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Abstract

:

Acca sellowiana is a subtropical tree in the myrtle family (Myrtaceae) native to southern Brazil and northeastern Uruguay. It is recognized for its value as a fruit-bearing, ornamental, and medicinal species. Based on distinctive characteristics of fruits, seeds, and leaves, as well as its geographical distribution pattern, two variants of the species are distinguished: the “Brazilian type” and the “Uruguayan type”. The objective of this study was to characterize, for the first time, the diversity of 202 individuals from four wild populations in Uruguay, representative of the species’ most southern natural distribution. Twenty-three morphological descriptors (leaf, flower, and fruit) and 204 RAPD (Random Amplified Polymorphic DNA) markers were used. The morphological data collected validated the main criteria that distinguish “Uruguayan type” populations from “Brazilian type” populations, such as lower seed weight and fruit size, thin and slightly rough skin, high pulp percentage, and hairy white abaxial leaf surfaces. Analyses of both morphological and molecular data indicated wide diversity and strong population structuring, which is relevant information for designing conservation plans, sustainable utilization, and genetic improvement of the plant genetic resources of this species.






Keywords:


feijoa; Pampa biome; eastern flora; diversity; Uruguayan type; plant genetic resources












1. Introduction


The species Acca sellowiana (Berg.) Burret (2n = 2x = 22) is a tree or shrub in the myrtle family (Myrtaceae), native to southern Brazil and northeastern Uruguay, with dispersion in the province of Misiones in Argentina [1,2,3]. It is recognized for its value as a fruit-bearing, ornamental, and medicinal species. In Uruguay, it is known as “guayabo del país”, “guayaba”, or “guayaba de monte”, in Brazil as “goiabeira-serrana”, and internationally as “feijoa” or “pineapple guava”. The fruits, with distinctive flavor and aroma, are suitable for fresh consumption and for the development of various food products such as juices, chutneys, jams, cakes, wines, and yogurts [2,4,5,6]. The nutraceutical characteristics that distinguish the fruits of this species [7,8,9,10,11,12,13] have been reported, and its use as an ornamental species is also appreciated [14]. Based on its natural geographical distribution area and the expression of morphological characteristics, two groups have been proposed within the species: the “Brazilian type” and the “Uruguayan type”. The former is found in the Atlantic Forest biome, distributed at altitudes higher than 400 m in the southern Brazilian plateau, on basaltic soils. It is characterized by large seeds, fruits with hard and dry skin, and leaves with a light green abaxial surface and sparse, whitish pilosity. The latter belongs to the Pampa biome and is strictly distributed in Uruguay and in the southern part of the state of Rio Grande do Sul in Brazil at lower altitudes than the “Brazilian type” plants. These plants have small seeds, fruits with soft and succulent skin, and leaves with a grayish white abaxial surface with dense and white pilosity [1,15,16]. According to high-resolution maps of Koppen–Geiger climate classification [17], the climatic types are Cfb and Cfa for the distribution areas of the “Brazilian type” and the “Uruguayan type”, respectively.



In Uruguay, wild populations of A. sellowiana are part of the “Eastern Flora”, a floristic region of the woody flora. They are exclusively distributed in the northeast and east of the country, where evergreen species belonging to the Paranaense phytogeographic province predominate, with a clear continuity with the flora of southern Brazil [18]. The “Eastern Flora” is further divided into two disjointed areas: the North Core in the northwest of the departments of Tacuarembó and Rivera, and the South Core along the hilly zone that connects the north of the department of Cerro Largo, at the border with Brazil, with the department of Maldonado on the Atlantic Ocean in a NE-SW direction. In each core, a primary nucleus is recognized in which A. sellowiana is one of the 18 exclusive species that define it [18].



The main cultivation areas are not located in the original region of the feijoa; they are found in New Zealand, the United States (California), and Colombia, among other countries [10,19,20,21]. Some cultivars of A. sellowiana, widely distributed internationally, derive from a small number of introductions of “Uruguayan type” plants [2,16,22,23]. In 1890, Professor Edouard André introduced a specimen or a few specimens of the species from Uruguay to France, which, according to Popenoe [24], were the origin of the seedlings introduced in California, and later reached New Zealand [1]. Subsequently, Colombia introduced materials from various parts of the world [25].



On the other hand, in Brazil and Uruguay, the development of cultivation is incipient and recent, driven by research institutions and interested farmers themselves. Traditionally, cultivation has been maintained on a small scale, while household consumption of fruits is carried out from wild plants, guarded, and in some cases, possibly semi-domesticated [6,20,26,27,28]. Genetic improvement based on local germplasm has been initiated in both countries in recent decades, leading to the development of the first cultivars [21,29,30,31], although with limited use of wild germplasm.



Although the high genetic diversity of semi-domesticated populations of feijoa distributed in Brazil and Uruguay has been noted, information on diversity of wild feijoa populations has been produced mostly in Brazil, with scarce data from Uruguay [32,33,34,35,36,37,38,39,40]. Therefore, systematic studies on the genetic and morphological characterization of wild feijoa populations in Uruguay, located in the southernmost natural distribution area of the species need to be undertaken.



The objective of this study is to look into the diversity among and within wild populations of A. sellowiana through the characterization of morphological and molecular diversity of plants from four wild populations in northeastern Uruguay, aiming to develop strategies for conservation, sustainable utilization, and genetic improvement.




2. Materials and Methods


2.1. Plant Material


Four wild populations of A. sellowiana were identified in northeastern Uruguay, the natural distribution area of the species [1,41]. They are included in the distribution area of the “Eastern Flora” for tree and arborescent species [18]. The populations of Quebrada de los Cuervos (QC) and Cañitas (CA) are distributed in the South Core of this flora and are located in an eco-region/landscape known as “Eastern Sierras” [42,43]. The populations of Valle Edén (VE) and Cuchilla de Laureles (CL) are found in the Northern Core. The VE population is located in an eco-region known as “Gondwanic sedimentary basin” or “Northeastern sedimentary basin” [43]. The CL population is situated in the eco-region of the “Basaltic ridge” [42,43]. The minimum geographical distances between sites occur within each floristic core and are 85.4 km (QC–CA) and 54.9 km (VE–CL), while distances between populations from different floristic cores are 225.8 km (CL–CA), 224 km (CL–QC), 219.3 km (VE–CA), and 196.4 km (VE–QC) (Figure 1, Supplementary Table S1, Supplementary Figure S1). The climate is classified as Cfa according to the updated Koppen–Geiger classification [17].



In each population, between 49 and 54 individuals were identified and georeferenced, following the sampling strategy proposed by Brown and Marshall [44]. The selection of individuals was carried out randomly as the survey of each site was conducted. In this way, representatives of each population were obtained across a range of ages, growth conditions, and health states.




2.2. Phenotypic Characterization


For each individual, a total of 23 descriptors (vegetative and reproductive) corresponding to nine qualitative and 14 quantitative descriptors, previously identified by Puppo et al. [45] for A. sellowiana, were recorded (Table 1). Ten leaves, 10 flowers, and 10 fruits were collected from each individual in a single growth cycle. It was not always possible to collect the total number of flowers and fruits, so for some plants, data for all variables were not available. The leaves, fully developed, were collected in autumn from the middle sector of the shoot and the middle part of the canopy. Flowers were collected in spring at phenological stage F2 [46], corresponding to a fully open flower. Fruits collected per tree were at maturity stage, taking the moment when it becomes easy to separate the fruit from the peduncle as the maturity index [47]. The methodology of data collection was previously described by Puppo et al. [45].




2.3. Molecular Characterization


Total DNA was extracted from dried leaf samples using silica gel and collected from individual plants of the four populations (Supplementary Table S1). The extraction was performed using the protocol described by Doyle and Doyle [48], modified by Quezada [34]. Essentially, 25 mg of dried plant material, previously pulverized with liquid nitrogen, was incubated with 500 µL of extraction buffer (4% CTAB, 100 mM Tris pH 8.0, 1.4 M NaCl, 20 mM EDTA) for two hours at 55 °C. After treatment with RNase and extraction with chloroform, the DNA was precipitated with 0.6 volumes of isopropanol for 12 h at −20 °C. After ethanol washing, the purified pellet was resuspended in 100 µL of TE buffer (10 mM Tris-HCl pH 7.5, 1 mM EDTA). The samples were diluted to 25 ng/µL and stored at −20 °C.



A total of 10 random decamer primers (Operon Technologies, Alameda, CA, USA), previously used by Dettori and Palombi [23], were evaluated, of which 8 were finally selected for diversity analysis (Supplementary Table S2). Polymerase Chain Reaction (PCR) reactions were performed in a total volume of 25 µL containing genomic DNA (25 ng), decamer primer (2 µM), dNTPs (0.2 mM), Taq polymerase buffer 1X (10 mM Tris-HCl pH 8.8, 2 mM MgCl2), and 1 U of Taq DNA polymerase. The amplification process was performed in a Thermal Cycler (Corbett, model C61-96) with the following temperature profile: 5 min at 94 °C followed by 44 cycles of 1 min at 94 °C, 1 min at 35 °C, and 2 min at 72 °C. The final elongation step of the reaction was 7 min at 72 °C. The amplification products were separated on 2% agarose gels with 1X Tris Borate EDTA (TBE) buffer at 80 V for 2 h and photographed under UV. All amplification reactions were analyzed in duplicate. Each gel included a molecular weight marker (1 kb, Fermentas, MD, USA) in triplicate and amplifications corresponding to the primer under study from three reference individuals (VE9, CA19, CL32) corresponding to different populations (CL, QC, CA, VE) to facilitate comparison of results between gels. Band selection was performed using the CrossChecker program 2.91 [49].




2.4. Statistical Analysis of the Phenotypic Data


A statistical analysis was conducted using the SAS OnDemand for Academics program. A total of 23 descriptors and 202 individuals were analyzed. For each quantitative variable, a linear model was used to compare populations. From this model, the means of each population were estimated, and Tukey–Kramer tests were performed to test mean differentiation. The significance of differences in frequency distribution among the four populations was analyzed for qualitative descriptors using the chi-square test.



Multivariate analyses were conducted using the R program 4.3.3. [50] for 77 out of the 202 plants, which had complete data for 20 out of the 23 analyzed descriptors (flower descriptors were not included). A total of 18, 17, 19, and 23 plants from the CA, CL, QC, and VE populations, respectively, were included. To jointly analyze qualitative and quantitative variables from different plant organs, a Hierarchical Multiple Factor Analysis (HMFA) was conducted using FactoMineR, where variable types are nested according to whether they are from fruit or leaf [51,52].



Using the coordinates of each observation in each of the three dimensions generated by HMFA, a discriminant analysis was performed to calculate the probability of individuals belonging to each population and estimate Mahalanobis distances between populations. The clustering pattern among the 77 individuals was also analyzed through cluster analysis, using Euclidean distances between individuals in the first three dimensions and applying the minimum variance method within groups [53].




2.5. Molecular Data Analysis


Only clear, repeatable bands between 250 and 2000 bp were recorded as present (1) or absent (0) in A. sellowiana plants. RAPD markers with frequencies greater than 0.05 were considered polymorphic. Markers and/or individuals with more than 10% missing data were eliminated. The percentage of polymorphic RAPD markers was calculated for each primer.



For the analysis of genetic relationships among individuals, a distance matrix was constructed using the distance coefficient proposed by Jaccard [54]. The frequency distribution of distances and their respective medians was analyzed for each population. To visualize clustering patterns, a cluster analysis was performed using the Neighbor Joining (NJ) method, and the data were presented in a dendrogram. The stability of the nodes of each group was estimated using bootstrap resampling (1000 times). Diversity patterns among individuals were also analyzed using Principal Component Analysis (PCA). The “vegan” [55], “ape” [56], and “adegenet” [57] programs in R [50] were used for genetic distance estimation, NJ and PCA analyses.



Analysis of Molecular Variance (AMOVA) tested the significance of variance components: within populations, among populations, and between floristic nuclei: north and south [58]. The significance of variance components was tested using 1000 permutation tests. The level of genetic differentiation among populations was estimated using the specific population fixation index (Fst), pairwise Fst estimation between populations, and the average number of migrants per generation as a measure of gene flow. These analyses were conducted using the “adegenet” [57] and “hierfstat” [59] programs in R [50].



Genetic structure based on models was analyzed using the STRUCTURE v.2.3 program [60]. An “admixture” model based on correlated allele frequencies without using prior population information was employed. Under this model, the individual probability of assignment to each group (Q) can be interpreted as the proportion of the individual genome originating from that group. For each possible value of K from 1 to 10, 10 independent runs were implemented with a burn-in of 50,000 iterations followed by 100,000 replicates of MCMC (Markov Chain Monte Carlo). The consensus result for each K was obtained from independent runs using CLUMPAK [61]. The most probable value of K was determined using the Delta k value [62] calculated using STRUCTURE HARVESTER 0.6.94 [63].





3. Results


3.1. Characterization of Phenotypic Diversity


This study reports, for the first time, the diversity among plants and populations for fourteen quantitative and nine qualitative descriptors of the four studied wild populations of A. sellowiana in Uruguay (Table 2).



The variance among the four populations was significant for all 14 quantitative variables analyzed. Tukey–Kramer analyses for paired populations (Supplementary Table S3) showed significant differences in five to thirteen variables. The smallest differences occurred between the VE and CL populations, corresponding to the descriptors AF, DF, SST, AH, and AFL. In contrast, the QC population differed from the other three populations in nine descriptors, including AF, DF, PF, NSEM, P100, LH, LH/AH, AFL, and LPIST.



In the case of P100 (0.082–0.327 g), the QC and CA populations had the highest averages, with QC being higher. Conversely, the lower values of VE and CL do not differ from each other (Table 2). The ECAS had an average of 2.6 mm (1.1–6.7 mm), with the widest ranges corresponding to QC and CA, in contrast to the narrow range presented by VE with a lower mean. Regarding PF, the average was 9.8 g with a wide range from 1.9 to 51.8 g. The highest average PF occurs in the QC population, which shows significant differences with the other three studied populations (Supplementary Table S3). In contrast, the minimum PF, and the narrower range of variation, corresponds to the VE population. For the SST variable with an average value of 15.1 °Brix, the VE population stands out with significantly higher values than the other three populations. The average RP was 35.6%, and all populations showed wide and similar ranges for this variable. In this case, the CA population stands out with a lower value for this variable due to a relatively smaller fruit size and thicker pericarp.



The VE–CL populations did not show significant differences for NSEM, LH, and LH/AH, while for AH, the populations that did not show significant differences were the QC–CA populations. For flower descriptors, the DISTEE had an average value of 3.7 mm (−5.2 and 7.8 mm), finding only significant differences between QC–VE and VE–CA. The other two flower variables, AFL (1.1–3.9 mm) and LPIST (1.8–3.5 mm), showed diversity both among and within populations.



The frequency distribution for eight of the nine qualitative variables (Table 3) indicated diversity within and among the four wild populations of A. sellowiana. The RUG of the fruits, although it did not show significant differences between populations (p < 0.05; Table 3), was distributed among materials with smooth skin, somewhat rough, and rough, without observing fruits with very rough skin. With the exception of CA, each population presented three states of FFRUT (oval, oblong, and round), with the oval form being the most prevalent and the elongated state not being found. Regarding RCAS, globally, the highest percentage (68%) of fruits were concentrated between soft, soft-medium, and medium, with the remainder being hard and very hard fruits. CL stands out for not presenting the categories of greater hardness. On the other hand, fruits also show diversity for SEP, COLP, and COLINT. The most abundant pulp color category was cream white 3 followed by amber white 2.



The most frequent leaf shape (FORH) was obovate (92%), and the leaf apex form (FORAPH) was predominantly rounded (63%) and obtuse (35%). All plants exhibited the underside of the leaf with dense ash-white pilosity.



The stamen distribution (DEST) showed both radial (65%) and random (35%) states, with differences observed between populations. While VE and CL had over 80% radial distribution, QC showed that over 90% had random distribution, and in CA, the frequencies of both states were similar.




3.2. Multivariate Analysis of Phenotypic Diversity


In the Hierarchical Multiple Factor Analysis (HMFA) of principal coordinates, the first dimension was primarily associated with qualitative fruit descriptors (46%) and quantitative leaf descriptors (54%), while the second dimension was mostly linked to qualitative leaf descriptors (80%). It is observed that the first dimension forms two groups that could be mostly explained by the geographical location and distance between populations (Figure 2). Thus, populations VE and CL were mostly located in the right quadrants, while QC and CA were situated on the left side of the figure, with CA showing greater dispersion. However, two individuals from CL were located near CA + QC; likewise, one from QC and one from CA were located near VE + CL.



The discriminant analysis showed that the percentage of individuals’ membership to their original population was very high, with values of 100.0%, 94.4%, 89.5%, and 87.0% for CA, CL, QC, and VE, respectively. In all cases, the Mahalanobis distances between paired populations showed significant differences (p < 0.0001) The greatest Mahalanobis distances occurred in the QC–VE and VE–CA pairs, coinciding with greater geographical distance between them.



The cluster analysis based on morphological data (Figure 3) showed two main clusters. Cluster I includes all individuals from VE and 83.0% (15/18) of individuals from CL. Cluster II includes 89.5% (17/19) of individuals from QC and 88.2% (15/17) of individuals from CA. In Cluster I, subgroups Ia, Ib, and Ic are observed, which mainly comprised individuals from the Northern Floristic Core. Similarly, Cluster II, with four subgroups, mainly comprised individuals from the Southern Floristic Core.




3.3. Characterization of Molecular Diversity


Out of the 202 individuals morphologically analyzed, 154 were characterized with eight RAPD primers. After eliminating those with more than 10% missing data, 144 individuals were retained. A total of 204 RAPD markers (250 to 2000 bp) were detected. On average, there were twenty-six markers per primer, with a minimum of nine for primer OPA17 and a maximum of forty-four for primer OD3. The percentage of polymorphic markers was 62% (127/204). Regarding polymorphic markers per population, it was 25.5% for VE, 34.3% for CA, 42.7% for CL, and 56.3% for QC. Exclusive markers to a single population represented 16.5% of the total polymorphic markers (21/127), while those shared by two, three, and four populations corresponded to 38.6%, 29.9%, and 15.0%, respectively.




3.4. Estimation of Genetic Diversity per Population


The median genetic distances (Jaccard coefficient) per population varied between 0.53 for VE and 0.78 for CL. Additionally, CA exhibited the widest range of distances between individuals (0.55), while the narrowest range was observed for QC (0.36).



In the dendrogram resulting from the Neighbor Joining (NJ) clustering method, the occurrence of four groups is clearly observed, supported by high Bootstrap values (Figure 4). The groups consisted exclusively of individuals from the same geographical origin (population). In the Principal Component Analysis (PCA), the first two coordinates explained 24.5% of the total variance (Figure 5). Consistent with this analysis, the populations of VE and CA are clearly differentiated, while QC and CL are more related. The greatest genetic relationship between individuals occurs in VE in both PCA and NJ, which is consistent with the lowest median genetic distance per population. The STRUCTURE analysis was run for 144 individuals using 127 RAPD markers. The maximum delta (K) value was obtained for K = 4, representing the most appropriate number of groups. For K = 4, 100% of the individuals were assigned to one of the four groups, with very high membership percentages (Figure 6). Each group consisted exclusively of individuals from the same origin (VE, CA, QC, and CL).



The AMOVA analysis indicated that the floristic nucleus component was not significant However, both the between-population and within-population components were significant (Table 4). The highest percentage of total molecular variance was observed within populations (62.25%), while between populations it was 34.75%. The Wright’s fixation index was Fst = 0.3419, indicating high differentiation among populations associated with different geographical origins.



The paired Fst values (indicators of differentiation between two populations) described in Table 5 indicated that the least differentiated population pairs were QC–CL and the most differentiated were VE–CA, with paired Fst values of 0.240 and 0.430, respectively. Furthermore, the levels of gene flow, based on M [64], were values of M = 1.583 and M = 0.664 for QC–CL and VE–CA, respectively.





4. Discussion


4.1. Molecular and Phenotypic Diversity


The results obtained in this study on the characterization of the phenotypic and molecular diversity of four wild populations of A. sellowiana from Uruguay substantially expand the information on the genetic pool of this species in the southern area of its natural distribution. The characterization of 202 individuals with 23 morphological descriptors represents an advancement compared to the limited data previously reported [1,15,16]. The detection of high levels of phenotypic diversity (Table 2 and Table 3, Supplementary Table S3) indicates a high potential as a genetic resource and relativizes previous reports of lower diversity for this pool [16,38,39]. Additionally, the high value of polymorphism detected with molecular markers and the high level of genetic diversity found agree with the high value of the median Jaccard genetic distance per population.



The distinction between “Brazil” and “Uruguay” types [15,16,38,65], initially made with a small number of individuals from Uruguay, is confirmed in this study for a large number of plants. The “Uruguayan” germplasm presents distinctive characteristics such as lower 100-seed weight, thinner pericarp and fruit weight, higher pulp yield percentage, and total soluble solids (Table 2). The average values generally coincide with descriptions for the “Uruguay” type [32,45,66]; however, the ranges of variation in this study are greater than previously reported for these variables. Furthermore, all 202 individuals exhibited dense ash-white pilosity on the underside of the leaf, confirming that this trait is an excellent descriptor for identifying the “Uruguay” type.



Regarding the weight of 100 seeds (0.082–0.327 g), populations QC and CA have, on average, a higher seed weight, while populations VE and CL do not differ from each other for this variable (Supplementary Table S3). The pericarp thickness, with an average of 2.6 mm (1.1–6.7 mm), also confirms the Uruguayan type [38,65,67], although some “off-type” individuals occur more frequently in populations QC and CA. The fruit weight variable with an average of 9.8 g agrees with the description of the “Uruguay” type. However, the wide range of fruit weights found (1.9–51.8 g) also indicates the potential of these plants to achieve high fruit weights under wild conditions and without any care. Population QC explains the observed wide range and has the highest value (51.8 g), contrasting with similarly low and narrow values present in VE, CL, and CA (Table 2). For the variable total soluble solids with a modal value of 12.6 °Brix, population VE stands out, showing significant differences from the other populations. Regarding the pulp yield percentage with an average of 35.6%, Uruguayan populations present a somewhat higher value than the “Brazil” type [38]. Smaller fruit size and thinner pericarp are highlighted by [38] as the most relevant characteristics for grouping Uruguayan populations.



For other variables, there are no previous records of possible differences between the “Brazil” and “Uruguay” types. However, the range found in this study for stigma–stamen distance (−5.2 and 7.8 mm) is novel for the species, as previously reported values in the “Brazil” type were from 0 to 14 mm [68,69] and from 4 to 9 mm in Uruguayan materials. The discovery of two plants whose flowers have the stigma below the stamens would probably indicate the occurrence of autogamy, a characteristic that can be useful for both breeding and studies on the reproductive system and population structure of this species, which is predominantly allogamous with entomophilous–ornythophilous pollination [70] and with some level of post-zygotic genetic incompatibility [69,71]. Pistil length (LPIST) and floral aperture diameter (AFL) also showed singularities, as the average values are lower than those obtained with Brazilian germplasm [68].



The detailed characterization of a group of characteristics highlighted for their relevance to genetic improvement, such as those related to skin type, total soluble solids values, pulp yield percentage, and lower seed weight, indicates that plants of the “Uruguay” type are different and represent outstanding plant genetic resources within the species. Although the smaller fruit size of Uruguayan populations is considered a negative characteristic for conventional genetic improvement, this study found some plants with fruits around 50 g under wild conditions and without any care. Recently in Uruguay, the first three cultivars of A. sellowiana (INIA-Fagro Isleña, INIA-Fagro Cerrillana, and INIA-Fagro Artillera) were released, with an average fruit weight of 60 g [31], one of them derived from a cross and the other two directly from safeguarded or semi-domesticated plants of local germplasm. Cultivars obtained by EPAGRI–UFSC in Brazil have fruit weight averages between 80 (Alcantara), 90 (Nonante), and 150 g (Mattos and Helena) [65], while the collection presents a range of variation between 30.5 and 183.7 g [65]. In Colombia, the fruit weight of the Quimba cultivar varies between 21.1 and 98.9 g [72,73]. An average fruit weight of 73 ± 16.7 g for American and New Zealand cultivars was obtained by [10], which are believed to have originated from the same ancestors and probably from “Uruguay” type plants [16,23,24]. The results obtained in this study justify continuing the exploration of new populations, expanding the representation of these materials in active banks of A. sellowiana in Uruguay for their characterization, evaluation, and selection of materials.




4.2. Population Structure and Geographic Distribution


The analyses conducted, both with morphological and molecular data, indicate a high degree of population differentiation according to their geographic origin. The discriminant analysis with morphological characteristics showed that the degree of affiliation of the individuals to the populations of origin is very high, and in agreement, the molecular diversity analyses demonstrated that the four populations form four highly differentiated genetic groups composed solely of individuals belonging to the same population. Likewise, the results of AMOVA (Table 4) also indicated a high degree of genetic differentiation among populations (FST = 0.3419; p < 0.001), with the component associated with genetic variance within populations being higher (65.25% of the total variance) than between populations (34.75% of the total variation). The relationship between variances between and within populations is consistent with the allogamous reproductive system of feijoa and previous studies [33,45].



However, the analyses of HMFA dimensions and cluster analysis based on phenotypic data (Figure 2 and Figure 3) revealed a population structure mostly explained by the membership of populations to each of the floristic nuclei of the Eastern Flora of woody species of Uruguay. Populations VE and CL, from the northern floristic nucleus, differ only in five of the fourteen quantitative variables and generally exhibit a higher degree of membership to the “Uruguay” type due to their smaller seeds, thin skin, and lighter fruit. They have lower diversity than populations QC and CA belonging to the southern floristic nucleus, which would mainly be attributed to the greater phenotypic diversity of population QC and its higher number of significant differences with the other populations.



The southern floristic nucleus of the Eastern Flora is located in the “Eastern Sierras” eco-region [43], which continues with the southeastern hills of Brazil on soils originating from the Crystalline Basement. Meanwhile, the region where the northern floristic nucleus is located is a continuation of the Depressão Central Gaúcha of Brazil, and its contact limit with basalts, where soils of basaltic origin coexist with sandstones from the sedimentary basin. Thus, the natural distribution of A. sellowiana in Uruguay occurs on soils of different origins, not exclusively on soils originated from the crystalline basement, as previously published [2].



Both nuclei, south and north, correspond to biological corridors through which the Paranaense flora is distributed and coincide in phytogeographical terms with the designation of a “Riograndense Formation” [74] and with the denomination “Campos del Norte” for this region [75,76].



The phenotypic differences between nuclei of A. sellowiana populations could be associated with founder effects. Biological corridors connecting the Paranaense flora of Brazil and Uruguay would have allowed the entry of the species independently into the territories of floristic nuclei [18]. The current diversity could be the result of species dispersion, strong founder events and/or bottlenecks, landscape fragmentation with loss of connectivity between populations, natural selection processes, and the possible occurrence of unconscious anthropic effects or incipient selection processes during the last 10,000 years bp, the estimated date of human arrival in this region.



Although molecular analyses clearly support the identity of each population, principal components (Figure 5) and paired Fst and M values (Table 5) would indicate a greater similarity between populations belonging to different floristic nuclei. Populations QC and CL, despite being separated by 220 km, exhibit genetic closeness (Fst = 0.240). These results would suggest the current or ancestral existence of gene flow between QC and CL, in agreement with the significant number of migrants per generation estimated. Furthermore, populations VE and CL, separated by 50 km, show paired Fst values comparable to VE–CA, despite the latter being 222 km apart. The results indicate that VE exhibits greater divergence from the other populations, suggesting restrictions on gene flow between VE and the rest of the populations, although it is also indicated by morphological descriptors and molecular markers as the least diverse population.



Although the differentiation of wild populations between floristic nuclei described in this study is not equally supported by morphological and molecular variables, it is important to note that this study aimed to conduct an initial survey of wild populations of A. sellowiana. It is possible that a survey in broader areas, incorporating new populations, and the use of nuclear and chloroplastic markers based on sequences may help clarify this result. Moreover, the inconsistency between structure analyses using molecular and morphological markers has been previously cited [77,78].



To further investigate the evolutionary processes of the species in the southernmost area of its natural distribution, it is considered relevant to deepen the prospection and phenotypic and molecular characterization of A. sellowiana populations both from Uruguay and southern Rio Grande do Sul (Brazil).




4.3. Conservation and Utilization


Developing a strategy for the conservation of a species requires understanding the eco-geographical distribution of genetic diversity and the processes operating in its evolutionary potential. In this sense, despite some degree of phenotypic similarity observed among populations of the same floristic nucleus, the results consistently pointed to the identity of each of the four studied populations. The strong genetic structure evidenced by molecular data results from marked differences in allele frequencies among populations (FST = 0.376), low to moderate levels of gene flow, and the presence of exclusive alleles, but without revealing a clear geographical pattern. Thus, each population would require specific management measures for its conservation, although it is necessary to continue with the prospection and characterization of new populations.



The four populations are located in landscapes recognized for their environmental and cultural values, so it would be advisable to design specific measures for the conservation of A. sellowiana, beyond the Uruguayan legal prohibition to cut or damage specimens of the species as members of the native forest. Population QC is located in the “Quebrada de los Cuervos and Sierras del Yerbal” Protected Landscape [79], population CA in the adjacent area of the “Paso Centurión and Sierra de Ríos” Protected Landscape [80], population CL in the area of influence of the “Bioma Pampa—Quebradas del Norte” Biosphere Reserve [81], and population VE in a territory recognized for its historical and cultural heritage [82].



The farming families, who basically carry out livestock activities in the areas surveyed in this study, protect and value A. sellowiana through ecotourism activities, product development (liqueurs, sweets, feijoa in syrup, gummies, and filled chocolates, among others), and its use in gastronomy. However, for the wild populations of feijoa in the country to be effectively conserved in situ in the long term, it is necessary to develop and implement adequate management plans for this purpose, which consider the integrity of ecosystems, including the protection of pollinators and seed dispersers. It is also relevant to consider that the territories where the country’s feijoa populations are located are biocultural landscapes, so promoting and supporting activities in a context of conservation through sustainable use is a priority [83].



Ex situ conservation, as a complementary strategy to in situ conservation, is particularly relevant to facilitate the use of germplasm in genetic improvement. Propagation by cuttings as the main mechanism of vegetative propagation in tree species is somewhat limiting because the success of the technique depends on the genotype in the case of A. sellowiana due to differences in its capacity to form adventitious roots [84]. Although other vegetative propagation techniques are possible, they are less efficient, so it is a priority to continue adjusting the cutting technique to establish introduction gardens with the clones found in situ populations.



Seed conservation in the medium and long term still requires further in-depth studies to standardize the conditions that ensure their conservation. The species would have orthodox seeds [85,86], although it has also been noted that they exhibit intermediate behavior [87].



Regarding genetic improvement of feijoa, it is considered of interest to expand its gene pool by incorporating wild feijoa germplasm, which, as this study demonstrates, has desirable characteristics for both conventional breeding and participatory breeding, and the development of productive alternatives [4,88].



In addition, there is an increasing interest of food and pharmaceutical industries for flavonoid and gallic acid derivative compounds present in feijoa leaves, fruit, and buds [13]. Most data have been so far generated from a low number and mostly domesticated feijoa plants, where strong genetic diversity was found for chemical composition [9,10,89,90]. Preliminary studies on chemical composition for a limited number of wild feijoa of Uruguay has been reported [91,92]. Bioprospection for secondary metabolites based on well-designed ex situ, common garden trials as well as in situ sampling might be considered in order to account for interactions of edafo-climatic variability on chemical composition and quantification.





5. Conclusions


The results of the research revealed a high phenotypic and molecular diversity in the four wild populations of A. sellowiana in the southern region of the species’ natural range. The distinction of the “Uruguay type” of feijoa is corroborated on the basis of a high number of individuals.



Individuals cluster in a very high proportion according to their population of origin, both from phenotypic and molecular data. A certain degree of phenotypic resemblance is observed between populations of the same floristic core of the eastern flora.



The results of the work constitute valuable input for the development of a strategy for the conservation and sustainable use of these genetic resources.
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Figure 1. Geographical distribution of the four populations of Acca sellowiana, Eastern Flora, and Floristic Cores South and North. 
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Figure 2. Distribution of individuals from the four populations of Acca sellowiana according to the first two HMFA dimensions. 
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Figure 3. Cluster analysis of 77 individuals belonging to the four populations of Acca sellowiana, based on morphological data. 
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Figure 4. Genetic similarity pattern obtained for four wild populations of Acca sellowiana considering 204 RAPD amplification products. The dendrogram was obtained using the NJ clustering criterion based on the Jaccard similarity index. On the right, the designation of each individual with its population of origin is indicated. 
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Figure 5. Principal Component Analysis for four wild populations of Acca sellowiana based on molecular data. 
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Figure 6. Population structure of 144 individuals of Acca sellowiana using 127 RAPD markers inferred by STRUCTURE for K = 4. Each individual is represented by a vertical bar. In each case, the length of the orange, gray, yellow, and blue segments represents the percentage of membership (Q) to each group K. Genotypes are sorted according to their population of origin. 
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Table 1. Morphological descriptors used according to Puppo et al. [45].
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Morphological Descriptor

	
Code

	
Unit/Scale






	
Leaf

	
Leaf shape

	
FORH

	
nominal scale (3 states)




	

	
Apex shape

	
FORAPH

	
nominal scale (4 states)




	

	
Length

	
LH

	
mm




	

	
Width

	
AH

	
mm




	

	
Length/Width ratio

	
LH/AH

	
Ratio




	
Flower

	
Stamens distribution

	
DEST

	
nominal scale (2 states)




	

	
Distance stigma-stamens

	
DISTEE

	
mm




	

	
Flower (stamens) opening

	
AFL

	
mm




	

	
Pistil length

	
LPIST

	
mm




	
Fruit

	
Fruit shape

	
FFRUT

	
nominal scale (4 states)




	

	
Shell hardness

	
RCAS

	
nominal scale (6 states)




	

	
Position of sepals

	
SEP

	
nominal scale (3 states)




	

	
Rugosity

	
RUG

	
nominal scale (4 states)




	

	
Pulp color

	
COLP

	
nominal scale (4 states)




	

	
Internal color of shell

	
COLINT

	
nominal scale (4 states)




	

	
Height

	
AF

	
mm




	

	
Diameter

	
DF

	
mm




	

	
Weight

	
PF

	
g




	

	
Pulp yield

	
RP

	
%




	

	
Pericarp thickness

	
ECAS

	
mm




	

	
Total soluble solids

	
SST

	
°Brix




	

	
100 seed weight

	
P100

	
g




	

	
Number of seeds

	
NSEM

	
Number











 





Table 2. Mean, minimum, and maximum (in parentheses) for 14 quantitative descriptors of four populations of A. sellowiana. QC (Quebrada de los Cuervos), VE (Valle Edén), CL (Cuchilla Laureles), CA (Cañitas), General Mean (all populations).






Table 2. Mean, minimum, and maximum (in parentheses) for 14 quantitative descriptors of four populations of A. sellowiana. QC (Quebrada de los Cuervos), VE (Valle Edén), CL (Cuchilla Laureles), CA (Cañitas), General Mean (all populations).





	

	
QC

	
VE

	
CL

	
CA

	
General *






	
AF (mm)

	
33.9

	
22.9

	
27.7

	
24.6

	
27.2




	
(24.6–52.8)

	
(16.3–29.8)

	
(20.3–42)

	
(18.0–33.6)

	
(16.3–52.8)




	
DF (mm)

	
29.8

	
18.9

	
23.3

	
21.3

	
23.2




	
(21.2–41.9)

	
(12.4–26.3)

	
(17.4–33.9)

	
(15.1–29.7)

	
(12.4–41.9)




	
PF (g)

	
18.1

	
5.2

	
8.8

	
7.2

	
9.8




	
(7.9–51.8)

	
(1.9–10.7)

	
(3.7–25.4)

	
(2.4–16.7)

	
(1.9–51.8)




	
RP (%)

	
36.3

	
35.6

	
39.0

	
30.7

	
35.3




	
(23.6–68.5)

	
(11.7–68.8)

	
(30.8–59.7)

	
(24.1–44.0)

	
(11.7–68.8)




	
ECAS (mm)

	
3.2

	
2.0

	
2.3

	
2.9

	
3




	
(1.3–6.7)

	
(1.1–2.7)

	
(1.2–4.0)

	
(1.3–5.1)

	
(1.1–6.7)




	
SST (°Brix)

	
14.3

	
18.2

	
14.7

	
13.1

	
15.1




	
(11.8–16.9)

	
(11.2–23.6)

	
(11.0–19.0)

	
(10.6–15.5)

	
(10.6–23.6)




	
NSEM (number)

	
41.0

	
55.1

	
61.4

	
29.8

	
46.4




	
(17.0–72.0)

	
(20.0–98.0)

	
(39.0–114.0)

	
(15.0–52.0)

	
(14.9–113.7)




	
P100 (g)

	
0.22

	
0.14

	
0.15

	
0.19

	
0.18




	
(0.16–0.33)

	
(0.08–0.19)

	
(0.10–0.26)

	
(0.10–0.31)

	
(0.08–0.33)




	
LH (mm)

	
42.3

	
50.4

	
49.3

	
39.7

	
45.6




	
(33.8–56.5)

	
(40.5–69.5)

	
(35.5–62.1)

	
(30.6–47.2)

	
(30.6–69.5)




	
AH (mm)

	
25.4

	
29.2

	
28.0

	
24.6

	
26.9




	
(21.2–31.1)

	
(23.1–39.1)

	
(21.2–33.7)

	
(19.5–27.9)

	
(19.5–39.1)




	
LH/AH

(ratio)

	
1.70

	
1.70

	
1.80

	
1.60

	
1.70




	
(1.47–1.95)

	
(1.53–2.08)

	
(1.57–2.02)

	
(1.45–1.79)

	
(1.45–2.08)




	
DISTEE (mm)

	
3.4

	
4.4

	
3.8

	
3.2

	
3.7




	
(0.5–7.3)

	
(1.3–7.8)

	
(0.5–7.6)

	
(−5.2–6.5)

	
(−5.2–7.8)




	
AFL (mm)

	
3.1

	
2.4

	
2.1

	
1.5

	
2.3




	
(2.3–3.9)

	
(1.6–3.7)

	
(1.6–2.8)

	
(1.1–1.8)

	
(1.1–3.9)




	
LPIST (mm)

	
2.6

	
2.3

	
2.3

	
2.1

	
2.3




	
(2.3–3.5)

	
(2.2–2.4)

	
(2.1–2.5)

	
(1.8–2.3)

	
(1.8–3.5)








* Significance differences between populations (probabilities ranged from 0.0055 to 0.0001).













 





Table 3. Distribution of the percentages of individuals according to the states of the nine qualitative descriptors of the four populations of Acca sellowiana. QC (Quebrada de los Cuervos), VE (Valle Edén), CL (Cuchilla Laureles), CA (Cañitas). Chi2: significance of the comparison of frequency distribution between populations.
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	Classes/States
	Quebrada de los Cuervos (%)
	Valle Edén (%)
	Cuchilla de Laureles (%)
	Cañitas (%)
	Total Population (%)
	Chi Square





	FFRUT
	round
	39.1
	26.9
	11.1
	35
	29
	0.0192



	
	oval
	56.5
	46.2
	72.2
	65
	59
	



	
	oblong
	4.4
	26.9
	16.7
	0
	13
	



	SEP
	open
	39.1
	51.9
	83.3
	68.4
	59
	0.0051



	
	semi-open
	34.8
	40.7
	11.1
	5.3
	25
	



	
	erect
	26.1
	7.4
	5.6
	26.3
	16
	



	RUG
	smooth
	20.8
	18.5
	22.2
	25
	21
	0.0795



	
	somewhat rough
	50
	70.4
	77.8
	70
	66
	



	
	rough
	29.2
	11.1
	0
	5
	12
	



	COLP 1
	greenish white 3
	0
	4
	11.1
	0
	3
	<0.0001



	
	cream white 3
	37.5
	92
	55.6
	80
	67
	



	
	amber white 2
	58.3
	0
	11.1
	10
	21
	



	
	naples yellow 4
	4.2
	4
	22.2
	10
	9
	



	COLINT 1
	amber white 4
	58
	22
	22
	21
	32
	<0.0001



	
	naples yellow 1
	9
	0
	0
	21
	7
	



	
	naples yellow 4
	33
	56
	78
	58
	55
	



	
	honey yellow 4
	0
	22
	0
	0
	7
	



	RCAS
	soft
	9
	19
	11
	16
	14
	0.0491



	
	medium-soft
	9
	7
	6
	0
	6
	



	
	medium
	34
	41
	83
	42
	48
	



	
	medium-hard
	13
	7
	0
	11
	8
	



	
	hard
	26
	22
	0
	31
	21
	



	
	very hard
	9
	4
	0
	0
	3
	



	FORH
	oval
	2
	0
	2
	6.1
	3
	0.0264



	
	obovate
	95.9
	90.4
	88
	93.9
	92
	



	
	elliptic
	2
	9.6
	10
	0
	11
	



	FORAPH
	rounded
	46.9
	73.1
	68
	61.2
	63
	0.0381



	
	acute
	0
	0
	2
	0
	1
	



	
	obtuse
	44.9
	26.9
	30
	36.7
	35
	



	
	emarginated
	8.2
	0
	0
	2
	3
	



	DEST
	radial
	7.4
	86.1
	88.6
	47.1
	65
	<0.0001



	
	random
	92.6
	13.9
	11.4
	52.9
	35
	







1 Société française des chrysanthemistes (1905).













 





Table 4. Analysis of Molecular Variance (AMOVA) calculated for 144 individuals belonging to four wild populations of Acca sellowiana.
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	Source of Variation
	df
	Sum of Squares
	Variance Components
	Percentage of Variation





	Between populations
	3 (P−1)
	808.2538
	7.143329
	34.75%



	Within populations
	140 (n−P)
	1878.1820
	13.415585
	65.25%



	Total
	143 (n−1)
	2686.4358
	20.558914
	










 





Table 5. Estimation of differentiation between pairs of populations of Acca sellowiana. Individual classification was based on their geographical origin. All values were significant. For each population, the specific Fst value is indicated. Paired Fst values are shown below the diagonal, and gene flow (M) values are shown above.
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	VE
	CA
	CL
	QC





	VE
	
	0.664
	0.763
	0.760



	CA
	0.430
	
	1.335
	1.016



	CL
	0.396
	0.272
	
	1.583



	QC
	0.397
	0.330
	0.240
	



	Specific Fst
	0.598
	0.371
	0.213
	0.185
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