Sánchez and Martínez-Castillo (2017) presented the results of a GBS experiment including 270 accessions (110 wild and 160 domesticated) spanning the major subpopulations of Lima bean, with the main goal of testing different scenarios for the dual domestication of this species. Using as reference the genome of the Andean common bean and after different filtering procedures, 4,992 SNPs were retained for downstream analysis. Although the sampling was more focused on the Mesoamerican populations, it was observed that a group of wild accessions from central Colombia diverged from the wild Andean population suggesting the presence of a new Andean gene pool in this region. Approximate Bayesian computation (ABC) and diversity statistics suggested that a group of domesticated accessions seem to be derived by admixture between wild and domesticated gene pools. A recent study from our research groups generated GBS data for 214 additional Lima bean accessions (Garcia et al., 2021). This increased sampling confirmed the presence of the Colombian wild cluster, provided new information on the distribution of genetic variability in wild and domesticated accessions, and supplied detailed information about the presence of chromosomal segments in seven percent of the studied accessions that were likely the result of intraspecific gene flow. Furthermore, the study showed that cultivars of the Yucatán Peninsula were introduced from their area of domestication in central-western Mexico and interestingly, in this region wild-weedy-crop gene flow was not observed either from wild to domesticated, or vice versa.

Finally, Cortés et al. (2018) reanalyzed data of 130 Lima bean and 79 common bean accessions to study patterns of genetic differentiation between species, between gene pools within species and between wild and cultivated accessions. First, they validated that genomic islands produced by speciation are not necessarily related to divergence within species. Only one of the regions of large FST between species on chromosome 11 colocalized with FST outliers between gene pools and a second region at chromosome 3 colocated with outliers marking wild vs. cultivated differentiation. Then, they identified three genomic regions at chromosomes 1, 5 and 11 showing genetic differentiation between gene pools in at least two comparisons. Likewise, five regions of genetic differentiation between wild and cultivated accessions at chromosomes 2, 3, 8, 10 and 11 appeared in at least two comparisons. Possible explanations for the moderate amount of colocalization of these events across comparisons include the wide range of adaptations needed to colonize large regions with different environmental conditions and the complex genetic architecture of quantitative traits.

All these studies demonstrate that high throughput DNA sequencing is a very powerful tool to generate information of genomic variability both between and within species and consequently document events of gene flow at different evolutionary levels. Although a chromosome-level assembly is only available for two species within the Phaseolus genus, resequencing information from other species has been already useful to document hybridization events that resulted in new species such as P. dumosus (Rendón-Anaya et al., 2017). The current availability of long-read sequencing technologies will allow obtaining chromosome-level genome assemblies for the main species of the genus and even for the main gene pools within species. Comparative genomics on these assemblies will elucidate the major structural rearrangements shaping the evolutionary history of Phaseolus genomes, possibly revealing further hybridization events. In turn, both GBS and WGS on large panels have been useful to identify signals of introgression within species at the individual level, including both ancient gene flow and recent admixture events resulting from breeding efforts. As shown in common bean (Lobaton et al., 2018), identifying these introgression signals is important, not only to document the genomic footprint of breeding, but also to provide useful information to find genomic loci related to agronomically important traits such as resistance to biotic and abiotic stresses.

Regarding sequencing protocols, the cost effectiveness of GBS allows to assess information on populations of hundreds and even thousands of individuals, which increases the chances of identification of plants with unobserved patterns of admixture, potentially saving an important amount of breeding efforts. However, the relatively low density of variants queried by GBS protocols could potentially introduce biases in the introgression analysis and could not provide enough information to reliably detect important introgression events within the 1 Mbp range. Moreover, GBS datasets produced by different enzyme selection techniques are usually not compatible to perform large-scale meta-analyses combining different studies. Considering that Phaseolus genomes are relatively small compared to other plant species, WGS of large populations is feasible, and it produces datasets with a nearly complete variant density, allowing identifying and defining boundaries for introgression events with increased precision. Moreover, sequencing efforts generated by different groups can be combined to achieve a more comprehensive use of the sequencing information through collaboration.

Availability of population scale WGS data will provide definite answers to important questions: (1) which are the genetic drivers of traits selected during the domestication process? (2) which genes experience convergent evolution along this process? and (3) which are the genetic drivers of the large capacity of adaptation observed in P. vulgaris and P. lunatus, including adaptive introgression? Answers to these questions can provide useful information to take decisions on conservation of biodiversity and to guide future breeding efforts.



DISCUSSION AND PERSPECTIVES

This work suggests the following points for discussion. First, it seems that natural selection results in several members of the tribe Phaseoleae [Glycine: Abe (2000); Phaseolus: present results, for five species; Vigna subgen. Ceratotropis: Tomooka et al. (2001); Vigna subgen. Vigna: Coulibaly et al. (2002)] having selfing with variable levels of outcrossing, as the mechanism to generate and keep genetic diversity within natural populations. In case of no insect activity and absence of the CMS determinant (Hervieu et al., 1993), a few seeds will be produced by selfing [resulting in low genetic diversity: Hamrick and Godt (1990)]. If there is abundant insect activity, for instance under high temperatures [which will increase the production of pollen: Halterlein et al. (1980)], outcrossing might be important, likely resulting in higher genetic variation. In populations with plants with the CMS determinant, several and different restorer genes (Hervieu et al., 1993) might be acting to set fertility back to normal through pollen-mediated gene flow. For species survival, this dual reproductive strategy seems to have been critical (Hamrick and Godt, 1996). Thus, for the conservation of the wild species in situ, it is of paramount importance to consider the natural pollinators as well.

Second, it is evident that more studies are needed on the reproductive biology of the genus Phaseolus, particularly in the field, since for most of the over eighty species both breeding systems and natural gene flows are still poorly documented. In the genus, so far, there is one known case of species arising from natural hybridization, that of P. dumosus (Mina-Vargas et al., 2016). The contrast in areas of occupancy between the ancestral form of the year-bean and the weedy form, although both preferentially allogamous (Delgado Salinas, 1988), strongly invites to investigate further the genetic background behind that expansion. In this regard, there seems to be no straight correlation between the breeding system and expansion, in view of the cases of P. acutifolius, P. coccineus, P. lunatus and P. vulgaris, all as wild forms. Interestingly, P. microcarpus (an inbreeder: Carl Friedrich Philipp von Martius described this species in 1829 on a plant producing pods in “warmen Hause” in Munich, Germany) has an expansion larger than the one of wild P. coccineus (an outbreeder) (Debouck et al., 2019).

Third, one should note that this dual reproductive system seems to be an ancestral trait that went through domestication largely unaffected. However, pre-Columbian farmers – legendary plant breeders – were aware that a generator of variability was at work [just as they noted it on maize: Wilkes (1977); Moreno-Letelier et al. (2020)]. As seen in the Lima bean model (section 5), because of the presence of linamarin, farmers tolerate or eliminate, depending on the context, the variability resulting from the gene flow with sympatric wild forms. Similarly, in common bean (section 4), at least up to a recent past, a few farmers were still making selections in the hybrid swarms (Debouck et al., 1989c), likely following the example of former generations. Thus, thanks to gene flow, pre-Columbian farmers were able to select hundreds of different landraces and to expand the ranges of their bean crops, far away from the original domestication spot. A brilliant example of this is race ‘Nueva Granada,’ originally from the central/southern Andes (Chacón et al., 2005; Bitocchi et al., 2013) and acquiring unique attributes in the northern Andes (Singh et al., 1991; Kwak et al., 2012), before a very successful expansion in eastern Africa (Wortmann et al., 1998). The presence of races in reported autogamous crops can only be explained by gene flow and differential selection pressures by farmers in their original environments. This could explain the nature of race ‘Guatemala’ as distinct from race ‘Mesoamerica’ (Beebe et al., 2000; Blair et al., 2012). But as they were aware that a mechanism generating variability was present (“mis ibes se vuelven amargo, Mister,” a Mayan farmer told DGD in Cumpich, N Campeche of Mexico, in January 1979), farmers were also taking benefit of selfing, at least in three of the five cultigens, apart from taking their bean crops away from the wild relatives or weeding the latter out of the fields, depending on the context. Incidentally, while governments often drudge to implement farmers’ rights, here there is an opportunity to recognize ‘domesticators” rights.

Fourth, notwithstanding evidence has accumulated about the widespread occurrence of wild-weedy-crop complexes along the natural range of distribution of Phaseolus species, and also some evidence have been gathered about the variability generated in these complexes, the usefulness of this variability for crop improvement has been poorly studied. Here, we call the attention that this is a subject that needs to be addressed urgently given the high risk that face the continuity of these complexes as a consequence of changes in farmers’ behavior, especially in consumption and ways of subsistence, and the lack of preservation of habitats where wild and weedy types can survive (Beebe et al., 1997). Weedy and landrace types could be readily evaluated for the presence of useful recombinants and this could be coupled with genomic analyses of these recombinants (including transcriptome and proteome analyses) for three main purposes: (1) to determine how effective these complexes have been in broadening the genetic base of landrace populations, (2) to detect regions of the genome that have been introgressed from wild populations and (3) to evaluate the adaptive value of these introgressions, as have been recently reviewed (Burgarella et al., 2019). One well-known example of genome-wide effects of introgression and evidence of adaptive introgression is the incorporation of alleles from a congeneric wild relative (Zea mays ssp. mexicana) into maize landraces introduced to the central highlands in Mexico (Hufford et al., 2013; Moreno-Letelier et al., 2020). So the question here is not only to evaluate how effective these complexes have been in generating variability, but also whether this variability has been of any value for farmers and whether it can be of any value for breeding programs.

In conclusion, with this review we have illustrated that in the genus Phaseolus interspecific and intraspecific (wild-weedy-crop) gene flow may generate useful recombinants that may contribute to increase the ecological fitness of wild species (for example, weedy P. dumosus) and cultigens. The opportunities to find these recombinants will be higher in geographical regions where contact has been longer and in this sense, future studies should focus on primary centers of diversity, especially in places where traditional agriculture is still practiced (as shown by the Mayan traditional agriculture for Lima bean). In these places, farmers are more willing to tolerate weedy types, which act as genetic bridges between wild and domestic populations. Understanding the evolutionary dynamics of the wild-weedy-crop complexes is of such great importance that it should be a requisite for developing conservation policy in the centers of domestication and diversity of crops. Nowadays, we count with the technology and analytical tools to detect genomic introgressions but beyond this we need to evaluate the agronomical value of the recombinants, taking into account farmers’ knowledge. This will save years of breeding and thus will help us to give a quicker response to current and future challenges of crop production.
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and 1560 masl.

Wild and weedy types were found
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among the seed harvested from
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suggestive data were obtained.
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complexes: Abancay, Circa, 72° and May
58 W, 13° 51’ S, 2,050 m; 1988
Abancay, Abancay, 72° 54’ W, 13°

39’ S, 2340 m; Andahuaylas,

Ocobamba, 73° 28" W, 13° 33’ S,

2,760 m; Andahuaylas, Kishuara,

73° 12" W, 13° 37" S, 2,440 m;

Abancay, Quillabamba, 72° 52" W,

13° 37’ S, 2,580 m) Department of

Cusco (three complexes: Anta,

Limatambo, 72° 25" W, 13° 28" S,

2,460 m; Paruro, Colcha, 71° 51/

W, 13° 48’ S, 2,940 m; Paruro,

Paccarectambo, 72° 04’ W, 13°

52" S, 2,560 m)

Junin, Huacapistana (one complex:

75° 32" W, 11° 14’ S, 2,110 m)

Tarija, Tabladita (two complexes: April-May
64° 45" W, 21° 32’ S, 1,890 m). 1988 May
1994

Wild populations were found in dry
shrubs and thickets in deep
inter-Andean valleys nearby
cultivated fields. Landraces were
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obtained from farmer’s seed
stocks. Elevation between
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maize and squash in traditional
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Weedy forms were found on
thickets and within a maize field
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Not formally tested, but some
suggestive data were obtained.
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wild, evidenced by: (1) larger seed
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Corn, Zea mays

Cotton, Gossypium
barbadense

Potato, Solanum stenotomum
Squash, Cucurbita
argyrosperma

Sweet potato, l[pomoea batatas

Tomato, Solanum lycopersicum

French Guiana
Mexico, Sinaloa

Mexico, Mexico
Ecuador,
Galapagos
Peru, Cuzco
Mexico, Jalisco

Central and N
South America

Northern Andes

Duputié et al. (2007)

Hernandez-Verdugo
etal. (2001)

Warburton et al. (2011)
Wendel and Percy
(1990)

Rabinowitz et al. (1990)
Montes-Hernandez and
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Roullier et al. (2013)

Blanca et al. (2012)
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Brazil, Parang, Maringa 0.004-2.25
Colombia, Valle, Cerrito 1.5-8.7*
Costa Rica, Alajuela, San José 0.0-0.096
Costa Rica, Cartago, Quircot 0.0-0.199 *
Ethiopia, Sidamo, Awasa 4.8
Mexico, México, Chapingo 1.3-7.4
Mexico, Puebla, Tecamachalco 4.5
Mexico, Puebla, northern highlands 20-55*
Puerto Rico, Mayaglez 0.5-39.3
Spain, Asturias, Villaviciosa 0.74
United States, CA, Berkeley 0.73
United States, CA, Irvine 1.6-7.2
United States, CA, Irvine 11.5-66.8
United States, CA, Riverside 1.2-14.5

Source

Regina-Royer et al. (2000)
Triana et al. (1993)
Chaves-Barrantes et al. (2014)
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Stoetzer (1984)
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Gepts et al. (2000)
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Wells et al. (1988)
Ibarra-Pérez et al. (1997)

*involving wild forms.
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