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Peach palm (Bactris gasipaes Kunth) is a Neotropical palm domesticated by Native Americans. Its domestication resulted in a set of landraces (var. gasipaes), some with very starchy fruit used for fermentation, others with an equilibrium of starch and oil used as snacks. Which of the three wild types (var. chichagui) was involved and where the domestication process began are unclear, with three hypotheses under discussion: an origin in southwestern Amazonia; or in northwestern South America; or multiple origins. We reevaluate one of the wild types, defining it as the incipient domesticate, and then evaluate these hypotheses using the Brazilian peach palm Core Collection and selected herbaria samples to: (1) model the potential distributions of wild and domesticated populations; (2) identify the probable origin of domestication with a phylogeographic analysis of chloroplast DNA sequences; and (3) determine the dispersal routes after domestication using spatial analysis of genetic diversity based on 17 nuclear microsatellite loci. The two very small-fruited wild types have distinct distributions in the northern Andes region and across southern Amazonia, both under moderately humid climates, while the incipient domesticate, partly sympatric with the southern wild type, is also found along the Equatorial Andes, in a more humid climatic envelope, more similar to that of the domesticated landraces. Two distribution models for Last Glacial Maximum conditions (CCSM4, MIROC) also suggest distinct distributions for the two wild populations. The chloroplast DNA phylogeographic network confirms the area of sympatry of the incipient domesticate and the southern wild type in southwestern Amazonia as the origin of domestication. The spatial patterns of genetic diversity confirm the proposal of two dispersals, one along the Ucayali River, into western Amazonia, northwestern South America and finally Central America; the other along the Madeira River into central and then eastern Amazonia. The first dispersal resulted in very starchy fruit for fermentation, while the second may have been later and resulted in snack fruits. Further explorations of southwestern Amazonia are essential for more precise identification of the earliest events, both with new archeological methods and genetic analyses with larger samples.
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INTRODUCTION

The peach palm (Bactris gasipaes Kunth, Palmae) is a Neotropical palm with populations domesticated by Native Americans (Clement, 1988), and presents impressive morphological diversity in its wild and cultivated populations, since these occur in different environments and exhibit different degrees of domestication (Mora-Urpí et al., 1997). At the time of European conquest, peach palm was an important food crop and the basis of a fermented drink, both of which featured in community festivals from western Amazonia to southern Central America (Mora-Urpí et al., 1997; Patiño, 2002). It was less important in the rest of humid-lowland northern South America (Patiño, 1963, 2002).

The origin of domesticated peach palm from wild populations remained a matter of speculation for more than a century, until the systematic analysis of Bactris presented by Henderson (2000). Since then several hypotheses have proposed a single origin (Morcote-Rios and Bernal, 2001; Rodrigues et al., 2005; Cristo-Araújo et al., 2013; Galluzzi et al., 2015) or multiple origins (Mora-Urpí, 1999; Hernández-Ugalde et al., 2011). We will identify a problem in the systematic analysis that has influenced many of these hypotheses and is essential to understanding the origin of domesticated peach palm, then model the ecological niches of the wild populations, and expand our genetic analyses of the origin of the domesticated populations (Cristo-Araújo et al., 2013) to understand their dispersal.

Henderson (2000) reduced the previously recognized nine species and three varieties in Martius' genus Guilielma into synonymy with B. gasipaes, and proposed two varieties: chichagui (H. Karsten) A.J. Henderson, including wild populations with small fruits (1.2–2.3 × 1.1–1.8 cm); and gasipaes, including domesticated populations of peach palm with large fruits (3.5–6.5 × 3–4.5(−6) cm) (p. 71). This revision allowed phylogenetic hypotheses about the origin of var. gasipaes and the subsequent dispersal of its cultivated populations and landraces (Cristo-Araújo et al., 2013). However, there is a disjunction in fruit sizes between var. chichagui and var. gasipaes that should not exist if var. gasipaes was domesticated from var. chichagui. This may be due to lack of herbarium samples that fill the gap, or to attributions of synonymy during Henderson's revision, or both.

Within var. chichagui, Henderson (2000) proposed the existence of three wild morphotypes, without attributing synonymy of previously accepted species to morphotype. Here we expand on Ferreira (1999) and Clement et al. (2009b), and propose that type 1 is synonymous with Guilielma mattogrossensis Barbosa Rodrigues and G. microcarpa Huber, type 2 with G. macana Martius and Bactris caribaea H. Karsten, and type 3 with B. speciosa Martius var. chichagui H. Karsten, hence the varietal name in Henderson's combination. Two other previously accepted species also have small to very small fruit: G. insignis Martius and Martinezia ciliata Ruiz & Pavon. Both were attributed to var. gasipaes by Henderson (p. 71); however, both are more likely to be synonymous with var. chichagui type 3 (Clement et al., 2009b).

When mapping the distribution of wild types 1 and 3 in southern Amazonia, Clement et al. (2009b) identified sympatry in southwestern Amazonia, while type 2 is isolated in northern South America (Figure 1). Hernández-Ugalde et al. (2011) describe the geological history of northern South America, and how this contributed to isolate the wild types 1 and 2 into their current distributions. Type 3 is the most variable of Henderson's wild types, with fruits that range from 2 to 10 g, rarely 15 g, whereas types 1 and 2 both have fruits that range from 0.5 to 2 g. Sympatry of types 1 and 3 was also noted by Huber (1904), who suggested that hybridization between small-fruited G. insignis and his very small-fruited G. microcarpa could explain the origin of cultivated peach palm in southwestern Amazonia. Observe that Huber apparently considered G. insignis fruits to be smaller than typical cultivated var. gasipaes, hence our suggestion that it should be synonymous with var. chichagui type 3, contrary to Henderson. Sympatry has additional significance: gene flow inhibits population divergence (Futuyma, 2005; p. 216) and this suggests that one type is not valid as a wild type.
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FIGURE 1. Distribution of wild populations (var. chichagui, types 1, 2, and 3; following Clement et al., 2009b) and domesticated landraces (var. gasipaes; following Clement et al., 2010) of peach palm (Bactris gasipaes) once represented in the Peach palm Active Germplasm Bank at the Instituto Nacional de Pesquisas da Amazônia, Manaus, Amazonas, Brazil. Core Collection (CC) samples within the Peach palm Active Germplasm Bank (Cristo-Araújo et al., 2015) are identified with blue dots (wild samples) and red dots (domesticated samples). Landrace distributions are in differentially textured areas and numbered: microcarpas (1) Pará and (2) Juruá; mesocarpas (3) Pampa Hermosa, (4) Tigre, (5) Pastaza, (6) Inirida, (7) Cauca and (8) Utilis; macrocarpas (9) Putumayo and (10) Vaupés. See Hernández-Ugalde et al. (2011) for other landraces and populations.



These observations allow us to define var. chichagui type 3 as the incipient domesticate, following Clement et al. (2009a), i.e., it represents the beginning of domestication of peach palm from type 1 (Cristo-Araújo et al., 2013; Galluzzi et al., 2015). Saldías-Paz (1993) observed exactly the expected type of variation in fruit size and human propagation in lowland Bolivia, where very small fruits similar to type 1, which he equated to G. microcarpa, were observed in open forests, small fruits similar to type 3, which he equated to G. insignis, were observed in anthropogenic forests and were tolerated when they appeared in swiddens, and only var. gasipaes microcarpa-type fruits were intentionally propagated.

This redefinition of type 3 as the incipient domesticate explains the variability in fruit size, from the 2 g of type 1 to the minimum 15 g of a microcarpa population of var. gasipaes, as well as the disjunct distribution of type 3 (Figure 1), since dispersal by humans is effective for crossing barriers such as the Andes (see Supplementary Material 1.1. for more about type 3). This proposal is also consistent with a hypothesis of Graefe et al. (2012) that some “natural populations are in reality feral populations, i.e., material from cultivated populations that have gone wild,” even though they doubted its validity because of the advanced degree of domestication of most var. gasipaes populations. Type 3 has generally been confused for a wild type precisely because it survives in little-disturbed ecosystems, i.e., it can become feral quite successfully.

Domestication is a co-evolutionary process in which human selection, both conscious and unconscious, interact with natural selection and result in changes in the population's genotypes and phenotypes that make them more useful to humans and better adapted to human intervention in the landscape (Rindos, 1984; Clement, 1999). Consequently, different populations may present different modifications due to selection, which Clement (1999) organized along a continuum from incipiently domesticated to semi-domesticated to domesticated. At the origin of domestication, incipient domesticates exhibit small differences from the local wild populations and hybridize freely with them, inhibiting changes due to human selection (Miller and Gross, 2011), just as observed by Saldías-Paz (1993). As the incipiently domesticated populations become more useful, their numbers increase in anthropogenic landscapes, permitting greater responses to selection. When humans disperse domesticates beyond the distribution of wild populations, response to selection will be freed from frequent introgression with wild types (Clement et al., 2009a; Miller and Gross, 2011). The distribution of peach palm's landrace complex (Figure 1) demonstrates the expected trends, with the macrocarpa landraces exhibiting dramatic changes in fruit size and little sympatry (Putumayo) or no sympatry (Vaupés) with wild populations.

Before Henderson's revision, some of the domesticated populations of peach palm had been grouped into landraces (Mora-Urpí et al., 1997) and their distribution was mapped (Figure 1). This landrace classification was based on fruit size, as it reflects the degree of change due to human selection during domestication (Mora-Urpí, 1984; Clement, 1988; Meyer et al., 2012). Microcarpa landraces have small fruits (<25 g), mesocarpa landraces have intermediate sized fruits (25–70 g), and macrocarpa landraces have large fruits (>70 g) (Mora-Urpí et al., 1997).

One result of the domestication process that is very important for our discussion is ecological adaptation. Fully domesticated populations have reduced ecological adaptation in their original ecosystems, having lost defensive mechanisms, reproductive success, competitive ability etc., generally due to natural selection for adaptation to human created agroecosystems (Harlan, 1992; Clement, 1999; Purugganan and Fuller, 2009). By definition the incipient domesticate has not lost ecological adaptation (Clement, 1999), partly because the domestication process is only starting and partly as a consequence of hybridization with local wild plants (Miller and Gross, 2011). Var. chichagui type 3's adaptation to advanced secondary succession in anthropogenic landscapes, as observed by Saldías-Paz (1993) in Bolivia, and its survival in naturally open forests, explain why so many botanists have considered it to be wild. This also explains why hypotheses about the origin of domestication of var. gasipaes from var. chichagui type 3 outside of the distribution of var. chichagui type 1 are problematic, e.g., Mora-Urpí (1999), Morcote-Rios and Bernal (2001), and Hernández-Ugalde et al. (2011), and why secondary domestication events (Galluzzi et al., 2015) outside of the distribution of var. chichagui type 1 are also.

Identifying the origin of domestication and tracing subsequent dispersal routes of cultivated plants is a multidisciplinary task, involving botanical, biogeographical, historical, archeological, linguistic and genetic evidence. In the case of peach palm, there are some historical references and numerous indigenous names (Patiño, 1963, 2002), but little archeological information (Morcote-Rios and Bernal, 2001). However, there is abundant botanical and biogeographic information synthesized by Henderson (2000), and an increasing abundance of genetic information. Early molecular genetic studies found deep divergence between populations in southwestern to eastern Amazonia (Pará landrace, Figure 1), and those in western Amazonia, northern South America and Central America (the other landraces, Figure 1) (Rojas-Vargas et al., 1999; Rodrigues et al., 2005; Hernández-Ugalde et al., 2011). Genetic introgression between adjacent cultivated and supposedly wild populations (in fact, populations of var. chichagui type 3) was reported (Couvreur et al., 2006). Hernández-Ugalde et al. (2011) interpreted these relationships among cultivated populations and adjacent wild populations in at least three regions as independent domestications. Clement et al. (2010) reviewed the molecular evidence and kept the most parsimonious hypothesis: a single domestication event in southwestern Amazonia with two dispersals. They reasoned that because nuclear DNA markers are inherited from both parents and undergo recombination, these markers are not ideal for identifying origins. Analysis with chloroplast DNA avoids the problems of meiotic recombination and biparental inheritance, and is more suitable for phylogeographic analysis (Avise, 2004). The first analysis with a chloroplast sequence (Cristo-Araújo et al., 2013) strongly suggests a single domestication event in southwestern Amazonia. We will expand on this analysis here.

Ecological Niche Modeling (ENM), which allows approximating both current and past distributions of species, has been used in a number of cases to test biogeographical hypotheses with cultivated species. Galluzzi et al. (2015) modeled wild and domesticated peach palm distributions, without a clear understanding of the implications of var. chichagui type 3, the incipient domesticate. As has been shown in cotton (Gossypium hirsutum L.), the distribution range of cultivated plants is considerably wider than that of their wild ancestor, because their climatic envelope is essentially delimited by the fundamental niche of the species (defined by abiotic constraints), as farmers, through common agricultural practices, control most biotic components of the ecological niche, particularly competition and parasitism (Coppens d'Eeckenbrugge and Lacape, 2014). In contrast, the distribution of wild populations is delimited by the species' realized niche, as competition and predation fully constrain the species' distribution. Finally, the distribution of feral populations is intermediate between that of wild and cultivated populations, as the impact of biotic factors depends on the degree of landscape anthropization. Thus, feral cotton's distribution is very similar to that of cultivated landraces; however, they tend to disappear in a few generations after fields are replaced by secondary vegetation.

Referring explicitly to the niche concept underlying the distribution models of wild, feral and cultivated plants allows evaluating the status of particular populations. In the particular case of peach palm, we can examine the ecological niche similarities for the three var. chichagui morphotypes. Under our working hypothesis that type 3 populations are incipiently domesticated forms, we expect that many of them are found outside of the niches of the two other morphotypes. Furthermore, once the wild status of the two morphotypes is assessed, we can evaluate hypotheses about the species' distribution at the time when humans began to interact with native Amazonian plants at the end of the last glacial period.

This study aimed to evaluate hypotheses about the origin of domesticated peach palm using: (1) ecological niche models to identify the potential distributions of wild and domesticated populations, to compare these with known distributions, to assess the status of var. chichagui type 3 in light of types 1 and 2, and then project models of these distributions on climatic models for the last glacial maximum; (2) phylogeographic analysis of chloroplast DNA sequences to determine the relationship among wild and domesticated populations, as well as the probable origin of domestication; and (3) phylogenetic analysis and spatial distribution of genetic diversity of peach palm, based on nuclear microsatellite loci, to determine the location of areas with greater genetic diversity and likely dispersal routes after domestication.

RESULTS

Distributions of Wild and Domesticated Peach Palm

The geographic distribution of our sample for modeling (Figure 2A) is similar to that shown in Figure 1. The two wild morphotypes of var. chichagui are clearly separated by an Equatorial band, with type 1 in southern Amazonia, and type 2 along the Caribbean coastal region of Colombia and western Venezuela, the Andean foothills of the Colombian and Venezuelan Orinoquia, and the Andean valleys in Colombia, reaching elevations above 1,000 m, south to the Quindío region in the Cauca Valley. Type 3 is sympatric with type 1 in southwestern Amazonia and it is also found on both sides of the Andes of Ecuador, as well as in the Cauca Valley in Colombia, where it appears marginally sympatric with type 2.The main differences between Figures 1, 2A concern the presence of type 2 further south in Colombia, confirmed by Rodrigo Bernal, Universidad Nacional de Colombia. Our sample shows limited sympatry between var. chichagui and var. gasipaes. The few cases where var. chichagui is found in close proximity to var. gasipaes (Cauca department in Colombia, parts of Ecuador, Peru, and the upper Solimões River in Brazil) involve type 3. Interestingly, samples of var. gasipaes in secondary vegetation (magenta crosses) are more common in regions where type 3 is found.
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FIGURE 2. Distribution of wild and cultivated Bactris gasipaes samples used in our models (A), and modeled distributions, based on current Worldclim conditions, of wild peach palm, var. chichagui type 1 (B), type 2 (C), a combination of types 1 and 2 (D), the incipient domesticate var. chichagui type 3 (E), and var. gasipaes (F). Colors indicate climate suitability according to logistic thresholds (dark green below 10% training omission, light green above this 10% threshold, yellow above 33% threshold, orange above 67% threshold). Symbols: red squares, var. chichagui type 1; red triangles, var. chichagui type 2; magenta circles, var. chichagui type 3; blue crosses, cultivated var. gasipaes; magenta crosses, feral var. gasipaes.



The Principal Component Analysis (PCA) characterizing the climatic envelopes of the different taxa (Table 1, Figure 3) did not use bioclimatic variables 1 (mean annual temperature), 5 (maximal temperature of warmest month), 12 (annual precipitation), and 16 (precipitation of wettest quarter), as they contributed little to the different Ecological Niche Models and/or can be deduced directly from other variables. The first axis is related to decreasing seasonality and increasing precipitation. The second axis is positively correlated with temperatures. Representatives of var. chichagui types 1 and 2 found in open tropical forests are concentrated in the upper left of the principal plane (warm tropical climate with more pronounced seasonality). A similar trend is observed for var. gasipaes; however, its climatic space is wider as it can be grown under more humid equatorial conditions, which is fully consistent with its common presence along the Equator. The climatic envelope of var. chichagui type 3 is intermediate between that of type 1 (its putative wild ancestor), and that of domesticated peach palm (var. gasipaes) (Supplementary Material 1.2; Figure S2), which is consistent with our working hypothesis that this type is the incipient domesticate. This is further supported by the fact that observations of feral var. gasipaes in secondary or disturbed vegetation occupy the same climatic space.


Table 1. Principal component analysis of bioclimatic variables for Bactris gasipaes and contributions of the bioclimatic variables to the first two components.
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FIGURE 3. Principal component analysis of bioclimatic parameters for Bactris gasipaes. Projection of observations of var. chichagui types 1, 2, and 3, cultivated var. gasipaes, and feral or escaped specimens found in disturbed or secondary vegetation in the principal plane. Axis legends identify the main relations of principal components with original variables and percentage of explained variance.



Distributions of var. Chichagui Types 1 and 2

The limited overlap between the climatic envelopes of var. chichagui types 1 and 2 raises the question of their ecological differentiation. If any, it could be related to the topographical contrasts between their home regions, as suggested by their relative distribution in the principal plane: in southwestern Amazonia, conditions for type 1 get both warmer and wetter close to the Equator, while type 2, in the northern Andes, finds wetter conditions at higher elevations, i.e., under cooler conditions. To assess whether such sources of climate variation may have resulted in significant ecoclimatic adaptation, we modeled the distribution of both wild types separately. Extrapolating the type 1 distribution to tropical South America (Figure 2B) allowed us to predict the main features of type 2's distribution, despite the topographic differences and low number of type 1 observations. The reciprocal extrapolation from the even smaller sample of type 2 data (Figure 2C), which does not discard the equatorial region east of Ecuador and along the Amazon river, is less convincing; however, it is still consistent with most observations of type 1. Interestingly, both models predict presence in the inter-Andean valleys of Colombia, the Caribbean coast, and the Andean foothills to the Orinoco basin. On the other hand, both Figures 2B,C lack specificity and indicate suitable regions where wild peach palm is absent, for example on the Guiana shield and in southeastern Brazil. Finally, the best distribution map results from the combination of types 1 and 2 (Figure 2D). This model is much more specific, with an excellent correspondence between observations and potential distribution. The current distribution of type 1 is well represented and explained with a considerable extension of suitable climates in the southern Amazon basin and to southeastern Brazil. The current distribution of type 2 appears less massive, but is equally well explained by the network of large Andean valleys and foothills in Colombia and Venezuela, as well as parts of their Caribbean coastal regions and around Lake Maracaibo in Venezuela A third important and well separated suitable area exists in eastern Venezuela and Roraima; however, no wild peach palm has been reported there during the last 100 years of exploration.

This wild peach palm distribution model is highly consistent with our views on type 3 as the incipient domesticate, introduced by man and feralized in Ecuador, on both sides of the Andes. In some cases, as in southern Colombia and western Ecuador, feralization was favored by suitable climates, associated with more open vegetation (and less competition). In other cases, as on the eastern side of the Ecuadorian Andes, feralization was possible mostly in anthropogenic landscapes, as indicated by the observations of fully domesticated peach palms in the neighborhood, and their remnants in secondary vegetation. This is likely to be the case for Panamanian representatives of type 3 also, including the Azuero population mentioned by Hernández-Ugalde et al. (2011), as they appear in areas that are climatically unsuitable for wild peach palm.

The distribution model for the var. chichagui types 1 and 2 combination was projected for the Last Glacial Maximum climate, as predicted by the CCSM4, MIROC-ESM, and MPI-ESM-P climate models (Figure 4). The first two models project similar distributions of var. chichagui types 1 and 2, which remain separated during glacial periods, especially in western Amazonia. The third model is not consistent with the modern distribution of var. chichagui types 1 and 2, which casts doubts on its validity. Thus, these LGM simulations clearly suggest that populations of types 1 and 2 have long been separated, which helps explain the strong genetic differentiation (Hernández-Ugalde et al., 2011). They also suggest that there was suitable habitat for var. chichagui type 1 in southwestern Amazonia when humans arrived in the late Pleistocene.
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FIGURE 4. Maxent-generated potential distribution models based on Last Glacial Maximum (A) CCSM4, (B) MIROC-ESM, and (C) MPI-ESM-P estimated climatic conditions for B. gasipaes var. chichagui types 1 and 2. Color code as in Figures 2B–D.



Distributions of var. Chichagui Type 3 and var. Gasipaes

The number of field collections and herbarium samples that could be attributed to var. chichagui type 3 is quite small (n = 29). The distribution model (Figure 2E) is consequently less reliable. Nonetheless, both the PCA (Figure 3) and the ecological niche model indicate that type 3's climatic envelope is slightly more humid than that of type 1, based on the expansion from Southwestern Amazonia northwards.

The modeled distribution of var. gasipaes (Figure 2F) represents reasonably well what is expected for cultivated peach palm from the literature and anecdotes. The highest probabilities are observed across central and western Amazonia, which is where a significant amount of collecting occurred in the late twentieth century (see also Figure S1) and where peach palm was most important at the time of European conquest (Patiño, 1963, 2002) (Figure S3). This area has much higher precipitation than the area where var. chichagui type 1 is distributed, even in the western part of its distribution. Also, var. gasipaes' niche encompasses var. chichagui type 3's niche, whereas the niche of wild types 1 and 2 (Figure 2) only encompasses type 3's niche in the southwestern Amazon, where types 1 and 3 are sympatric. Hence, peach palm's fundamental niche is much ampler than the realized niches of var. chichagui types 1 and 2, and type 3 shows the beginnings of this change.

The Origin of Domestication Identified with a Chloroplast DNA Sequence

Only two of the 12 hypervariable sequences identified by Shaw et al. (2007) were variable in our study: psbJ-petA and psaI-accD. The psbJ-petA sequence had 1,040 base pairs, of which 26 were variable. The psaI-accD sequence had 622 base pairs, but was only useful for discriminating B. simplicifrons from B. gasipaes/B. riparia and was not used for further analysis. Seventy six of the 126 plants analyzed presented a 13 base-pair inversion in psbJ-petA at the same position (Figure 5), which distinguishes eastern and western Amazonian landraces and populations of peach palm. The population of var. chichagui type 1 near Rio Branco, Acre, Brazil, was polymorphic for this inversion, which has implications for the origin of domestication and subsequent dispersal of var. gasipaes. Neither var. chichagui nor Bactris riparia were discriminated from B. gasipaes var. gasipaes with the information in this sequence.
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FIGURE 5. The 13 base-pair inversion identified in the psbJ-petA sequence in 76 of 126 plants of Bactris gasipaes. Upper pair: A – ancestral sequence without inversion found in B. simplicifrons, B. riparia and half the plants of B. gasipaes var. chichagui type 1; B – inverted sequence with unaligned base-pairs in red. Lower pair: A – ancestral sequence; B – reinverted sequence to show original complementarity.



In this set of 126 plants, 12 haplotypes were identified and organized into a network with maximum parsimony analysis and the Median Joining algorithm (Figure 6A). Three haplotypes were very common, with one very common in southwestern to eastern Amazonia, and two very common in western Amazonia to Central America, with one mutational difference between the two common western haplotypes. Nine less common haplotypes were specific to a landrace (Juruá) or shared by a landrace (Putumayo), a population (upper Madeira River) or a species (B. simplicifrons). The eastern and western groups of haplotypes were differentiated by the inversion (Figure 5), with interesting exceptions. As mentioned, var. chichagui type 1 was polymorphic for the inversion. So was the Putumayo landrace, which has the largest distribution of the western landraces and extends eastwards along the Solimões River to contact with the Pará landrace in Central Amazonia (Figure 1). Hence, this polymorphism in the Putumayo landrace is probably due to introgression, unlike the polymorphism in var. chichagui type 1 in Acre. Because of small sample sizes and the conserved nature of the chloroplast sequences, estimates of chloroplast diversity were not very informative (Table 2), although var. chichagui type 1 had approximately the same haplotypic diversity as var. gasipaes, principally because var. chichagui type 1 and the Putumayo landrace are polymorphic for the psbJ-petA inversion.


[image: image]

FIGURE 6. Relationships among 126 plants in the peach palm (Bactris gasipaes) Core Collection based on the psbJ-petA chloroplast sequence. (A) Haplotype network estimated with maximum parsimony analysis and the Median Joining algorithm (redrawn from Cristo-Araújo et al., 2013). Circle size is proportional to the number of plants with the haplotype. The numbers next to each connecting line represent the number of mutations between haplotypes; lines with no number represent one mutation. The red dot represents a median vector, a haplotype that is assumed to exist but was not found in this set of plants. (B) Phylogenetic tree derived from Bayesian analysis. The numbers next to each connecting line represent the bootstrap estimate of confidence.




Table 2. Genetic diversity parameters estimated for the two chloroplast sequences for Bactris gasipes var. chichagui types 1 and 3, and seven landraces and two non-designated populations of var. gasipaes in the Core Collection of the Peach palm Active Germplasm Bank, Manaus, Brazil, and two Bactris species used as outgroups.
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The phylogenetic tree estimated with Bayesian methods is similar to the haplotype network and the bootstrapped confidence values are high for all relationships (Figure 6B). As in the network, there is a clear separation between eastern and western groups. There is one important difference: the plants of var. chichagui 1 that grouped with the eastern Amazonian populations in the network are grouped with var. chichagui 3—the incipient domesticate—among the western Amazonian populations, even though half of them contain the inversion.

The phylogenetic network and tree support a single domestication event in southwestern Amazonia, probably in the upper Madeira River basin of modern Bolivia. The argument is most readily observed in the haplotype network (Figure 6A): the out-group (B. simplicifrons) is most closely related to the upper Madeira River populations, most of which have only one mutational difference from all of the other eastern Amazonian populations. Although var. chichagui type 1 does not have exactly the same haplotype as the upper Madeira River populations, both populations occur in the same general area and share the ancestral psbJ-petA chloroplast sequence.

Dispersal of the Landrace Complex Interpreted with Nuclear Microsatellites

The 17 most informative SSR loci among the 39 tested detected 302 alleles in the 173 plants analyzed, with a mean of 17.8 alleles per locus. The two accessions of var. chichagui type 1 had slightly lower heterozygosities than the two type 3 accessions, probably because the type 3 accessions are from different populations, both in sympatry with type 1, whereas the type 1 accessions are from the same population (Table 3). This explains the difference in inbreeding coefficients also. The highest values of observed heterozygosities are in landraces or undesignated populations within the distributions of var. chichagui types 1 and 3, which suggest introgression. The lowest heterozygosities occur in the two landraces furthest from the center of domestication in southwestern Amazonia: Utilis in Central America and Pará in eastern Amazonia.


Table 3. Genetic parameters estimated with 17 SSR loci for Bactris gasipes var. chichagui types 1 and 3, and seven landraces and two non-designated populations of var. gasipaes in the Core Collection of the Peach palm Active Germplasm Bank, Manaus, Brazil.
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Based on 173 plants of the Core Collection, the best grouping of accessions with the Structure program was found for K = 2, with interesting groupings at K = 3 and 4 (Figure 7). At K = 2, the southwestern to eastern populations were distinguished from all other populations (Figure 8A). At K = 3, the Utilis landrace of Central America was discriminated from the other western populations (Figure 8B). At K = 4, the western Amazonian populations were divided into two groups (Figure 8C): a southern group containing the Pampa Hermosa and Juruá landraces and the Ucayali River populations; a northern group containing the two macrocarpa landraces (Putumayo and Vaupés) and the mesocarpa Cauca landrace of western Colombia. Note that the southern group is in sympatry with var. chichagui types 1 and 3, while the macrocarpa Putumayo has only minor areas of sympatry and the macrocarpa Vaupés has none (Figure 1). The origin of domestication encompasses the eastern half of the southern western group (populations 7, 8, 9) and the western part of the eastern group (populations 10, 11). At K = 10 (data not shown) some landraces in Table 3 are relatively well distinguished, but others present considerable admixture with adjacent landraces and populations, as is already evident at K = 4 (Figure 8C).
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FIGURE 7. The most probable number of groups (K) in the 173 plant data set from the Peach palm Core Collection analyzed with 17 SSR based on the ad hoc ΔK of Evanno et al. (2005).
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FIGURE 8. Structure analysis of 173 peach palms (Bactris gasipaes) in 36 accessions of var. gasipaes and 4 accessions of var. chichagui in the Core Collection without prior information. Plants are organized by landrace and population from west (left) to east: 1, Utilis; 2, Cauca; 3, Pastaza; 4, Vaupés; 5, Putumayo; 6, Pampa Hermosa; 7, var. chichagui type 3; 8, Ucayali River; 9, Juruá; 10, upper Madeira River; 11, var. chichagui type 1; 12, Pará. (A) Group assignments for each palm for K = 2 groups. (B) Group assignments for each palm for K = 3 groups. (C) Group assignments for each palm for K = 4 groups, with yellow representing the southwestern to eastern Amazonian populations, red the southern western Amazonian populations, blue the northern western Amazonian populations and green the Central American populations.



Although Structure offers robust simulations, it is based on the presuppositions of the Hardy-Weinberg equilibrium (Pritchard et al., 2000), many of which do not hold for small populations, especially for domesticated populations, nor for groups of gene bank accessions. Hence, we used spatial Analysis of Principal Components (sPCA), which does not rely on HWE presuppositions, to examine the relationships of the 156 var. gasipaes plants in the Core Collection with 17 SSR. The high variance and Moran's I recorded for the first three global principal components highlight the existence of global structure (data not shown) and is corroborated by the significance of the Monte-Carlo simulations (p < 0.001). Due to the low variances and Moran' I index (data not shown), as well as the weak significance of the Monte-Carlo simulations (p = 0.015) within the set of local components, the local structure is not discussed.

The global structure using this SSR data presented good interpretation of the spatial distribution of genetic diversity and is similar to the Structure analysis (Figure 8). The first spatial principal component differentiated eastern Amazonia, as in the Structure analysis at K = 2 (Figure 9A), the second differentiated Central America from the other western populations (Figure 9B), as in the Structure analysis at K = 3, and the third was less efficient at differentiating northern western Amazonia from southern western Amazonia (Figure 9C), probably because of the abundant gene flow. The spatial synthetic projection of the 3 global components (Figure 9D) suggests that eastern Amazonia is not as clearly related to southwestern Amazonia as in the Structure analysis, although this may be due to the lack of sampling along the middle and lower Madeira River. The relationship among populations in southwestern Amazonia is also much clearer than in the Structure analyses in that the upper Madeira and Ucayali Rivers are more clearly related.
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FIGURE 9. Spatial principal component analysis of 156 peach palm (Bactris gasipaes var. gasipaes) accessions in the Core Collection estimated from 17 SSR markers. (A–C) Projections of accessions and their position on the first to the third global components. Size and color of squares is related to the samples positions on the considered component. (D) Synthetic projection of the three first components. The color is coded in RVB system by the position on the three components for each accession.



Although the Core Collection is quite small and there appears to be abundant gene flow among these populations at different scales (Figures 8, 9), the Nei genetic distances among these groups are informative (Figure 10). The deepest divergence is between the southwestern to eastern populations, including var. chichagui 1, and all of the western populations, as in Figure 8A. However, the var. chichagui 1 population from Rio Branco, Acre, is not at the root of this group, suggesting that it is not the original source population for domestication. The western cluster contains the three other groups defined by Structure (Figure 8), with a very interesting organization. The cluster is rooted in var. chichagui type 3, the incipient domesticate, and has the microcarpa Juruá landrace and Ucayali River populations in sequence, followed by the mesocarpa Pampa Hermosa landrace. All of these populations are sympatric with var. chichagui type 1 also. The next cluster is derived from the previous, as expected by dispersal of domesticated types northward. The macrocarpa Putumayo landrace in western Amazonia is associated with the mesocarpa Cauca landrace in western Colombia, suggesting that there is gene flow over the Andes, perhaps in southern Colombia. Both Cauca and the western part of Putumayo are sympatric with the incipient domesticate (var. chichagui type 3). Also in the northwestern Amazonia Structure group (Figure 8C), the Vaupés landrace is the only one that is not sympatric with any wild populations, which may explain why it is the larger-fruited of the two macrocarpa landraces, since there is no introgression to slow response to selection. What is curious in this cluster is that the mesocarpa Utilis landrace of Central America is derived from the same lineage that gave rise to Vaupés, but this may only be an artifact of small sample sizes, although there is gene flow (or gene bank error?) visible in the Structure analyses (Figures 8B,C). Another possibility is that Utilis is derived from a different dispersal than Cauca, with the latter a dispersal over the Andes from the upper Putumayo River and the former a dispersal along the northeastern flank of the Andes and then into Central America.
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FIGURE 10. Dendrogram based on Nei (1978) genetic distances using the Neighbor Joining algorithm to show the genetic relationships among nine domesticated populations (B. gasipaes var. gasipaes), the incipient domesticate (var. chichagui type 3) and one wild population (var. chichagui type 1) using 17 SSR loci and the 40 accessions in the Peach palm Core Collection at INPA, Brazil (redrawn from Cristo-Araújo et al., 2013). Clusters are colored according to the Structure groups in Figure 7C.



AMOVA estimated that 87% of the total genetic variation accessed with these 17 SSR in the Core Collection is found within landraces and populations, while 13% is found among them. Other genetic divergence indices [Fst (0.13), Rst (0.19) and Gst (0.13)] agree with the AMOVA estimate of variation among populations. When comparing only the var. gasipaes accessions at K = 2 (Figure 8A) and the deep dichotomy in the dendrogram (Figure 10), AMOVA estimated 92% within and 8% among landraces and populations.

DISCUSSION

Distributions of Wild and Domesticated Peach Palm

Galluzzi et al. (2015) were the first to use ecological niche modeling with Bactris gasipaes, but our results cannot be compared with theirs for several reasons. Although they accepted the hypothesis that var. chichagui type 3 represents the incipient domesticate, they pooled all three types of var. chichagui into a 55-record “wild” sample, rather than maintain type 3 separate. They then added all samples of var. gasipaes that fall in the same climatic envelope (polygon in their Figure 2) to allow increased precision for LGM modeling, without considering that the niches of wild, feral, and cultivated plants cannot be interpreted in the same way. Furthermore, the resulting sample is biased, because their choice of a climatic envelope was determined partly by the two most extreme var. chichagui outliers, as well as the great majority of observations concentrated on the opposite convex side of the polygon in their PCA. This is important because distribution models are determined not only by the overall climatic space, but also by the distribution of observations within it.

We followed a different approach, where wild peach palm's distribution was modeled from the observations of truly wild peach palm, i.e., a subsample including only observations of B. gasipaes var. chichagui that could be assigned to types 1 and 2, even though their number is modest. Observations of feral and escapes (respectively from var. chichagui and var. gasipaes), as well as cultivated populations, were only kept for purposes of comparison, using them in the PCA comparative climatic characterization, and contrasting their realized distribution with that of wild peach palm.

Although the geographic distributions of var. chichagui types 1 and 2 are widely separated, the characterization and projections of their respective climatic spaces appear consistent with their infra-specific taxonomic status as two morphotypes of the same botanical variety (Henderson, 2000), with little apparent divergence in their ecologies. The fact that both models predict presence in the inter-Andean valleys of Colombia supports this hypothesis of limited ecological differentiation. Sample size is less of a problem when the truly wild types of var. chichagui are pooled in the analysis, for a total of 60 observations. The resulting model shows an excellent correspondence between these observations and their disjunct potential distribution (Henderson, 2000; Figure 29B, p. 71), and allows visualizing the more humid equatorial geographic barrier hampering gene flow between them.

Our extrapolation of the wild peach palm distribution during the LGM gave variable results according to the climatic model. In terms of suitable habitat across southern Amazonia, our CCSM4 and MIROC-ESM modeled distributions fit reasonably well into the ecotone between the evergreen broad-leaf and the deciduous broad-leaf forests modeled by Mayle et al. (2004) for the LGM, which reflects the ecological adaptation of type 1 (Clement et al., 2009b). The CCSM4-based modeled LGM distribution was the most consistent with the modern wild peach palm distribution, showing the same potential separation of favorable habitats of types 1 and 2. Varela et al. (2015) caution that different general circulation models offer different predictions for the tropics, which explains why MPI-ESM-P produced such a divergent modeled distribution.

The Origin of Domestication

The origin of domestication of cultivated populations of any species should be sought in the distribution of its wild populations. In the case of peach palm, var. chichagui types 1 and 2 have the smallest fruits and are considered truly wild. The molecular analyses that included type 2 concluded that it was not involved in the domestication of peach palm (Hernández-Ugalde et al., 2011), as did cladistic analysis of morphological traits (Ferreira, 1999). For reasons presented in the Introduction and re-enforced by the ecological niche models, type 3 is not wild. Hence, the origin of domestication is expected in the geographic area of sympatry between type 1 and the incipient domesticate (Figure 1). Chloroplast sequences were used to examine this expectation.

Intergenic spacers in the chloroplast genome are important sources of information in plant systematics, but are often insufficiently variable at low taxonomic levels to differentiate populations (Shaw et al., 2005, 2007). This is clear in Bactris, where interspecific chloroplast variation is scarce in the Bactris species closest to B. gasipaes and even scarcer within the species, as Couvreur et al. (2007) failed to discriminate between var. chichagui and var. gasipaes with commonly used chloroplast sequences trnD-trnT and trnQ-rps16, and a sequence that they designed (psbC-trnfM), all located in non-coding regions. We also failed to discriminate var. chichagui from var. gasipaes or B. gasipaes from B. riparia with the psbJ-petA and psaI-accD sequences, although we did find variation in psbJ-petA, but this sequence is less variable than trnD-trnT (1,066 base pairs with 36 variable) and trnQ-rps16 (1,046 base pairs with 47 variable) (Couvreur et al., 2007). The 13 bp inversion that we found (Figure 5) is intermediate in size between the minute (4 bp) and a middle-sized (20 bp) inversions in Bactris trnD-trnT (Couvreur et al., 2007), although neither allowed discrimination within the Bactris gasipaes-riparia complex.

Both the haplotype network (Figure 6A) and the tree (Figure 6B) show a clear separation between eastern and western populations of var. gasipaes, reflecting the deep divergence found in all previous molecular analyses (Rojas-Vargas et al., 1999; Rodrigues et al., 2005; Cristo-Araújo et al., 2010; Hernández-Ugalde et al., 2011). Since this analysis is with a single chloroplast sequence, it is evident that this inversion does not explain the deep divergence observed with nuclear markers, but it does provide a parallel marker.

The network and the tree also support a single domestication event in southwestern Amazonia, probably in the upper Madeira River basin of modern Bolivia, which had already been proposed as the center of domestication (Huber, 1904; Clement, 1995; Rodrigues et al., 2005; Cristo-Araújo et al., 2010, 2013; Galluzzi et al., 2015). This is also one of the areas identified by Mora-Urpí (1993, 1999) and Hernández-Ugalde et al. (2011). This chloroplast analysis does not provide support for additional domestication events outside of southwestern Amazonia, contrary to the hypotheses of Mora-Urpí (1993, 1999), Morcote-Rios and Bernal (2001), and Hernández-Ugalde et al. (2011), nor the idea of secondary domestications suggested by Galluzzi et al. (2015), although this may be because of the small amount of variation found to date. These unsupported hypotheses all depend upon the distribution of var. chichagui type 3, the incipient domesticate.

Dispersal of the Landrace Complex

In domesticated peach palm, two dispersals out of the center of domestication in southwestern Amazonia were hypothesized (Rodrigues et al., 2005), one down the Ucayali River into western Amazonia and beyond, and one down the Madeira River into eastern Amazonia, and should exhibit these trends when examined with neutral molecular markers. The highest values of observed heterozygosity are in landraces or undesignated populations within the distributions of var. chichagui types 1 and 3 (Table 3), which suggests introgression (Couvreur et al., 2006; Hernández-Ugalde et al., 2011). The lowest heterozygosity values occur in the two landraces at the extremes of the two hypothesized dispersals: Utilis in Central America at the end of the western dispersal and Pará in eastern Amazonia at the end of the eastern dispersal. The low heterozygosity in the Utilis landrace is surprising, given the existence of type 3 populations in the region and observed introgression (Hernández-Ugalde et al., 2011), suggesting that Utilis represents an independent dispersal and not an in situ development from the local var. chichagui type 3 populations.

While validation of morphometrically defined landraces has been a preoccupation of the molecular genetic analyses in the Brazilian germplasm bank (Sousa et al., 2001; Clement et al., 2002; Rodrigues et al., 2005; Cristo-Araújo et al., 2010; Santos et al., 2011), these analyses often had insufficient or unbalanced numbers of each population to work with. When sufficient numbers were available, they validated some landraces and did not validate others, specifically the Guatuso and Tuira landraces in Central America, and the Solimões landrace in central-western Amazonia (Rodrigues et al., 2005). Hence, Structure was used to study the relationships among accessions in the Core Collection.

K = 2 (Figure 8A) identified the deep divergence detected in previous molecular analyses (Rojas-Vargas et al., 1999; Rodrigues et al., 2005; Cristo-Araújo et al., 2010; Hernández-Ugalde et al., 2011). In K = 3, the Utilis landrace of Central America was distinguished from the other western populations (Figure 8B), probably because allelic richness is lower (Table 1) and some alleles are locally common (Hernández-Ugalde et al., 2011), although this was not detected by Galluzzi et al. (2015) in their reanalysis of Hernández-Ugalde et al.'s dataset. At K = 4 a considerable amount of admixture was detected (Figure 8C), certainly the reason for the poor discrimination between the groups.

The K = 4 grouping also identifies either long distance dispersal events or germplasm bank errors; the latter have been detected before in the INPA germplasm bank with molecular analyses (Sousa et al., 2001; Rodrigues et al., 2005; Cristo-Araújo et al., 2010). Two accessions from the relatively spineless Guatuso populations of the Utilis landrace in Central America are assigned to the northern western Amazonia group, suggesting that spinelessness may not have been selected in situ but may be due to long distance dispersal, and the accessions from Coari, previously classified with the Putumayo landrace (Rodrigues et al., 2005), are assigned to the southern western Amazonia group, some 500 km to the west. Seed exchange networks had previously been identified within the Pampa Hermosa landrace in southern western Amazonia (Adin et al., 2004), as well as long distance gene flow between the southern and the northern western Amazonian groups (Cole et al., 2007), so this admixture is not surprising and may not be due to germplasm bank error.

Overall, the Structure analyses confirm part of the landrace hierarchy proposed originally by Mora-Urpí and Clement (1988) and validated by previous molecular analyses (Rodrigues et al., 2005; Cristo-Araújo et al., 2010). They also confirm the commonness of both long and middle distance gene flow and introgression reported by various authors (Adin et al., 2004; Couvreur et al., 2006; Cole et al., 2007; Hernández-Ugalde et al., 2011). The fact that they do not fully validate the landrace hierarchy can be attributed to the design of the Core Collection (Cristo-Araújo et al., 2015), since this was not designed primarily to study the origin and dispersal of peach palm, but to support the management of peach palm germplasm at INPA.

The spatial analysis of principal components (Figure 9) generally agreed with the Structure analyses (Figure 8), but also suggested a very interesting relationship among the upper Madeira River populations and the Ucayali River populations, which was not evident in the Structure analyses. This relationship is the primary region of sympatry between var. chichagui types 1 and 3 (Figure 1), and where var. gasipaes microcarpa populations have the smallest fruit. In fact, the headwater tributaries of the Ucayali River and those of the Madre de Dios River, the major northern tributary of the upper Madeira River, are quite close in southern Peru, allowing relatively easy human passage. It follows that the upper Ucayali River basin cannot be ruled out as part of the center of origin of domestication. Further prospection of peach palm in the upper parts of both basins will allow better resolution of these analyses.

The Neighbor-joining dendrogram of Nei's genetic distances (Nei, 1978) among the landraces and populations of the Core Collection (Table 3, Figure 10) is quite similar to all previous dendrograms based on molecular analyses. The eastern cluster contains the upper Madeira River populations and the Pará landrace, as observed by Rojas-Vargas et al. (1999) and Hernández-Ugalde et al. (2011), and in agreement with morphological similarities (Mora-Urpí, 1999), since both have microcarpa fruit types. This cluster is associated with var. chichagui type 1, as observed by Rodrigues et al. (2005) and Hernández-Ugalde et al. (2011), but is not rooted in the Rio Branco population of type 1. Hence, the exact origin of domestication remains to be identified, although the general region of origin is clear.

As expected, the western cluster in Figure 10 is similar to that reported previously (Rodrigues et al., 2005; Cristo-Araújo et al., 2010), since it uses some of the same accessions, and is quite different from Hernández-Ugalde et al. (2011), whose analyses identified the divergence between the Cauca and Utilis landraces and the western Amazonian landraces at a lower level in the dendrogram. However, given the numerous additional analyses included here (Table 1, Figures 6–8), plus the reinterpretation of var. chichagui type 3 as the incipient domesticate, this interpretation of Figure 10 appears to represent a more robust hypothesis of the origin and dispersal of domesticated peach palm.

The two dispersals proposed here also resulted in two quite different fruit types with different cultural importance. The western dispersal down the Ucayali soon generated starchy fruit, possibly quite early, since Mora-Urpí (1984) observed that very starchy microcarpa fruit were common in Pucallpa and Contamana, along the Ucayali River in Peru. Starchy fruit are easily fermented, much like sweet manioc (Manihot esculenta) or maize (Zea mays) (Patiño, 1963, 1992, 2002). Because starch is much less energy intensive than oil, even unconscious selection for starchy fruit quickly results in increases in fruit size (Clement et al., 2009a), resulting in the mesocarpa Pampa Hermosa and Tigre landraces in central Peru. As the dispersal of this type of fruit continued down the Ucayali and Amazonas into northwestern Amazonia, the cultivated peach palms were taken out of sympatry with type 1 and the previously distributed incipient domesticate (type 3), and the very starchy macrocarpa fruits of the Putumayo and Vaupés landraces could appear. However, the oldest archeological record in Colombian Amazonia is the Abejas site, along the Caquetá River, with pollen dated to 1,535 BP (Morcote-Rios and Bernal, 2001), which suggests that this dispersal may have been rather late. Throughout central-western and northwestern Amazonia peach palm was cultivated both in homegardens and in swiddens, yielding large amounts of starchy fruit for fermentation that became the centerpiece of yearly harvest festivals (Patiño, 1992). As the dispersal continued northwestward into Central America, the cultivated populations were again sympatric with the incipient domesticate (type 3) and the starchy mesocarpa Cauca and Utilis landraces appeared. During the conquest of Panamá and Costa Rica, European adventurers felled tens of thousands of peach palms in the Sixaola River valley in order to subdue the native peoples, which resulted in the first court case of the Spanish crown against a group of conquistadors and is the reason that such dramatic numbers of palms are known to have existed (Patiño, 1963). Given the enormous numbers of palms involved, we can assume that peach palm was as important in southern Central America as in western and northwestern Amazonia.

The eastern dispersal appears to have been quite different, since the fruit retained considerable quantities of oil and was never selected even to mesocarpa size, even though the majority of the dispersal was outside of the distribution of the wild type. Oily fruit do not ferment well and there are no early historical records of harvest festivals with abundant fermented peach palm, as there are in western Amazonia. Bates (1962) observed fruits typical of the Pará landrace during his trip along the Amazon River, and commented that they increased in size once he started up the Solimões River, confirming the confluence of the two dispersals in Central Amazonia mentioned above. It is even possible that Bates' observations represent the final expansion of the eastern dispersal, since Patiño's (1963) analysis of the earliest European reports from eastern Amazonia seldom mention peach palm. Patiño's (1963) map (p. 131) supports this supposition of a late expansion into eastern Amazonia. At the Hatahara archeological site, lower Solimões River, 20 km from its confluence with the Negro River to form the Amazon River, Bactris-Astrocaryum phytoliths increase in number continually from the lowest levels (~1,000 BP) to the time of conquest (500 BP) in terra preta middens; since it is the only cultivated palm in Central Amazonia, these phytoliths may represent peach palm (Bozarth et al., 2009), although managed Astrocaryum aculeatum cannot be ruled out. It follows that the eastern dispersal may have started later than the western dispersal.

CONCLUSIONS

The argument developed here starts from the reanalysis of Henderson's (2000) taxonomic revision of Bactris gasipaes and is based on expectations that arise from the domestication process. Precisely because domestication is a process, gradual changes from the wild type to the domestication continuum of incipient to semi-domesticated to domesticated are expected, and a species with abundant domesticated populations, such as peach palm, is expected to contain populations along the whole continuum. The reinterpretation of var. chichagui type 3 from wild to the incipient domesticate fills the gap in the continuum that had been lacking. The ecological niche modeling and climatic PCA suggest that var. chichagui types 1 and 2 do not differ significantly in their climatic space, which contrasts with the wider adaptation of type 3 and the even wider adaptation of var. gasipaes. The incipient domesticate (type 3) was able to maintain populations in anthropized forests, under more humid conditions as it was dispersed from southwestern Amazonia into western Amazonia and beyond. The ecological niche models of wild peach palm's potential distribution during the Last Glacial Maximum suggest that it was present in southwestern Amazonia when people arrived. This identification of the incipient domesticate also narrowed the search for the origin of its domestication to southwestern Amazonia, where it is sympatric with var. chichagui type 1, as expected if it originated there.

Although only one of the 12 chloroplast sequences tested was informative within peach palm, the inversion in psbJ-petA paralleled the deep divergence in nuclear molecular genetic variability observed in all previous analyses. The patterns observed in the geographic distribution of nuclear genetic diversity are those expected during dispersal from the origin of domestication to peach palm's present distribution throughout the lowland Neotropics from Bolivia to Nicaragua, even though the INPA Core Collection does not have samples from numerous areas in this ample distribution. It does, however, have enough samples in strategic locations to confirm two major dispersals: the first out of southwestern Amazonia down the Ucayali River into western Amazonia and beyond, which resulted in the complex landrace hierarchy of that region and the very starchy fruit that could be fermented and become important to pre-conquest indigenous cultures; the second out of the same region down the Madeira River into eastern Amazonia, which did not result in a complex landrace hierarchy, perhaps because the starchy-oily microcarpa fruit were used more for snacks than as a starchy staple.

The current analysis obviously has limitations, principally due to the modest number of samples for such an ample distribution, even though these were carefully chosen to be representative of the samples available in the Brazilian peach palm collection via the creation of the Core Collection. Further studies of the two wild types and the incipient domesticate are needed. A revision of the infra-specific relationships and nomenclature of Bactris gasipaes will be required to assist botanists and plant breeders with this new proposal.

MATERIALS AND METHODS

Core Collection for Genetic Analysis and Niche Modeling

We used 174 plants from 36 accessions (3–5 plants per accession) of domesticated peach palm (var. gasipaes) and four accessions (2–5 plants per accession) of wild peach palm (var. chichagui types 1 and 3). These accessions belong to the Core Collection designed by Cristo-Araújo et al. (2015) within the Peach palm Active Germplasm Bank, maintained by the Instituto Nacional de Pesquisas da Amazônia (INPA), located at km 38 of the BR-174 highway, Manaus, Amazonas, Brazil (latitude 2° 38′ 34.28′′ S and longitude 60° 2′ 33.63′′ W). An accession is the progeny obtained from seed of a single open-pollinated bunch from a palm sampled in a traditional farmer's property. All sampling was done with prior informed consent before the Convention of Biological Diversity. Five samples each of Bactris riparia, a very close relative of peach palm, and B. simplicifrons, a distant relative (Henderson, 2000; Couvreur et al., 2007), were also genetically characterized to serve as out-groups.

Geographic Coordinates for Niche Modeling

In addition to the geo-referenced samples of the Core Collection, we used some B. gasipaes var. gasipaes from the Peach palm Active Germplasm Bank and downloaded geo-referenced occurrence records of var. gasipaes and var. chichagui from the Global Biodiversity Information Facility (GBIF) data-portal (http://data.gbif.org) on 21 August 2013 (see Supplementary Material 2.1). The Instituto de Ciencias Naturales, Bogotá, the Herbario Nacional de Bolivia and the Herbarium of the University of Aarhus kindly supplied additional coordinates and/or information to confirm the type of var. chichagui contained in the GBIF database. Only the samples that could reasonably be classified to a specific type of var. chichagui were used for wild peach palm ENM. We also used geo-referenced samples reported in Clement et al. (2009b) for which we have personal information, i.e., we did not use possible var. chichagui from the RADAM database, because these could not be identified as to type. The data set selected for wild peach palm niche modeling includes 38 type 1 and 22 type 2 (Supplementary Material 2.1). The information gathered on other observations of B. gasipaes was used for comparison with feral and cultivated materials, including 29 type 3, 202 var. gasipaes dataset, as well as 25 observations involving feral peach palms that could not be assigned to a particular morphotype, and are probable escapes from cultivation. All geographic coordinates were assigned or verified, using the Geonames gazetteer (http://www.geonames.org/) and Google Earth.

Ecological Niche Characterization and Modeling

For the environmental layer input, we used 19 bioclimatic variables at a 2′30′′ grid resolution (corresponding roughly to 4.4 × 4.6 km at the Equator), for current conditions (~1950–2000) (http://www.worldclim.org/current) (Hijmans et al., 2005) and for past conditions—Last glacial maximum (LGM; ~21,000 years BP) (http://www.worldclim.org/past from http://pmip2.lsce.ipsl.fr/). For the LGM models, we used CCSM4.0 (Community Climate System Model), MIROC-ESM (Model for Interdisciplinary Research on Climate-Earth Model System), and MPI-ESM-P (Max Planck Institute-Earth Model System).

The geo-referenced samples were used to model the geographic area that would be most likely to meet the climatic requirements of wild and cultivated peach palm (Phillips et al., 2006). The Maxent program identifies potential distribution areas on the basis of their similarity in climatic conditions compared to those at the sites where the species has already been observed, hence modeling where conditions are suitable for their survival. It infers the probability distribution of maximum entropy (i.e., closest to uniform) subject to the constraint that the expected value of each environmental variable (or its transform and/or interactions) under this estimated distribution matches its empirical average (Phillips et al., 2006; Thomas et al., 2012). To model the distribution of the realized niche of wild peach palm, Maxent was run on the following subsamples: (1) var. chichagui type 1 (Bioclim coverage 5–17°S, 49–76°W), (2) var. chichagui type 2 (2–12°N, 70–76°W), and (3) var. chichagui types 1 and 2 (18°S-16°N, 48–86°W). It was also run on the whole sample (18°S-16°N, 48–86°W), dominated by cultivated peach palm data, to approach the distribution of the fundamental niche (Supplementary Material 1.2). A logistic threshold value equivalent to the 10th percentile training presence was retained to separate climatically favorable areas from marginally fit areas. Thresholds of 33 and 67% training presence were used to discriminate “very good” and “excellent” climates for the production of comparable climate suitability maps. For the LGM distribution models, we used the combined var. chichagui types 1 and 2 sample, and excluded Bioclim variables 14 and 15 that show a high level of discrepancy between LGM climate models (Varela et al., 2015).

We performed a principal component analysis (PCA) on the whole dataset, to characterize and compare the climatic envelopes of wild, feral, and cultivated peach palms, retaining those variables that contributed to the Maxent model and applying a varimax normalized rotation. The maximal temperature from the warmest month (Bio5) was discarded as it can be deduced from the minimal temperature of the coldest month (Bio6) and the annual range (Bio7). The different categories of peach palm populations were then plotted onto the principal plane.

Analysis Using cpDNA

Fourteen chloroplast sequences (Shaw et al., 2007) were tested and two were informative (psbJ-petA and psaI-accD), but only psbJ-petA was used, because psaI-accD was only useful for discriminating B. simplicifrons from the B. gasipaes/riparia complex. The alignment of sequences obtained in both directions (forward and reverse) and the creation of the consensus sequence of each pair were performed using BioEdit 7.0.5.3 (Hall, 1999). Bayesian phylogenetic reconstructions were conducted in MrBayes v2.01 (Huelsenbeck and Ronquist, 2001), which uses the Metropolis-coupled Markov Chain Monte Carlo (MCMC) method to estimate the posterior probability distribution (Schmidt, 2009). Two runs with 10 million generations applied substitution models determined for each partition in MrModeltest v.2.2 (Nylander https://www.abc.se/~nylander/). In order to estimate posterior probabilities, 25% of the trees were discarded as a burn-in stage, observing when average standard deviation of split frequency (ASDSF) values dropped below 0.01. Phylogenetic Network v.4.5.1.6, developed to estimate phylogenetic networks with maximum parsimony, was used to build a network of haplotypes with the Median Joining algorithm (Bandelt et al., 1999). This method combines features of Kruskal's algorithm that finds the best tree while favoring short connections, the heuristic algorithm of maximum parsimony of Farris, and adds vertices called median vectors that represent extinct or un-sampled haplotypes in populations (Bandelt et al., 1999). Chloroplast genetic diversity across taxa was estimated with DNAsp 5 (Librado and Rozas, 2009).

Analysis using SSR Markers

We tested 39 SSR loci developed for peach palm (Martinez et al., 2002; Billotte et al., 2004; Rodrigues et al., 2004) for selection of loci with clear and informative amplification profiles. PCR reactions were performed according to Rodrigues et al. (2004). The SSR data is in Supplementary Material 2.2. Allele frequencies and private alleles of all loci were calculated using the Convert program (Glaubitz, 2004). We estimated the genetic distances of Nei (1978) between landraces defined by Rodrigues et al. (2005).

Bayesian Analysis of Population Structure

Pritchard et al. (2000) developed a Bayesian method (implemented in the program Structure) to model the number of groups (K) of individuals based on their multi-locus genotypes. One advantage of this method is that populations need not be defined a priori, but will be identified by the data generated with SSR markers. This is very important when studying samples from germplasm banks, which often do not contain samples that can be considered representative of populations. Hence, it is even more important when analyzing core collections. The parameters used were: burn-in of 10,000 permutations, Markov Chain Monte Carlo (MCMC) with 100,000 permutations, the admixture ancestry model, where each individual can have more than one ancestral population, and independent allele frequencies (λ = 1). The best K was identified by LNP values (D) and ΔK, following Evanno et al. (2005), from 15 simulations for each possible K from 1 to 12 (the number of hypothesized landraces and non-designated populations).

Spatial Principal Components Analysis

We used spatial principal components analysis (sPCA) (Jombart et al., 2008), implemented in adegenet 1.3–2 (Jombart, 2008) with R (R Development Core Team, 2011) to visualize continental-scale gradients in the genetic diversity of peach palm. This method uses a matrix with allele frequencies of genotypes and a spatial weighting matrix containing measurements of spatial proximity among entities based on a connection network to produce scores that summarize the spatial structure and the genetic variability among groups of individuals across geographic space (Jombart et al., 2008). Various types of connection networks are available in adegenet. Given the continental scale of our study, we used the Gabriel graph network, because (1) it avoids unlikely connections (e.g., between eastern Amazonia and Central America), unlike Delaunay triangulation, and (2) allows possible connections at regional scale (e.g., southern and northern Western Amazonia) unlike relative neighbors network.

Moran's I is used to measure spatial autocorrelation in allele frequency values of samples. More specifically, sPCA optimizes the product of the variance of a few synthetic variables and of Moran's I, and generates two sets of axes: one with positive eigenvalues and the other with negative eigenvalues. Positive eigenvalues correspond to global structures, while negative eigenvalues are indicative of local patterns (Jombart et al., 2008). Abrupt decreases in both sets of eigenvalues indicate that global or local structure should be interpreted. The significance of “global” and/or “local” spatial structure was assessed using monte-carlo simulations implemented in global.rtest() and local.rtest() functions respectively, from adegenet 1.3–2 (Jombart et al., 2008). We proceeded with 9999 permutations per test. After having identified local and/or global structure and selected the number of components to consider, samples position on each component was plotted onto the geographic space. As several principal components were retained we also used the colorplot() function from adegenet 1.3–2 (Jombart et al., 2008) to summarize spatial gradient of peach palm genetic diversity. This function uses the score of 1 to 3 components to compose a color per sample based on the RGB (Red Green Blue) system.
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