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Olea europaea ‘Galega vulgar’ variety is a blend of West and Central Mediterranean germplasm with cultivated-wild admixture characteristics. ‘Galega vulgar’ is known for its high rusticity and superior-quality olive oil, being the main Portuguese variety with high impact for bioeconomy. Nevertheless, it has been replaced by higher-yielding and more adapted to intensive production foreign varieties. To clarify the potential ancestral origin, genetic diversity evolution, and existing genetic relationships within the national heritage of ‘Galega vulgar’, 595 trees, belonging to ancient and centenary age groups and prospected among ten traditional production regions, were characterized using 14 SSR markers after variety validation by endocarp measurements. Ninety-five distinguishable genets were identified, revealing the presence of a reasonable amount of intra-genetic and morphological variability. A minimum spanning tree, depicting the complete genealogy of all identified genets, represented the ‘Galega vulgar’ intra-varietal diversity, with 94% of the trees showing only a two-allele difference from the most frequent genet (C001). Strong correlations between the number of differentiating alleles from C001, the clonal size, and their net divergence suggested an ancestral monoclonal origin of the ‘Galega vulgar’, with the most frequent genet identified as the most likely origin of all the genets and phenotypic diversification occurring through somatic mutations. Genetic erosion was detected through the loss of some allele combinations across time. This work highlights the need to recover the lost diversity in this traditional olive variety by including ancient private genets (associated with potential adaptation traits) in future breeding programs and investing in the protection of these valuable resources in situ by safeguarding the defined region of origin and dispersion of ‘Galega vulgar’. Furthermore, this approach proved useful on a highly diverse olive variety and thus applicable to other diverse varieties due either to their intermediate nature between different gene pools or to the presence of a mixture of cultivated and wild traits (as is the case of ‘Galega vulgar’).
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INTRODUCTION

Olea europaea L. subsp. europaea var. europaea (Green, 2002), commonly known as olive tree, is one of the main agroecological symbols of the Mediterranean Basin. It has been extensively cultivated for thousands of years in this region, primarily to produce olive oil and/ or table olives (Breton et al., 2012). Nuclear and plastid DNA data has shown that the main wild progenitor of the cultivated olive is the wild Mediterranean olive, also known as oleaster (O. europaea subsp. europaea var. sylvestris) (Besnard et al., 2018). According to archaeological and genetic studies, the domestication of the cultivated olive seems to have occurred after the emergence of major human civilizations in the Middle East ~6,000 years ago, in the Neolithic (Besnard et al., 2013b, 2018). New lines of evidence indicate the existence of multiple centers of diversity for cultivated olive trees, but it remains unclear whether the centers of diversity resulted from one or multiple local domestication events (Besnard et al., 2018). The olive tree germplasm is abundant in genetic diversity either in cultivated or in wild forms (Breton et al., 2006; Baldoni and Belaj, 2009; Belaj et al., 2010; Julca et al., 2020). In the cultivated forms, the long life span and vegetative propagation of these trees across centuries have resulted in the occurrence of “hidden” smaller genetic differences within varieties, i.e., intra-variety variations that only rarely are expressed as morphological differences (Belaj et al., 2004; Díez et al., 2011; Trujillo et al., 2014). The characterization of olive variability, including intra-varietal variability and the relationships between cultivated and wild olives, is of utmost importance for different areas. Knowledge gained can promote an efficient conservation of existing genetic resources, an effective broadening of the genetic basis of breeding programs, the development of molecular-based selection breeding tools or oil traceability tools, and an effective nursery management. In addition, it might also contribute for the clarification of the varieties' ancestral origin (Gemas et al., 2004; Lopes et al., 2004; Muzzalupo et al., 2010, 2014; Strikić et al., 2011; Ipek et al., 2012; Atienza et al., 2013; Trujillo et al., 2014; Díez et al., 2016; Sion et al., 2019; Li et al., 2020).

In 2019/2020, Portugal ranked seventh in the worldwide production of olive oil (~4.39%), and it is the fourth-largest olive producer in Europe, after Spain, Greece, and Italy (IOC, 20201) Hence, the olive sector assumes key importance in national agricultural policy and economy, having generated in the last 3 years a higher turnover (around €620 million) compared with 2010 and 2012 (GPP, 20192) In Portugal, as in the other traditional olive-growing countries, there are a number of olive varieties (Cordeiro et al., 2014), with the national production mostly concentrated on 22 varieties (Leitão et al., 1986). In particular, the ‘Galega vulgar’ variety, also called ‘Galega’, is the main variety in Portugal (Cordeiro et al., 2008), associated with five of the six national Protected Designations of Origin (PDO) regions (Gouveia, 2002). This variety is characterized by alternate bearing and high rusticity (Cordeiro et al., 2014), and stands out for the excellent quality of its olive oil (Cordeiro et al., 2008). Its resistance to drought is also recognized, despite its moderate productivity, which is partly due to sensitivity to different pests (Cordeiro et al., 2008, 2014). Despite all these interesting traits, the ‘Galega vulgar’ variety has been recently replaced in the national olive groves by higher-yielding foreign varieties, more adapted to intensive production systems (Linos et al., 2014). Illustrating this replacement, data from 2007/2008 showed ‘Galega vulgar’ accounting for 80% of the olive trees in the country (Cordeiro et al., 2008), while more recently, only 60% of all olive trees in Portuguese olive groves corresponds to ‘Galega vulgar’ variety (Arias-Calderón et al., 2017). This mounting replacement may have already led to the loss of alleles or of combinations of alleles, in a clear case of genetic erosion (Maxted and Guarino, 2006; Brown and Hodgkin, 2015). There is an urgent need to better characterize the currently available diversity to efficiently conserve and promote the use of this national genetic richness. Only in this way will it be possible to counteract the potential ‘Galega vulgar’ genetic erosion, improving yields and adaptation, and restoring the cultivation of this high-quality variety. The few studies performed on this variety, namely by assessing its genetic variability (Gemas et al., 2004; Lopes et al., 2004; Cordeiro et al., 2008; Figueiredo et al., 2013), were all limited in the number of genotypes analyzed, with no clear comparison between what is presently under production in newer orchards and a more ancestral but still existing diversity. In this context, a proper characterization of the state of the ‘Galega vulgar’ intra-variability is still missing.

Nowadays, molecular markers are fundamental tools used in the characterization and understanding of diversity, due to their independence from environmental effects (Hammer et al., 2003). In the diversity analysis of olive trees, microsatellites, also called simple sequence repeats (SSRs), are the molecular markers of choice because of transfer ability, high polymorphic, co-dominance, and their relatively simple interpretation (Belaj et al., 2003). This type of molecular marker has been successfully used for olive tree variety identification, genetic diversity studies, and to evaluate the relationships between different varieties (Sarri et al., 2006; Bracci et al., 2009; Ercisli et al., 2011; di Rienzo et al., 2018; Lazović et al., 2018; El Bakkali et al., 2019; Dervishi et al., 2021). Due to the wide use of SSRs in olive trees, Baldoni et al. (2009) published a set of recommended microsatellite markers and protocols for olive genotyping, along with a list of reference varieties suitable for the establishment of a worldwide database of genotypes.

In the present study, 595 trees of different ages were characterized using SSR markers, after the validation of the ‘Galega vulgar’ variety by endocarp measurements, to clarify the overall genetic diversity evolution, potential ancestral origin, and genetic relationships within the national heritage of ‘Galega vulgar’. Centennial individuals, which represent the olive trees still in production at the Portuguese orchards, were combined with ancient individuals (estimated 400–2,000 years old), to trace back any eventual loss of allelic diversity that might have occurred across time. This study will allow us to track and recover the genetic diversity still existing in the country but that might be already lost in the present ‘Galega vulgar’ orchards; broaden the available genetic basis for breeding purposes; and unravel the ancestral origin of this variety. All these efforts will contribute to the efficient conservation of this variety and to promote its use.



MATERIALS AND METHODS


Plant Material

To assess the diversity of the ‘Galega vulgar’ variety present in the Portuguese orchards or kept on isolated trees, a collection was established with individual trees prospected from different traditional regions of olive production. Prospections were performed taking into consideration the age of the olive trees provided by farmers or conservation sites (centennial trees still under production, between 80 and 100 years old, and ancient trees, present both in orchards or in isolated sites, about 400–2,000 years old). Within each orchard, the prospected olive trees (about ten trees/orchard) were randomly selected and tagged with a unique identifier, and the tree global position system (GPS) coordinates recorded. The same procedure was used for isolated individuals. This resulted in 629 prospected trees, 356 of which were centennial and 273 ancient, from ten geographical districts (Figure 1). A complete list of the trees prospected, along with their “passport” information, endocarp profile and calculated age in years (according to Michelakis, 2002; Koniditsiotis, 2020), is available in Supplementary Table 1 and the agroecological characterization of the ten geographical districts is available in Supplementary Table 2.
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FIGURE 1. Map of Portugal with the location of prospected orchards and isolated sites from traditional regions of olive production. Empty pink dots—orchards with centenary ‘Galega vulgar’; solid gray dots—orchards with ancient ‘Galega vulgar’; solid blue dots—isolated ancient ‘Galega vulgar’; numbers—capital city of the ten prospected geographical districts (1–Viseu; 2–Coimbra; 3–Castelo Branco; 4–Leiria; 5–Portalegre; 6–Santarém; 7–Lisboa; 8–Setúbal; 9–Évora; 10–Beja).


For each tree, leaf and fruit samples were collected in two different seasons: during autumn, 50 fruits per tree were collected to perform endocarp validation of the ‘Galega vulgar’ variety; and during spring, ten young leaves per tree were collected for DNA isolation and genetic diversity characterization. The fruits were kept on ice at harvest and then stored at 4 ± 2°C until variety validation, while leaves were kept on ice when collected and then frozen in liquid nitrogen and stored at −80 ± 2°C until genomic DNA extraction.

Representative sample of each ‘Galega vulgar’, ‘Arbequina’, and ‘Picual’ varieties from the World Olive Germplasm Bank (WOGB) were also included in the SSR analysis.



Morphological Endocarp Characterization

The validation of the ‘Galega vulgar’ variety was performed through a morphological description limited to qualitative and quantitative traits, using a pomological scheme (CPVO, 20123) Specimens' vouchers of the ‘Galega vulgar’ endocarps and leaves are deposited at Instituto de Tecnologia Química e Biológica António Xavier and Association BLC3, Technology and Innovation Campus institutions. Fifty endocarps, randomly sampled per each of the 629 prospected trees, were characterized using nine different qualitative parameters and one quantitative parameter: shape in the position of greatest eccentricity, symmetry in position A, symmetry in position B, number of grooves on basal end, distribution of grooves on basal end, shape of apex in position A, mucron, shape of the base in position A, rugosity of surface, and weight (Figure 2). The qualitative parameters were visually assessed using traits states, while the quantitative parameter “endocarp weight” was measured according to CPVO (20123). Trees were validated as belonging to the ‘Galega vulgar’ variety if all the evaluated parameters corresponded to the endocarp descriptions referenced in Leitão et al. (1986) and Cordeiro et al. (2010). These two criteria are still widely used but show differences concerning the shape of the base in position A [acute or rounded in Leitão et al. (1986) vs. rounded in Cordeiro et al. (2010)], and weight [<0.30 g in Leitão et al. (1986), vs. 0.30–0.45 g in Cordeiro et al. (2010)]. Therefore, a combination of both criteria was applied. To validate the analyzed trees as ‘Galega vulgar’, endocarp parameters needed to fall within the following four different profiles: endocarp with rounded base shape in position A and 0.30–0.45 g weight, rounded base shape in position A and weight <0.30 g, acute base shape in position A and 0.30–0.45 g weight, and acute base shape in position A and weight <0.30 g. Figure 2 shows the observed variation in ‘Galega vulgar’ variety's endocarp parameters.
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FIGURE 2. Endocarp characterization of ‘Galega vulgar’ variety, using a pomological scheme of nine qualitative and one quantitative morphological parameters (Leitão et al., 1986; Cordeiro et al., 2010; CVO, 20123). The qualitative parameters (symmetry in position A, shape of apex in position A, shape of the base in position A, rugosity of surface, symmetry in position B, shape in the position of greatest eccentricity, mucron, number of grooves on basal end and distribution of grooves on basal end) were visually assessed using traits states, while the quantitative parameter (endocarp weight) was measured according to CPVO (20123).




Molecular Characterization
 
DNA Extraction and Microsatellites Analysis

DNA was extracted from the sampled young leaves using the CTAB procedure developed by Doyle and Doyle (1987). The quality of the extracted DNA was assessed by electrophoresis on 0.80% SeaKem® LE Agarose gel (Lonza, Rockland, USA), stained with SYBR® Safe (Invitrogen, Eugene, USA), and visualized using a GEL-DOC1000 System (Bio-Rad, Hercules, USA). Quantification and extra quality evaluation were performed using a Nanodrop spectrophotometer, Nanodrop ND-2000C (Thermo Scientific, USA).

The SSR analysis consisted of 14 SSRs, selected from the consensus list of the best olive SSRs (Baldoni et al., 2009): ssrOeUA-DCA03, ssrOeUA-DCA05, ssrOeUA-DCA09, ssrOeUA-DCA10, ssrOeUA-DCA11, ssrOeUA-DCA14, ssrOeUA-DCA16, ssrOeUA-DCA18, EMO-90, GAPU71B, GAPU89, GAPU101, GAPU103A, and UDO99-043. The SSR loci were amplified using the method for fluorescent labeling of PCR fragments (Schuelke, 2000). Accordingly, a M13 tail was added to the 5'-end of the forward primers, allowing the annealing of the universal M13(-21) primer labeled with IRDye fluorescence and the visualization of the amplified fragments. Each PCR reaction was carried out in a total volume of 10 μL, containing 10 ng of template DNA, 1 x PCR buffer (Promega, Madison, USA), 1.50 mM of MgCl2, 0.20 mM of each dNTP, 0.04 μM of M13(-21) tagged forward primer, 0.16 μM of IRD700 or IRD800 M13(-21), 0.16 μM of reverse primer and 0.20 units of Taq DNA polymerase (Promega, Madison, USA). The amplification reactions consisted of a denaturing step of 94°C for 5 min, followed by 30 cycles of 94°C for 30 s, 56°C for 45 s, 72°C for 45 s and 8 cycles of 94°C for 30 s, 53°C for 45 s, 72°C for 45 s, with a final step of 72°C for 10 min. After the amplification, 1 μL from each reaction product was blended with 25 μL of formamide-loading buffer (98% formamide, 10 mM EDTA pH = 8 and 0.10% Bromo Phenol Blue). The mixture was vortexed, heated for 5 min at 95°C, and then cooled on ice. 0.50 to 0.70 μl of each sample was loaded on a 6.50% denaturing polyacrylamide gel (KBPlus Gel Matrix, LI-COR), using an LI-COR 4300 DNA Analyzer (Lincoln, NE, USA). DNA from two ‘Galega vulgar’ trees (randomly chosen from our initial data set), were used as reference samples, to account for any variation that could occur between PCR reactions and electrophoresis runs.

Allele sizes (in base pairs) of PCR products were estimated using SagaGT software from LI-COR and data compiled in a matrix for further analysis. All alleles were double scored and manually reviewed by two independent researchers to prevent scoring errors. Samples with small differences in allele sizes were additionally checked by re-amplifications to exclude possible genotyping and allele sizing errors. The ‘Galega vulgar’, ‘Arbequina’, and ‘Picual’ representative samples from the WOGB were also included in the allele sizes estimation.



Microsatellite Diversity Analysis

The overall diversity detected by the SSR markers was assessed calculating the total number of alleles (Na) and genotypes (Ng) per locus as well as the Polymorphic Information Content (PIC) (Botstein et al., 1980) of each microsatellite marker, using PowerMarker v3.23 software (Liu and Muse, 2005).



Identification of Genets

The number of distinct multi-locus genotypes (i.e., genets) in the set of ‘Galega vulgar’ tree samples was identified using GenClone 2.0 (Arnaud-Haond and Belkhir, 2007). According to Harper (1997), individuals that develop by vegetative propagation of the same parental plant are referred to as ramets, while the entire set consisting of multiple ramets sharing the same multi-locus genotypes is referred to as a genet. Therefore, from now we will use these terms in the context of ‘Galega vulgar’. Using GenClone 2.0 software, the Pareto distribution of multi-locus genotypes (the inverse cumulated frequency of distinct multi-locus genotypes including x ramets) was plotted on a log-log scale. The Pareto's parameter β was calculated by regression from the Pareto distribution as −1 multiplied by the regression slope (Arnaud-Haond et al., 2007). As described by Arnaud-Haond et al. (2007), a high evenness with genets that all have comparable sizes results in a steep slope (i.e., a high β value), whereas the result of a skewed distribution with few large and many small genets is a shallow slope (i.e., a low β-value).

To represent the genetic relationships among the identified ‘Galega vulgar’ genets, a principal coordinate analysis based on the pairwise distance matrix was performed. The pairwise genetic distances were calculated based on proportion-of-shared-alleles distance [Dpsa; Bowcock et al. (1994) as implemented in MICROSAT (Minch et al., 1997)]. A principal coordinate analysis (PCoA) was carried out using NTSYSpc v. 2.11a software (Rohlf, 1998).

The correlation between the ‘Galega vulgar’ genets and the ‘Galega vulgar’ endocarps' profiles for the studied trees was calculated using the R software ver. 3.4.2. (R Core Team, 2017).



Intra-Varietal Diversity Analysis

After the validation of the variety with the endocarp analysis, the presence of intra-variability in ‘Galega vulgar’ was considered when allelic differences were detected among the analyzed trees, and according to Trujillo et al. (2014), corresponding to molecular variants of ‘Galega vulgar’.

Intra-varietal diversity among all validated ‘Galega vulgar’ samples was analyzed overall but also considering different groupings: (1) germplasm groups [centennial trees (<100 years old) vs. ancient trees (>400 years old)], (2) age groups [centennial C1 trees (<100 years old), ancient A1 (ranging from 400 to 600 years), ancient A2 (ranging from 600 to 900 years), ancient A3 (more than 1,000 years old)], (3) groups according to endocarp profile (E1–E4), (4) geographical groups (10 regions of origin), and (5) groups according to tree location (orchard vs. isolated tree).

Intra-varietal allelic diversity was evaluated, by calculating the average number of alleles per locus (Nav), the allelic richness (Nar) as a measure of the number of alleles per locus independent of sample size, and the number of private alleles (Npr), using FSTAT v. 2.9.3.2 software (Goudet, 2002).

Intra-varietal clonal diversity was assessed by calculating the number of multi-locus genotypes (Nc), clonal richness (Ncr), and genotypic richness [R; Dorken and Eckert (2001)], using GenClone 2.0 (Arnaud-Haond and Belkhir, 2007). Simpson's complement index [D*; Simpson (1949), Arnaud-Haond et al. (2007)], describing the probability of encountering distinct genets when randomly taking two trees of a given variety, and Simpson's evenness index [V; Hurlbert (1971), Fager (1972), Arnaud-Haond et al. (2007)], describing clonal equitability [closely associated with diversity as it is a means of assessing evenness among relative abundances (Valbuena et al., 2012)] were also calculated using the same software. As the number of multi-locus genotypes (Nc) is dependent on sample size, the clonal richness (Ncr) was calculated according with the modified formula proposed by El Mousadik and Petit (1996) for calculating allelic richness (Nar), based on the rarefaction method of Hurlbert (1971):
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where: N–sample size, n–subsample size, Nc–number of samples belonging to the multi-locus genotype c, C–total number of multi-locus genotypes. Therefore, this parameter was used as a measure of the number of multi-locus genotypes per group independent of sample size.

Intra-varietal genetic diversity was analyzed after identifying the tree samples that shared an identical genet and removing the duplicates from the data set. GENEPOP 4.0 (Raymond and Rousset, 1995) was used to calculate the observed (HO) and expected (HE) heterozygosity within each group.

The differences in Nar, HO, and HE between the groups were tested across microsatellite markers by the analysis of variance using PROC GLM in SAS v. 9.3 (SAS, 2011), followed by Tukey's HDS test when more than two groups were compared.

The partitioning of total genetic variation of genets between and within groups was analyzed by AMOVA (Excoffier et al., 1992) using Arlequin ver. 3.5.2.1 (Excoffier et al., 2005). The variance components were tested using 10,000 permutations.

To check if some genets were particularly divergent from the rest, the net divergence of each genet was calculated by summing up the number of different alleles of a genet to all the other genets included in the analysis. To analyze the relationship between the amount of divergence and the clonal size, several correlations were computed and tested between (A) the net divergence of the genets and the logarithm of the number of ramets or clonal size, (B) the number of different alleles of each genet to the most frequent genet (C001) and the net divergence of the genet, and (C) the number of different alleles of each genet to the most frequent genet (C001) and the number of ramets in each genet (SAS, 2011).

The minimum spanning tree based on the matrix of genetic distances computed as the number of different alleles among genets was constructed using a custom script in Python version 3.6 (available on request) and the tree was visualized using Graphviz (https://www.graphviz.org/). The tree was rooted using the most frequent genet (C001) as outgroup.





RESULTS


‘Galega Vulgar’ Variety Validation

According to the endocarp morphological analysis (based on Figure 2), of the 629 prospected olive trees, 595 were within the boundaries of the four endocarp profile types described for ‘Galega vulgar’ variety (Table 1) (complete data set available online at FigShare repository). The most common profile, found in 350 trees (~58.82% ‘Galega vulgar’ trees), was the one with a “rounded base shape in position A” combined with a “medium weight” (between 0.30 and 0.45 g). All the four profiles were found among the prospected ‘Galega vulgar’ trees. The ‘non-Galega vulgar’ samples (34 trees) were excluded from further analysis.


Table 1. Morphological characterization of endocarps and the endocarp profiles found in the 595 ‘Galega vulgar’ trees.
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Microsatellite Diversity in the ‘Galega Vulgar’ Variety

Using 14 microsatellite markers, a total of 77 different alleles was identified in the entire collection of 595 validated ‘Galega vulgar’ genotypes (Table 2) (complete data set available online at FigShare repository). The number of alleles per locus varied from 1 (EMO-90) to 9 (GAPU103A), with an average of 5.50. The most informative SSRs were ssrOeUA-DCA11 and GAPU103A, showing a PIC value of 0.61 and 0.57, respectively (Table 2). As the EMO-90 marker showed to be monomorphic for all the ‘Galega vulgar’ samples and the GAPU71B did not differentiate among samples (all the samples had the same heterozygous genotype), they were both excluded from the subsequent analysis. Regarding the samples from WOGB, the ‘Galega vulgar’ representative sample presented the same genotype as the one found in the majority of the collected ‘Galega vulgar’ samples (Table 2). ‘Arbequina’ and ‘Picual’ differed from the ‘Galega vulgar’ most frequent genotype in all the SSRs used, with the exception of the ssrOeUA-DCA14 (‘Arbequina’ and ‘Picual’) and the EMO-90 (‘Picual’).


Table 2. Allelic diversity of 14 microsatellite loci in a set of 595 ‘Galega vulgar’ tree samples.

[image: Table 2]



‘Galega Vulgar’ Variety Genet Identification
 
Number of Multi-Locus Genotypes or Genets

A total of 95 different multi-locus genotypes (or genets) was identified in the panel of the 595 trees analyzed. The distribution of genets according to the number of genetically identical samples (clonal size) was highly skewed, with two large genets and many small ones resulting in a shallow regression line of Pareto's plot (Figure 3). The largest genet (genet C001) was found in 254 out of 595 genotypes (42.69%), followed by C002 found in 104 genotypes (17.48%). Thus, the largest two genets represented more than 60% of the ‘Galega vulgar’ trees studied and from the remaining 93 distinct genets, 59 were represented by a single tree or ramet.


[image: Figure 3]
FIGURE 3. Pareto's plot of ‘Galega vulgar’ samples: Linear regression equation, Pareto's distribution coefficient (Pareto's β), correlation coefficient (r), significance of the correlation (P) and coefficient of determination (R2) are given for ‘Galega vulgar’ variety. The histogram shows the distribution of the number of tree samples among genets.




Genetic Relationship Among Genets

The pairwise genetic distance (Dpsa) based on the 12 polymorphic microsatellites was calculated among the 95 genets and ranged from 0.04 (one differing allele out of 24) to 0.33 (eight differing alleles) (Figure 4A). The two most frequent genets (C001 and C002) differed only in a single allele (M05, Table 2). When comparing the two most frequently found genets (C001 and C002) with the remaining 93 genets, distances range from 0.04 (one differing allele) to 0.21 (five differing alleles) (Figure 4B).
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FIGURE 4. (A) Histogram of pairwise distances (number of different alleles) based on the 12 polymorphic microsatellites among 95 ‘Galega vulgar’ genets and (B) histogram of pairwise distances based on the 12 polymorphic microsatellites among the two most frequent genets (C001 and C002) and the rest of genets.


A principal coordinate analysis (PCoA) based on the proportion-of-shared-alleles distance was performed to graphically depict the genetic relationships among genets (Figure 5). The first two coordinates represented 47.10% of the total genetic variability. The most frequent genets, represented by the largest circles, are in the center. Most of the trees were clustered in a few genets, with a mixture of ancient and centennial germplasm (pink empty circles in Figure 5). Still, it was possible to identify some other smaller differentiated clusters comprising different genets of ‘Galega vulgar’ intra-variability. Additionally, some unique and diverse genotypes (solid light blue or solid dark blue circles in Figure 5) that represented genets not shared between the two groups of germplasm (ancient and centenary) were also identified.
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FIGURE 5. Principal coordinate analysis (PCoA) biplot based on the proportion-of-shared-alleles distance matrix among 95 genets identified by screening 595 ‘Galega vulgar’ trees, with 12 microsatellite markers. The first two coordinates represent 47.10% of the total genetic variability. Circles size proportional to the number of trees sharing the identical genet. Solid light blue circles represent private genets to ancient germplasm, solid dark blue circles private genets to centennial germplasm, and empty pink circles genets shared by both germplasm groups.




Genet vs. Endocarp Profile

After identifying the 95 distinct genets of ‘Galega vulgar’ and taking into consideration the existence of four endocarp profiles in this variety, the correlation between the two variables was calculated. No significant correlation was obtained (r = −0.00) (as shown in Supplementary Figure 1). The same absence of correlation happened when considering only ancient trees (r = −0.03) (Supplementary Figure 2). Indeed, each of the four endocarp types could be found in many different genets; in addition, each genet could be associated with more than one type of endocarp. As examples, 66 different genets showed endocarp' profile 1 (“rounded base” with a “0.30–0.45 g weight”), 23 genets profile 2 (“rounded base” and “ <0.30 g weight”), 43 profile 3 (“acute base” and “0.30–0.45 g weight”), and 7 profile 4 (“acute base” and “ <0.30 g weight”), showing the two most frequent genets (C001 and C002), all of the four endocarp profiles.




‘Galega Vulgar’ Intra-Varietal Diversity
 
Centenary vs. Ancient Germplasm

Regarding the comparison of overall centennial and ancient trees and between age groups (C1, A1, A2, and A3), no group differed significantly in any of the standard genetic diversity parameters (Nar, HO, HE) (Table 3). However, 12, 7, and 8 private alleles were detected in C1, A1, and A2 groups, respectively. Thus, the overall level of diversity was maintained across time, but the maintained diversity has changed, since the alleles in ancient trees were not the same as in centennial trees. Additionally, as shown in Table 3, the number of multi-locus genotypes (Nc) identified in the centenary and ancient germplasm groups was also similar (57 vs. 58), but the clonal richness (Ncr) was higher in ancient trees (48.94 vs. 58.00). Among age groups, the clonal richness was higher in A1 and A3 groups (5.58 and 5.00, respectively). The number of private clones (Npc) in the two germplasm groups (centenary vs. ancient) was similar (37 vs. 38) but the private clonal richness was higher in ancient trees (30.07 vs. 38.00), with the highest value in A1 group. Regarding the genotypic richness (or clonal diversity; R), it was higher in ancient trees (0.17 vs. 0.22), assuming the highest value in the oldest A3 group. Consequently, the probability of encountering distinct genets when randomly taking two trees of an age group (D*) was also slightly higher in ancient trees (0.77 vs. 0.79). In conclusion, some specific alleles or genets of each age group were different (different private alleles and different private clones), with the number of allele combinations higher on ancient genotypes, which translates into the loss of some allele combinations across time.


Table 3. Allelic, clonal, and genetic diversity between 335 centennial and 260 ancient ‘Galega vulgar’ trees and among age groups (age groups C1 from 80 to 100 years old, A1 from 400 to 599 years old, A2 from 600 to 900 years old, and A3 more than 1,000 years old), using 12 SSRs.
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Comparing the observed and expected heterozygosity (HO and HE), no significant differences were found between centenary and ancient germplasm groups (HO = 0.67 vs. 0.66; HE= 0.43 vs. 0.42, in centennial and ancient olive trees, respectively), neither among age groups. In all the cases, the observed heterozygosity was higher than the expected heterozygosity (Table 3).

Out of the 95 identified genets, only 20 (21.05%) were identified in both germplasm groups. Nevertheless, the six most frequent genets (C001-C006), represented by 426 (71.60%) out of 595 sampled trees, were found in both germplasm groups. By analyzing the genets with unique age individuals (centennial only vs. ancient only) (Table 4), no significant differences were found in the calculated genetic diversity parameters (Nar, HO, HE). Even so, the unique ancient group presented the highest values for allelic richness (4.33 vs. 4.95), clonal richness (34.25 vs. 38.00), private clonal richness (34.25 vs. 38.00), R (0.68 vs. 0.76), D* (0.96 vs. 0.99) and V (0.72 vs. 0.88). Regarding the observed and expected heterozygosity, both were higher in the centennial group.


Table 4. Allelic, clonal, and genetic diversity among ‘Galega vulgar’ clones with unique age individuals, using 12 SSRs in 595 individual trees.
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In this study, we did not find any evidence for cases of homonymy (no genotype was genetically completely different), nor for sexual propagation (no genotype had a high number of differing alleles from the other genotypes) that could be explained as a result of out-crossing events, or by a selection pressure made by olive growers to maintain a ‘Galega vulgar’ morphotype.



Endocarp Profile vs. Genetic Diversity

By analyzing the intra-varietal diversity of all validated ‘Galega vulgar’ samples, significant differences were found in allelic richness (P < 0.05) among the four endocarp profiles. A Tukey's HSD test (between all the four profiles E1, E2, E3, and E4) revealed that the E1 and E4 profiles were significantly different from each other but not from E2 and E3 profiles. For clonal richness (Ncr), private clonal richness (Npcr) and expected heterozygosity (HE), comparing all the endocarp profiles, E2 presented the highest values (11.93, 3.25, and 0.43, respectively), and E4 the lowest values (7.00, 1.00, and 0.39, respectively) (Table 5).


Table 5. Allelic, clonal, and genetic diversity among the four different ‘Galega vulgar’ endocarp profiles, using 12 SSRs in 595 individual trees.
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Geographical Location vs. Genetic Diversity

From the comparison of the ten prospected geographical districts (Figure 1), no significant differences were found for Nar, HO, HE among districts (P-value = 0.78, 0.79, 0.73, respectively).

However, looking at the parameters of clonal diversity among these regions (Ncr, Npcr, D*, and V), Portalegre, Santarém, Lisboa, and Évora showed the highest values (exception for Lisboa Npcr) (Table 6). More specifically, Lisboa had the highest number of different genets (highest clonal richness, Ncr) and therefore the highest probability of encountering two different genets (highest value of D*), while Portalegre had the highest number of private genets (highest private clonal richness, Npcr). Finally, the region having the most equitable clonal distribution, i.e., all the genets had almost the same frequency of tested trees (highest value of V), was Santarém (Table 6).


Table 6. Allelic, clonal, and genetic diversity among 595 ‘Galega vulgar’ trees grouped into ten regions and into orchard and isolated trees, using 12 SSRs.
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Regarding the comparison between orchard and isolated trees, no significant differences were found for Nar, HO, HE (P-value = 0.91, 0.85, 0.56, respectively) (Table 6). Nevertheless, orchard trees had the highest values for private clonal richness (15.74 vs. 11.00), and Simpson's evenness index, V (0.69 vs. 0.65), while isolated trees revealed the highest clonal richness (26 vs. 24.45) and consequently, the highest Simpson's complement index, D* value (0.82 vs. 0.78).

Analysis of molecular variance (AMOVA) was performed to test the existence of genetic structure among and within groups: germplasm groups (centenary vs. ancient), age groups (C1, A1, A2, and A3), endocarp profile groups (E1, E2, E3, and E4), prospected geographical districts groups, and tree location groups (orchard vs. isolated tree). Negative values of ϕ-statistics were observed in both tests, suggesting the absence of any genetic structure (Table 7).


Table 7. Analysis of molecular variance for the partitioning of genetic diversity among and within groups (germplasm, age, endocarp profiles, geographical districts, and tree location groups), using 12 SSRs in 595 ‘Galega vulgar’ trees.
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Putative Ancestral Origin of Genets Diversity

Values for the correlation coefficients calculated to analyze the ancestral origin of this variety after identifying the presence of one main genet (C001), by clarifying the relationship between the amount of clonal divergence and clonal size (number of ramets), can be found in Supplementary Figures 3–5.

The net divergence, calculated by summing up the number of different alleles of a genet to all the other genets in the analysis, ranged from 198 to 523, with an average of 330. The most frequent genet (C001) had the lowest net divergence (198), followed by the second most frequent genet (C002) with 221. A negative correlation (r = −0.49; P < 0.0001) was observed between the net divergence of the genets and their number of ramets (Supplementary Figure 3). A very strong positive correlation (r = 0.91; P < 0.0001) was observed between the number of differentiating alleles of genets in comparison to the most frequent genet (C001) and their net divergence (Supplementary Figure 4). Similarly, a negative correlation (r = −0.39; P < 0.001) was observed between the number of differentiating alleles of genets in comparison to the most frequent genet (C001) and their number of ramets. The other most frequent genets (C002–C008) had a single allele difference from C001 (Supplementary Figure 5).

By taking into consideration all of these correlations and using the information on all the allelic substitutions that gave rise to a novel genet, we proposed a minimum spanning tree for ‘Galega vulgar’, based on the matrix of genetic distances and computed as the number of different alleles among genets (Figure 6). With this tree, we intended to depict a complete genealogy/pedigree of all ‘Galega vulgar’ genets analyzed.


[image: Figure 6]
FIGURE 6. Minimum spanning tree of 95 ‘Galega vulgar’ genets based on the matrix of genetic distances computed as the number of different alleles among genets. The tree was rooted using the most frequent genet (C001) as outgroup. The circles are proportional to the number of trees belonging to each genet (number of ramets). Blue circles represent ancient trees, while the pink represent centennial trees. The numbers (M01–M14) on the branches refer to microsatellite loci (as stated in Table 2) and the allelic substitution that gave rise to a novel multi-locus genotype (genet).






DISCUSSION

To clarify the genetic diversity evolution, potential ancestral origin, and overall genetic relationships within the national heritage germplasm of ‘Galega vulgar’, 595 olive trees belonging to different age groups were characterized, using 12 SSR markers, validated as ‘Galega vulgar’ variety by endocarp measurements. To the best of our knowledge, this survey represents the first attempt of a molecular characterization in the ‘Galega vulgar’ variety or any other Olea variety with such a wide representative sample of individuals, combining both ancient and centennial trees, in the Portuguese territory.

Ninety-five distinguishable genets were identified within the collection of analyzed trees, differing in up to eight alleles, and revealing the presence of a reasonable amount of intra-variability among the ‘Galega vulgar’ variety. However, by examining the principal coordinate analysis (PCoA) results based on the proportion-of-shared-alleles distance matrix, we also observed that the majority of the individual trees were clustered in a few genets, with a mixture of undistinguishable ancient and centennial germplasm. Similar findings were observed for other Portuguese varieties, namely ‘Verdeal-Transmontana’ and ‘Cobrançosa’, that display a wide intra-varietal genetic variability (Gomes et al., 2008; Martins-Lopes et al., 2009). The 95 genets were also characterized by some morphological diversity depicted by the presence of four different ‘Galega vulgar’ endocarp profiles, with the profile characterized by a rounded base shape in position A and a weight of 0.30–0.45 g, the most common among all the genets. No correlation was found between the different ‘Galega vulgar’ genets and the four endocarp profiles, not even when comparing only the ancestral trees. Usually, an olive variety is characterized by a unique endocarp profile. However, for the ‘Galega vulgar’ variety, well-accepted published criteria define four different profiles, all found among the present analyzed trees. As hypothesized by Trujillo et al. (2014), morphological changes could occur without affecting the amplified SSR region due to punctual somatic mutations, especially if we are in the presence of co-ancestral origin of varieties. Thereby, we hypothesized that somatic mutations might have occurred and led to morphological variation in the endocarps, without affecting the analyzed SSR profiles. On the other hand, we identified different genets with the same endocarp profile. One hypothesis that could potentially explain this observation is that the genomic regions with SSRs can accumulate somatic mutations without affecting phenotypic traits, since these regions are neutrally evolving and highly variable (Díez et al., 2011). Nevertheless, a revision of the identification criteria for the variety ‘Galega vulgar’ may be necessary, since the current criteria leads to a diversity of endocarp types not common in other olive varieties.

The majority of the ‘Galega vulgar’ genotypes clustered in two (C001 and C002) very frequent and genetically similar genets. The same results were already described for other Portuguese varieties, as ‘Verdeal-Transmontana’, where the analyzed trees fell into two major genotypic groups (Gomes et al., 2008). In our study, the two most frequent genets, differing in just one allele, were present in all the four endocarp profiles of ‘Galega vulgar’ and represented 60.17% of all the trees. Moreover, taking into consideration the genets with a one-allele difference (29 genets) and a two-allele difference (37 genets) from the most frequent genet, the total would be around 94% of all the analyzed ‘Galega vulgar’ trees. Although there are up to eight differing alleles among some genets, the maximum distance from the two most frequent genets is lower (i.e., five differing alleles out of 24). This suggests that, together with the very strong positive correlation between the number of differentiating alleles of genets in comparison with the most frequent genet (C001) and their net divergence, we are in the presence of an ancestral monoclonal origin of the ‘Galega vulgar’ variety, with genet C001 as the most likely origin of all the investigated genets. Moreover, a weak negative correlation was observed between the number of differentiating alleles of genets in comparison with the most frequent genet and their clonal size, or their number of ramets. With these results, we depicted a complete genealogy/pedigree of all ‘Galega vulgar’ genets of this study, representing the ‘Galega vulgar’ intra-varietal diversity found in a minimum spanning tree. Our suggestion of an ancestral monoclonal origin of ‘Galega vulgar’ contradicts what was proposed by Gemas et al. (2004), analyzing a much smaller sample of ‘Galega vulgar’ trees. In this other study, the genetic diversity of ‘Galega vulgar’ is explained by its polyclonal origin. Even recognizing that the detected small differences between genotypes could be due to somatic mutations, Gemas et al. (2004) stated that mutations cannot account for all the diversity found. Only the combination of the occurrence of somatic mutations and the possibility of the incorporation of individuals originated by sexual propagation into the stock used for vegetative propagation explained the polyclonal origin of ‘Galega vulgar’. In our study, since 94% of analyzed trees showed only a two-allele difference, it is more likely that the genotypic and phenotypic diversification of ‘Galega vulgar’ occurred due to somatic mutations across time rather than a polyclonal origin. Supporting this hypothesis, several genetic diversity studies already pointed to a monoclonal origin for several olive tree varieties, with reports of up to five different alleles (Khadari et al., 2008; Muzzalupo et al., 2010; Strikić et al., 2011). Nevertheless, it is also possible that a number of the identified genets are first- or second-degree relatives. Indeed, since the two main genets (C001 and C002) differ only in one allele, the two ortets, i.e., the original plants from which the members of a clone are descended, could be considered as phenotypically very similar full siblings derived from the cross between two, in turn, closely related parental trees. Still, further studies are needed to disentangle the various factors affecting the evolution of propagated species and to understand how far somatic mutations can change the varieties (Díez et al., 2011). In addition, the extent, nature, and implications of somatic mutations due to vegetative propagation is also poorly understood (McKey et al., 2010). By cytoplasmatic markers analysis it was hypothesized that ‘Galega vulgar’ belongs to a lineage originated in Eastern Mediterranena area (including Cyprus) (Besnard et al., 2013b). In the future, it would be fruitful to verify if all the 595 individuals from this study have the same cytoplasm and compare the results with other reference studies, to better clarify the ‘Galega vulgar’ origin.

In our work, the observed heterozygosity (HO) was higher than the expected heterozygosity (HE) in both germplasm groups (centenary and ancient), and also considering the different age groups (C1, A1, A2, and A3). Using SSR markers, several authors also reported the same trend in different olive germplasm (Díaz et al., 2006; Poljuha et al., 2008; Erre et al., 2010) and this could be explained by the maintenance of early generation admixed individuals (Besnard, 2016) or even the accumulation of somatic mutations on highly mutable loci in ancient genotypes, as reported by Baali-Cherif and Besnard (2005) and Barazani et al. (2014).

Differences were found among prospected geographical districts regarding clonal diversity, with the regions of Portalegre, Santarém, Lisboa, and Évora the ones presenting higher diversity parameter values. According to Gemas et al. (2004), the “Ribatejo-Santarém” region was indicated as the ecological region of origin and dispersion of ‘Galega vulgar’, due to the higher genetic diversity found. Comparing the agroecological regions considered by Gemas et al. (2004) with the ten prospected geographical districts of our study, the Santarém district is a mixture of the “Ribatejo-Abrantes” and “Ribatejo-Santarém” agroecological regions and the Lisboa district is included in the “Ribatejo-Santarém” agroecological region. And so, partially, our findings are in accordance with the ones reported by Gemas et al. (2004) on the probable origin of dissemination of ‘Galega vulgar’. However, in our study, the Portalegre and Évora districts also presented high clonal diversity values. In Gemas et al. (2004) these districts are included in the “Alto Alentejo” agroecological region, which was reported as having the lowest values of genetic diversity. A possible explanation for these differences resides in the fact that the ex-situ ‘Galega vulgar’ collection used by Gemas et al. (2004) [established by Martins et al. (1997)] had only 13 individuals of the “Alto Alentejo” region, and this might be an under-representation of the diversity still existing in that region.

The comparative analysis between centennial and ancient germplasm revealed that there was an effective loss of some allelic combinations from ancestral to centennial trees, although this was not associated with a decrease of overall allelic diversity. On one hand, the allelic richness, as well as the gene diversity, were similar in the four age groups (probably due to an accumulation of somaclonal variation that controverted any eventual loss of alleles), being the most frequent genets present in centennial orchards and therefore still conserved under production. On the other hand, the ancient trees showed a higher clonal richness and private clonal richness (especially A1 group) compared with the centennial trees, meaning that some allele combinations were lost across time, representing a case of genetic erosion. Indeed, Maxted and Guarino (2006) described the loss of some combination of alleles over time as a possible phenomenon of genetic erosion. Also, Besnard et al. (2013a) revealed genetic erosion in the process of domestication by studying the patterns of genetic differentiation in the Mediterranean cultivars and wild olive trees from the Mediterranean basin and the Saharan mountains with nuclear microsatellite and plastid DNA. The negative values of ϕ-statistics in our work suggests the absence of genetic structure considering all the groups. This led us to infer that the loss of some less frequent genets present in ancient trees was completely random and, over a certain time frame, more similar to a normal stochastic process of drift (of genets but not alleles) and not a sort of genetic bottleneck. In this way, a pair of genets belonging to the same germplasm or age group is not genetically more similar than a pair of genets belonging to the other germplasm or age group.

However, it is important to mention that estimating the age of live olive trees represented a very challenging task. According to Lavee (1996), the inner and oldest part of olive tree wood decays in older trees, being impossible to identify the center of origin and, therefore, the exact dating of ancient trees. Moreover, many independent trunks can replace the original single tree trunk, and different factors may affect plant growth and wood decay, which may result in different growth speeds and distort interpretations of tree age by its annual rings (Ninot et al., 2018). Nevertheless, several studies pointed out the importance of algorithms based on trunk size to estimate age of olive trees (Michelakis, 2002; Díez et al., 2011; Arnan et al., 2012). In this sense, although the methodology for age classification used in this study was not the most accurate (the age of the sampled trees was roughly calculated based on the trunk diameter and an extrapolation based on a theoretical annual growth rate), it allowed to group and order our samples based on their average age, although with a possible over-estimation of the tree age.

The identified genetic erosion highlights the need to recover the lost diversity at the more recently established orchards. In fact, isolated ancient trees showed a higher clonal richness compared to orchard trees. Therefore, the inclusion of ancient private genets in breeding programs, broadening the programs' genetic basis is a key aspect, since these ancient genets might have interesting traits for survival adaptation due to their longevity (Baldoni et al., 2006; Ninot et al., 2018). Consequently, investing in the protection of these resources in situ in particular regions presenting higher diversity could be a way to recover from this genetic erosion.

In a breeding program context, the ‘Galega vulgar’ variety seems to hold considerable potential for selection in view of its morphological diversity (measured here by the diversity in size and shape of endocarps). Indeed, according to Belaj et al. (2012), the WOGB representative sample of ‘Galega vulgar’ (belonging to the most frequent genet identified in this study) is a mixture between the West and Central Mediterranean genetic clusters, deduced from its intermediate position on a multivariate analysis based on molecular and agronomic traits, and where interesting novel combinations of traits might be found.

The morphological diversity with the simultaneous consideration of rounded to acute endocarp shapes and medium to small endocarp weights in the ‘Galega vulgar’ variety could be a sign of an ongoing domestication process or the effect of a long-term clonal propagation process. According to Fuller (2018), in the domestication process of olive trees, fruits and seeds tend to be larger with more pointed (acute to acuminate) ends in cultivated forms, in comparison with wild forms. In our findings, the endocarp profile with higher related wild traits (rounded shape and smaller weight, endocarp profile 2) revealed higher clonal richness, private clonal richness, and genetic diversity, supporting a potential loss of genetic diversity over time. Nevertheless, it is also known that olive varieties are typically clonal propagated, and this technique decreases the number of generations between the varieties and their wild ancestors, and, consequently, the differences between them (McKey et al., 2010; Miller and Gross, 2011). Additionally, clonal propagation facilitates the existence of overlapping generations, which also contributes to this small differentiation (Díez et al., 2016). Corroborating this hypothesis, the ‘Galega vulgar’ from WOGB in the work of Díez et al. (2015), analyzing a data set of wild and cultivated olive trees with SSRs to estimate its most probable demographic model, belongs to a Central cluster that shows signs of a mixture between cultivated and wild olives. So, it is possible that ‘Galega vulgar’ still holds undomesticated forms, which might be beneficial for the selection of interesting phenotypes [such as resistant traits studied by Jiménez-Fernández et al. (2016) and Palomares-Rius et al. (2019) in wild olive trees] in breeding programs. As shown in Lazović et al. (2018), several east Adriatic olive tree varieties revealed many differences in their intra-varietal diversity. It seems that the intra-variability of a certain variety depends on many different factors including a range of contingent historical events. Therefore, the intra-variability findings of this study are specific to the ‘Galega vulgar’ variety. What became clear from our study was that what is important is to have reliable measures to quantify intra-varietal diversity, checked in a sample of adequate size, to allow a proper comparison of the results with other diverse olive tree varieties.



CONCLUSIONS

This study allowed us to track, for an eventual recovery, the genetic diversity still existing in Portugal but that might already be lost in the present ‘Galega vulgar’ orchards and unraveled the ancestral origin of this variety. The inclusion of the ancient private genets (which might have interesting traits for survival adaptation) in breeding programs will broaden their present genetic basis. Moreover, investment should be made in the protection of these resources in situ in regions with the highest diversity, and eventually ex situ, which might allow genetic studies under the same environmental conditions. As far as we know, this was the most representative study made so far in Portugal regarding the ‘Galega vulgar’ diversity and is a conscious first effort to efficiently preserve and use this national high-quality genetic resource. Moreover, this approach has the potential to be replicated in other diverse varieties, either due to their intermediate nature between different gene pools or due to the presence of a mixture of cultivated and wild traits, as is the case of ‘Galega vulgar’. Thus, it will be possible to accurately access and counteract the risk of further genetic erosion of these varieties, toward their efficient use in breeding programs.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found at: https://figshare.com/, doi: 10.6084/m9.figshare.12666446.



AUTHOR CONTRIBUTIONS

HS performed the prospection of the individual trees, morphological endocarp characterization, DNA isolation, the SSR genotyping, participated in the analysis of the molecular data, and drafted the manuscript. ZS performed the statistical analysis of the molecular data, and critically participated in the manuscript revision. MLA participate in the analysis of the molecular data and revised the manuscript critically. PF was involved in the prospection phase of this study and revised the manuscript critically. JN revised the manuscript critically. MCVP designed and coordinated the study and participated in the drafting and revising of the manuscript. All authors read and approved the final manuscript.



FUNDING

This work was supported by Conservação e Melhoramento Genético Vegetal da Oliveira Program PDR2020-7.8.4-FEADER-042744, 3i Bioeconomy project POCI-01-0246-FEDER-026758, funded by Fundo Europeu de Desenvolvimento Regional (FEDER), under Programa Operacional Temático Competitividade e Internacionalização–COMPETE 2020, FCT (Fundação para a Ciência e a Tecnologia), MCTES (Ministério da Ciência, Tecnologia e Ensino Superior), and the Association BLC3 through the PhD grant [SFRH/BDE/102401/2014], the R&D Unit, UIDB/04551/2020 (GREEN-IT–Bioresources for Sustainability), the Center Bio R&D Unit (UID/ 05083/2020), and by the project KK.01.1.1.01.0005 Biodiversity and Molecular Plant Breeding, Center of Excellence for Biodiversity and Molecular Plant Breeding (CoE CroP-BioDiv), Zagreb, Croatia.



ACKNOWLEDGMENTS

We would like to thank Angjelina Belaj from Instituto de Investigación y Formación Agraria, Pesquera, Alimentaria y de la Producción Ecológica (IFAPA) in Córdoba, Spain for providing the representative DNA samples and respective molecular data of Galega vulgar, Arbequina and Picual from the World Olive Germplasm Bank. We would also like to thank all the farmers and Portuguese municipalities that were involved in the prospection and selection of the Galega vulgar individuals used on this work, as well as João Brito, English language revisor, for the editing and proofreading.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.688214/full#supplementary-material

Supplementary Figure 1. Endocarp profile membership of the 95 distinct genets of ‘Galega vulgar’ and correlation analysis between both variables.

Supplementary Figure 2. Endocarp profile membership of the ancient genets of ‘Galega vulgar’ and correlation analysis between both variables.

Supplementary Figure 3. Correlation between the net divergence of 95 ‘Galega vulgar’ genets and their genet size (number of ramets) (logarithmic scale).

Supplementary Figure 4. Correlation between the number of different alleles of 94 ‘Galega vulgar’ genets in comparison to the most frequent genet (C001) and their net divergence.

Supplementary Figure 5. Correlation between the number of different alleles of 94 ‘Galega vulgar’ genets in comparison to the most frequent genet (C001) and their genet size (number of ramets) (logarithmic scale).

Supplementary Table 1. Passport information of the 595 ‘Galega vulgar’ genotypes prospected and evaluated in this study, their endocarp profile and calculated age in years (according to Michelakis, 2002; Koniditsiotis, 2020).

Supplementary Table 2. Agroecological information of the ten geographical districts under study (data collected in the first year of the prospection).



FOOTNOTES

1Available online at: https://www.internationaloliveoil.org/what-we-do/economic-affairs-promotion-unit/#figures.

2Available online at: https://www.gpp.pt/index.php/estatisticas-economicas-e-comercio-internacional/indicadores-do-complexo-agroalimentar-e-florestal.

3Available online at: https://cpvo.europa.eu/en/applications-and-examinations/technical-examinations/technical-protocols/cpvo-technical-protocols?t=olive&field_crop_sector_tid=All.



REFERENCES

 Arias-Calderón, R., Carvalho, M. T., and Cordeiro, A. (2017). A importância dos progenitores no programa de melhoramento da oliveira por hibridação. Olivicultura 6–9.

 Arnan, X., López, B. C., Martínez-Vilalta, J., Estorach, M., and Poyatos, R. (2012). The age of monumental olive trees (Olea europaea) in northeastern Spain. Dendrochronologia 30, 11–14. doi: 10.1016/j.dendro.2011.02.002

 Arnaud-Haond, S., and Belkhir, K. (2007). GENCLONE: A computer program to analyse genotypic data, test for clonality and describe spatial clonal organization. Mol. Ecol. Notes 7, 15–17. doi: 10.1111/j.1471-8286.2006.01522.x

 Arnaud-Haond, S., Duarte, C. M., Alberto, F., and Serrão, E. A. (2007). Standardizing methods to address clonality in population studies. Mol. Ecol. 16, 5115–5139. doi: 10.1111/j.1365-294X.2007.03535.x

 Atienza, S. G., De la Rosa, R., Domínguez-García, M. C., Martín, A., Kilian, A., and Belaj, A. (2013). Use of DArT markers as a means of better management of the diversity of olive cultivars. Food Res Int. 54, 2045–2053. doi: 10.1016/j.foodres.2013.08.015

 Baali-Cherif, D., and Besnard, G. (2005). High genetic diversity and clonal growth in relict populations of Olea europaea subsp. laperrinei (Oleaceae) from Hoggar, Algeria. Ann. Bot. 96, 823–830. doi: 10.1093/aob/mci232

 Baldoni, L., and Belaj, A. (2009). “Olive”, in Oil Crops, Handbook of Plant Breeding 4, eds J. Vollmann, I. Rajcan (New York, NY: Springer New York), 397–421. doi: 10.1007/978-0-387-77594-4_13

 Baldoni, L., Cultrera, N. G., Mariotti, R., Ricciolini, C., Arcioni, S., Vendramin, G. G., et al. (2009). A consensus list of microsatellite markers for olive genotyping. Mol. Breed. 24, 213–231. doi: 10.1007/s11032-009-9285-8

 Baldoni, L., Tosti, N., Ricciolini, C., Belaj, A., Arcioni, S., Pannelli, G., et al. (2006). Genetic structure of wild and cultivated olives in the central Mediterranean Basin. Ann. Bot. 98, 935–942. doi: 10.1093/aob/mcl178

 Barazani, O., Westberg, E., Hanin, N., Dag, A., Kerem, Z., Tugendhaft, Y., et al. (2014). A comparative analysis of genetic variation in rootstocks and scions of old olive trees - a window into the history of olive cultivation practices and past genetic variation. BMC Plant Biol. 14:146. doi: 10.1186/1471-2229-14-146

 Belaj, A., Cipriani, G., Testolin, R., Rallo, L., and Trujillo, I. (2004). Characterization and identification of the main Spanish and Italian olive cultivars by simple-sequence-repeat markers. HortScience 39, 1557–1561. doi: 10.21273/HORTSCI.39.7.1557

 Belaj, A., Dominguez-García, M. C., Atienza, S. G., Urdíroz, N. M., De la Rosa, R., Šatović, Z., et al. (2012). Developing a core collection of olive (Olea europaea L.) based on molecular markers (DArTs, SSRs, SNPs) and agronomic traits. Tree Genet. Genomes 8, 365–378. doi: 10.1007/s11295-011-0447-6

 Belaj, A., Muñoz-Diez, C., Baldoni, L., Šatović, Z., and Barranco, D. (2010). Genetic diversity and relationships of wild and cultivated olives at regional level in Spain. Sci. Hortic. 124, 323–330. doi: 10.1016/j.scienta.2010.01.010

 Belaj, A., Šatović, Z., Cipriani, G., Baldoni, L., Testolin, R., Rallo, L., et al. (2003). Comparative study of the discriminating capacity of RAPD, AFLP and SSR markers and of their effectiveness in establishing genetic relationships in olive. Theor. Appl. Genet. 107, 736–744. doi: 10.1007/s00122-003-1301-5

 Besnard, G. (2016). “Origin and Domestication”, in Olive Tree Genome, Compendium of Plant Genomes, eds E. Rugini, L. Baldoni, R. Muleo, L. Sebastiani (Cham: Springer), 1–12. doi: 10.1007/978-3-319-48887-5_1

 Besnard, G., El Bakkali, A., Haouane, H., Baali-Cherif, D., Moukhli, A., and Khadari, B. (2013a). Population genetics of mediterranean and saharan olives: geographic patterns of differentiation and evidence for early generations of admixture. Ann. Bot. 112, 1293–1302. doi: 10.1093/aob/mct196

 Besnard, G., Khadari, B., Navascués, M., Fernández-Mazuecos, M., El Bakkali, A., Arrigo, N., et al. (2013b). The complex history of the olive tree: From late quaternary diversification of mediterranean lineages to primary domestication in the northern Levant. Proc. R. Soc. B Biol. Sci. 280. doi: 10.1098/rspb.2012.2833

 Besnard, G., Terral, J.-F., and Cornille, A. (2018). On the origins and domestication of the olive: a review and perspectives. Ann. Bot. 121, 385–403. doi: 10.1093/aob/mcx145

 Botstein, D., White, R. L., Skolnick, M., and Davis, R. W. (1980). Construction of a genetic linkage map in man using restriction fragment length polymorphisms. Am. J. Hum. Gen. 32, 314–331.

 Bowcock, A. M., Ruiz-Linares, A., Tomfohrde, J., Minch, E., Kidd, J. R., and Cavalli-Sforza, L. L. (1994). High resolution of human evolutionary trees with polymorphic microsatellites. Nature 368, 455–457. doi: 10.1038/368455a0

 Bracci, T., Sebastiani, L., Busconi, M., Fogher, C., Belaj, A., and Trujillo, I. (2009). SSR markers reveal the uniqueness of olive cultivars from the Italian region of Liguria. Sci. Hortic. 122, 209–215. doi: 10.1016/j.scienta.2009.04.010

 Breton, C., Tersac, M., and Bervillé, A. (2006). Genetic diversity and gene flow between the wild olive (oleaster, Olea europaea L.) and the olive: several plio-pleistocene refuge zones in the Mediterranean basin suggested by simple sequence repeats analysis. J Biogeogr. 33, 1916–1928. doi: 10.1111/j.1365-2699.2006.01544.x

 Breton, C. M., Warnock, P., and Bervillé, A. J. (2012). “Origin and History of the Olive”, in Olive Germplasm - The Olive Cultivation, Table Olive and Olive Oil Industry in Italy, ed I. Muzzalupo (Rijeka: InTech), 03–22.

 Brown, A. H. D., and Hodgkin, T. (2015). “Indicators of genetic diversity, genetic erosion, and genetic vulnerability for plant genetic resources”, in Genetic Diversity and Erosion in Plants, ed M. Ahuja, S. Jain (Cham: Springer), 25–53. doi: 10.1007/978-3-319-25637-5_2

 Cordeiro, A. I., Sanchez-Sevilla, J. F., Alvarez-Tinaut, M. C., and Gomez-Jimenez, M. C. (2008). Genetic diversity assessment in Portugal accessions of Olea europaea by RAPD markers. Biol. Plant 52, 642–647. doi: 10.1007/s10535-008-0125-1

 Cordeiro, A. M., Calado, M. L., Morais, N., Miranda, A., and Carvalho, M. T. (2010). Galega vulgar. Vida Rural 1765:17. Available online at: https://www.drapc.gov.pt/base/documentos/018_variedades_oliveira_galega_vulgar_nov10.pdf

 Cordeiro, A. M., Inês, C., and Morais, N. (2014). “Aspetos gerais da cultura da oliveira: principais cultivares de oliveira existentes em Portugal”, in Boas Práticas No Olival e No Lagar, ed INIAV, Instituto Nacional de Investigação Agrária e Veterinária IP (Lisboa: SIG- Sociedade Industrial Gráfica), 37–54.

 Dervishi, A., Jakše, J., Ismaili, H., Javornik, B., and Štajner, N. (2021). Genetic structure and core collection of olive germplasm from Albania revealed by microsatellite markers. Genes 12:256. doi: 10.3390/genes12020256

 di Rienzo, V. D., Sion, S., Taranto, F., D'Agostino, N., Montemurro, C., Fanelli, V., et al. (2018). Genetic flow among olive populations within the mediterranean basin. Peer J. 6:e5260. doi: 10.7717/peerj.5260

 Díaz, A., De La Rosa, R., Martín, A., and Rallo, P. (2006). Development, characterization and inheritance of new microsatellites in olive (Olea europaea L.) and evaluation of their usefulness in cultivar identification and genetic relationship studies. Tree Genet. Genomes 2, 165–175. doi: 10.1007/s11295-006-0041-5

 Díez, C. M., Moral, J., Barranco, D., and Rallo, L. (2016). “Genetic diversity and conservation of olive genetic resources”, in Genetic Diversity and Erosion in Plants, ed M. Ahuja, S. Jain (Cham: Springer), 337–356. doi: 10.1007/978-3-319-25954-3_10

 Díez, C. M., Trujillo, I., Barrio, E., Belaj, A., Barranco, D., and Rallo, L. (2011). Centennial olive trees as a reservoir of genetic diversity. Ann. Bot. 108, 797–807. doi: 10.1093/aob/mcr194

 Díez, C. M., Trujillo, I., Martinez-Urdiroz, N., Barranco, D., Rallo, L., Marfil, P., et al. (2015). Olive domestication and diversification in the mediterranean basin. New Phytol. 206, 436–447. doi: 10.1111/nph.13181

 Dorken, M. E., and Eckert, C. G. (2001). Severely reduced sexual reproduction in northern populations of a clonal plant, Decodon verticillatus (Lythraceae). J. Ecol. 89, 339–350. doi: 10.1046/j.1365-2745.2001.00558.x

 Doyle, J. J., and Doyle, J. L. (1987). A rapid DNA isolation procedure for small quantities of fresh leaf tissue. Phytochem Bull. 19, 11–15.

 El Bakkali, A., Essalouh, L., Tollon, C., Rivallan, R., Mournet, P., Moukhli, A., et al. (2019). Characterization of worldwide olive germplasm banks of Marrakech (Morocco) and Córdoba (Spain): towards management and use of olive germplasm in breeding programs. PLoS ONE 14:e0223716. doi: 10.1371/journal.pone.0223716

 El Mousadik, A., and Petit, R. J. (1996). High level of genetic differentiation for allelic richness among populations of the argan tree [Argania spinosa (L.) skeels] endemic to morocco. Theor. Appl. Genet. 92, 832–839. doi: 10.1007/BF00221895

 Ercisli, S., Ipek, A., and Barut, E. (2011). SSR marker-based DNA fingerprinting and cultivar identification of olives (Olea europaea). Biochem. Genet. 49, 555–561. doi: 10.1007/s10528-011-9430-z

 Erre, P., Chessa, I., Muñoz-Diez, C., Belaj, A., Rallo, L., and Trujillo, I. (2010). Genetic diversity and relationships between wild and cultivated olives (Olea europaea L.) in Sardinia as assessed by SSR markers. Genet. Resour. Crop Evol. 57, 41–54. doi: 10.1007/s10722-009-9449-8

 Excoffier, L., Laval, G., and Schneider, S. (2005). Arlequin (version 3.0): An integrated software package for population genetics data analysis. Evol. Bioinform. Online 1, 47-50. doi: 10.1177/117693430500100003

 Excoffier, L., Smouse, P. E., and Quattro, J. M. (1992). Analysis of molecular variance inferred from metric distances among DNA haplotypes: application to human mitochondrial DNA restriction data. Genetics 131, 479–491. doi: 10.1093/genetics/131.2.479

 Fager, E. W. (1972). Diversity, a sampling study. Am. Natur 106, 293–310. doi: 10.1086/282772

 Figueiredo, E., Canhoto, J., and Ribeiro, M. M. (2013). Fingerprinting and genetic diversity of Olea europaea L. ssp. europaea accessions from the cultivar Galega using RAPD markers. Sci. Hortic. 156, 24–28. doi: 10.1016/j.scienta.2013.03.011

 Fuller, D. Q. (2018). Long and attenuated: comparative trends in the domestication of tree fruits. Veg. Hist. Archaeobot. 27, 165–176. doi: 10.1007/s00334-017-0659-2

 Gemas, V. J. V., Almadanim, M. C., Tenreiro, R., Martins, A., and Fevereiro, P. (2004). Genetic diversity in the olive tree (Olea europaea L. subsp. europaea) cultivated in Portugal revealed by RAPD and ISSR markers. Genet. Resour. Crop Evol. 51, 501–511. doi: 10.1023/B:GRES.0000024152.16021.40

 Gomes, S., Martins-Lopes, P., Lima-Brito, J., Meirinhos, J., Lopes, J., Martins, A., et al. (2008). Evidence for clonal variation in ‘verdeal-transmontana’ olive using RAPD, ISSR and SSR markers. J. Hortic. Sci. Biotechnol. 83, 395–400. doi: 10.1080/14620316.2008.11512397

 Goudet, J. (2002). FSTAT. A Program for Windows to Estimate and Test Gene Diversities and Fixation Indices Version 2.9.3.

 Gouveia, J. (2002). “História da cultura olivícola e oleícola em Portugal”, in O Azeite Em Portugal, eds J. Gouveia, J. Saldanha, A. Martins, M. L. Modesto, V. Sobral (Lisboa: Edições Inapa), 81–130.

 Green, P. S. (2002). A revision of Olea L. (Oleaceae). Kew Bull. 57, 91–140. doi: 10.2307/4110824

 Hammer, K., Arrowsmith, N., and Gladis, T. (2003). Agrobiodiversity with emphasis on plant genetic resources. Naturwissenschaften 90, 241–250. doi: 10.1007/s00114-003-0433-4

 Harper, J. L. (1997). Population biology of Plants. London: Academic Press.

 Hurlbert, S. H. (1971). The nonconcept of species diversity, a critique and alternative parameters. Ecology 52, 577–586. doi: 10.2307/1934145

 Ipek, A., Barut, E., Gulen, H., and Ipek, M. (2012). Assessment of inter- and intra-cultivar variations in olive using SSR markers. Sci. Agric. 69, 327–335. doi: 10.1590/S0103-90162012000500007

 Jiménez-Fernández, D., Trapero-Casas, J. L., Landa, B. B., Navas-Cortés, J. A., Bubici, G., Cirulli, M., et al. (2016). Characterization of resistance against the olive-defoliating Verticillium dahliae pathotype in selected clones of wild olive. Plant Pathol. 65, 1279–1291. doi: 10.1111/ppa.12516

 Julca, I., Marcet-Houben, M., Cruz, F., Gómez-Garrido, J., Gaut, B. S., Díez, C. M., et al. (2020). Genomic evidence for recurrent genetic admixture during domestication mediterranean olive trees (Olea europaea). BMC Biol. 18:148. doi: 10.1186/s12915-020-00881-6

 Khadari, B., Charafi, J., Moukhli, A., and Ater, M. (2008). Substantial genetic diversity in cultivated moroccan olive despite a single major cultivar: a paradoxical situation evidenced by the use of SSR loci. Tree Genet. Genomes 4, 213–221. doi: 10.1007/s11295-007-0102-4

 Koniditsiotis, S. (2020). Registration and promotion of monumental olive trees in Greece. Adv. Soc. Sci. Res. J. 7, 107–121. doi: 10.14738/assrj.74.7977

 Lavee, S. (1996). “Biology and physiology of the olive”, in World Olive Encyclopedia, ed J. M. Blazquez (Madrid: International Olive Oil Council), 59–110.

 Lazović, B., Klepo, T., Adakalić, M., Šatović, Z., Arbeiter, A. B., Hladnik, M., et al. (2018). Intra-varietal variability and genetic relationships among the homonymic East Adriatic olive (Olea europaea L.) varieties. Sci. Hortic. 236, 175–185. doi: 10.1016/j.scienta.2018.02.053

 Leitão, F., Potes, M. F., Calado, M. L., and Almeida, F. J. (1986). Descrição de 22 varieadades de oliveira cultivadas em Portugal. Lisboa: Ministério da Agricultura, Pescas e Alimentação, Direcção Geral de Planeamento e Agricultura.

 Li, D., Long, C., Pang, X., Ning, D., Wu, T., Dong, M., et al. (2020). The newly developed genomic-SSR markers uncover the genetic characteristics and relationships of olive accessions. Peer J. 8:e8573. doi: 10.7717/peerj.8573

 Linos, A., Nikoloudakis, N., Katsiotis, A., and Hagidimitriou, M. (2014). Genetic structure of the Greek olive germplasm revealed by RAPD, ISSR and SSR markers. Sci. Hortic. 175, 33–43. doi: 10.1016/j.scienta.2014.05.034

 Liu, K., and Muse, S. V. (2005). PowerMaker: An integrated analysis environment for genetic maker analysis. Bioinformatics 21, 2128–2129. doi: 10.1093/bioinformatics/bti282

 Lopes, M. S., Mendoça, D., Sefc, K. M., Gil, F. S., and Machado, A. C. (2004). Genetic evidence of intra-cultivar variability within Iberian olive cultivars. HortScience 39, 1562–1565. doi: 10.21273/HORTSCI.39.7.1562

 Martins, A., Santos, L., Lopes, J., and Gouveia, J. (1997). La sélection des variétiés anciennes d'olivier. Galega et Cobrançosa. Olivae 66, 46–49.

 Martins-Lopes, P., Gomes, S., Lima-Brito, J., Lopes, J., and Guedes-Pinto, H. (2009). Assessment of clonal genetic variability in Olea europaea L.‘cobrançosa’by molecular markers. Sci. Hortic. 123, 82–89. doi: 10.1016/j.scienta.2009.08.001

 Maxted, N., and Guarino, L. (2006). “Genetic erosion and genetic pollution of crop wild relatives”, in Genetic Erosion and Pollution Assessment Methodologies, eds B. V. Ford-Lloyd, S. R. Dias, E. Bettencourt (Rome: Biodiversity International), 35–45.

 McKey, D., Elias, M., Pujol, M. E., and Duputié, A. (2010). The evolutionary ecology of clonally propagated domesticated plants. New Phytol. 186, 318–332. doi: 10.1111/j.1469-8137.2010.03210.x

 Michelakis, N. (2002). “Monumental olive trees in the world, Greece and Crete”, in Olive and Oil in Crete, ed N. Michelakis (Sitia: Association of Olive Municipalities of Crete), 32–43.

 Miller, A. J., and Gross, B. L. (2011). From forest to field: perennial fruit crop domestication. Am. J. Bot. 98, 1389–1414. doi: 10.3732/ajb.1000522

 Minch, E., Ruiz-Linares, A., Goldstein, D., Feldman, M., and Cavalli-Sforza, L. L. (1997). MICROSAT, a Computer Program for Calculating Various Statistics on Microsatellite Allele Data. v1.5d Edn.

 Muzzalupo, I., Chiappetta, A., Benincasa, C., and Perri, E. (2010). Intra-cultivar variability of three major olive cultivars grown in different areas of central-southern Italy and studied using microsatellite markers. Sci. Hortic. 126, 324–329. doi: 10.1016/j.scienta.2010.07.014

 Muzzalupo, I., Vendramin, G. G., and Chiappetta, A. (2014). Genetic biodiversity of Italian olives (Olea europaea) germplasm analyzed by SSR markers. Sci. World J. 2014, 1–12. doi: 10.1155/2014/296590

 Ninot, A., Howad, W., Aranzana, M. J., Senar, R., Romero, A., Mariotti, R., et al. (2018). Survey of over 4, 500 monumental olive trees preserved on-farm in the northeast Iberian Peninsula, their genotyping and characterization. Sci. Hortic. 231, 253–264. doi: 10.1016/j.scienta.2017.11.025

 Palomares-Rius, J. E., Belaj, A., León, L., De la Rosa, R., Rapoport, H. F., and Castillo, P. (2019). Evaluation of the phytopathological reaction of wild and cultivated olives as a means of finding promising new sources of genetic diversity for resistance to root-knot nematodes. Plant Dis. 103, 2559–2568. doi: 10.1094/PDIS-02-19-0322-RE

 Poljuha, D., Sladonja, B., Šetić, E., Milotić, A., Bandelj, D., Jakše, J., et al. (2008). DNA fingerprinting of olive varieties in Istria (Croatia) by microsatellite markers. Sci. Hortic. 115, 223–230. doi: 10.1016/j.scienta.2007.08.018

 R Core Team (2017). R: A Language and Environment for Statistical Computing. R Foundation for Statistical Computing. Available online at: https://www.R-project.org/

 Raymond, M., and Rousset, F. (1995). GENEPOP (Version 1.2): Population genetics software for exact tests and ecumenicism. J. Hered. 86, 248–249. doi: 10.1093/oxfordjournals.jhered.a111573

 Rohlf, F. J. (1998). NTSYSpc Version 2.0: Numerical Taxonomy and Multivariate Analysis System. Setauket, NY: Exeter Software.

 Sarri, V., Baldoni, L., Porceddu, A., Cultrera, N. G. M., Contento, A., Frediani, M., et al. (2006). Microsatellite markers are powerful tools for discriminating among olive cultivars and assigning them to geographically defined populations. Genome 49, 1606–1615. doi: 10.1139/g06-126

 SAS SAS/STAT® Software. (2011). SAS/STAT® 9.3 Procedures Guide. Cary, NC: SAS Institute Inc. doi: 10.1002/wics.131

 Schuelke, M. (2000). An economic method for the fluorescent labeling of PCR fragments. Nat. Biotechnol. 18, 233–234. doi: 10.1038/72708

 Simpson, E. H. (1949). Measurement of diversity. Nature 163:688. doi: 10.1038/163688a0

 Sion, S., Taranto, F., Montemurro, C., Mangini, G., Camposeo, S., Falco, V., et al. (2019). Genetic characterization of apulian olive germplasm as potential source in new breeding programs. Plants 8:268. doi: 10.3390/plants8080268

 Strikić, F., Liber, Z., Bandelj Mavsar, D., Cmelik, Z., Perica, S., Radunić, M., et al. (2011). Intra-cultivar diversity in the Croatian olive cultivar, “lastovka”. J. Hortic. Sci. Biotechnol. 86, 305–311. doi: 10.1080/14620316.2011.11512765

 Trujillo, I., Ojeda, M. A., Urdiroz, N. M., Potter, D., Barranco, D., Rallo, L., et al. (2014). Identification of the worldwide olive germplasm bank of córdoba (Spain) using SSR and morphological markers. Tree Genet. Genomes 10, 141–155. doi: 10.1007/s11295-013-0671-3

 Valbuena, R., Packalén, P., Martín-Fernández, S., and Maltamo, M. (2012). Diversity and equitability ordering profiles applied to study forest structure. For. Ecol. Manage. 276, 185–195. doi: 10.1016/j.foreco.2012.03.036

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Sales, Šatović, Alves, Fevereiro, Nunes and Vaz Patto. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fpls-12-688214-t007.jpg
Analysis Source of variation df Variance % Total $-statistics P@)

components variation

@ Among germplasm groups 1 -0.02 -0.68 -0.01 091
Within germplasm groups 228 281 100.68

® Among age groups 3 -003 ~125 ~0.01 097
Within age groups 260 253 101.25

© Among endocarp profiles. 3 -003 -135 ~0.01 1.00
Within endocarp profiles 276 254 101.35

() Among distriots 9 -0.06 —227 -0.02 079
Within districts 318 277 102.27

® Among tree location 1 —0.02 -096 ~0.01 093
Within tree location 218 256 100.96

(A), among and within germplasm groups (centenary vs. ancient); (B), among and within age groups (C1/A1/A2/A3); (C), among and within endocarp profiles (E1/E2/E3/E4); (D), among
and within the 10 prospected geographical districts; (E), among and within the tree location (orchard vs. isolated tree).





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Accessing Ancestral Origin and Diversity Evolution by Net Divergence of an Ongoing Domestication Mediterranean Olive Tree Variety



		Introduction



		Materials and Methods



		Plant Material



		Morphological Endocarp Characterization



		Molecular Characterization



		DNA Extraction and Microsatellites Analysis



		Microsatellite Diversity Analysis



		Identification of Genets



		Intra-Varietal Diversity Analysis













		Results



		‘Galega Vulgar’ Variety Validation



		Microsatellite Diversity in the ‘Galega Vulgar’ Variety



		‘Galega Vulgar’ Variety Genet Identification



		Number of Multi-Locus Genotypes or Genets



		Genetic Relationship Among Genets



		Genet vs. Endocarp Profile









		‘Galega Vulgar’ Intra-Varietal Diversity



		Centenary vs. Ancient Germplasm



		Endocarp Profile vs. Genetic Diversity



		Geographical Location vs. Genetic Diversity



		Putative Ancestral Origin of Genets Diversity













		Discussion



		Conclusions



		Data Availability Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		Footnotes



		References

















OPS/images/fpls-12-688214-t006.jpg
Location ng  ng Allelic diversity Clonal diversity Genetic diversity

Naw  Nor  Npra  Ne Noer  necoo  Mocoon) (%) Neicooz)  Mercooz) (%) Npe N Nopey (%) Nper R D* V. Ho He
Viseu 6 76 300 204 i 17 4.68 48 58.54 0 0.00 6 8 9.76 094 020 065 049 067 0.41
Coimbra 0 10 208 208 0 5 500 6 60.00 1 10.00 1 1 10.00 100 044 067 000 067 0.39
Castelo 9 37 267 210 1 14 524 18 39.13 " 23.91 5 5 10.87 109 029 079 066 067 0.42
Branco
Leiria 27 22 250 196 2 10 383 31 63.27 8 16.33 4 5 10.20 098 019 058 042 067 0.40
Portalegre 20 3 300 218 2 19 5.63 13 23.21 21 37.50 9 12 21.43 198 033 081 063 067 0.42
Santarém 88 81 417 209 10 37 571 63 37.28 33 19.53 19 29 17.16 162 021 081 072 066 0.42
Lisboa 28 [ 267 216 [ 12 6.01 9 32.14 4 14.29 2 2 7.14 071 041 085 067 067 0.39
Setubal 22 10 250 2.10 ) 13 5.42 17 53.13 1 3.13 4 5 15.63 147 039 072 031 066 0.41
Evora 60 38 38 218 8 29 5.84 34 34.69 24 24.49 15 17 17.35 172 029 082 068 067 0.42
Beja 0 25 225 198 2 8 429 15 60.00 1 4.00 3 3 12.00 120 029 063 033 068 0.38
P-value na n/a na 078 n/a n/a na n/a n/a n/a n/a n/a n/a n/a na n/a n/a na 079 073
Orchard 185 330 550 379 29 84 2445 222 4311 96 18.45 69 118 2291 1674 0.6 078 069 067 043
Isolated 7% 5 375 375 8 26 26.00 32 40.00 9 11.25 1 14 17.60 11.00 032 082 065 067 0.42
P-value na n/a na 091 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a na n/a n/a na 085 0.56

e, number of ancient trees; ne, number of centennial rees; Nay, average number of alleles per locus; Nar, allelc richness; Nova, number of private allefes; Ne, number of multi-locus genotypes (. distinct genotypes); Ner, clonelrichness;
nicoon, clonel size of the genet CO0T; necooeys, percentage of the samples belonging to the genet CO0T; nucona, clonal size of the genet C02; ncaayss, Percentage of the samples belonging to the genet C002; Noo, number
of private clones; neipe), total clonal size of the private clones; neppcyss), Percentage of the samples belonging to the private clones; Necr, private clonal richness; R, genotypic richness; D', Simpson's complement index; V, Simpson's
evenness index; Ho, observed heterozygosity; He, expected heterozygosity; n/a, not applicable.





OPS/images/math_1.gif





OPS/images/fpls-12-688214-t005.jpg
Parameter

E1
n 350
Allelic diversity
Nay 525
Nar 252
Nora 16
Clonal diversity
Ne 66
Ner 10.12
Negcoory 149
Neico0y) (%) 4257
Ne(co0) 66
No(coo (%) 18.86
Noe 38
Nefpe) 45
Notope) (%) 12.86
Noer 3.03
R 0.19
D 078
v 0.68
Genetic diversity
Ho 067
He 0.42

Endocarp profile

E2

59

333
2.47%

24
11.93
25
4237

1017

8

8
13.56
3.25
0.40
0.81
0.52

0.67
0.43

E3

162

4.50
2.48%
9

43
10.96
68
41.98
28
17.28
18
20
12.35
2.92
0.26
0.79
0.64

0.67
0.42

24

247
2470

7.00
12
50.00

16.67
1
3
12.50
1.00
0.26
073
0.62

0.67
0.39

P-value

na

na
0.03
na

1.00
0.07

n, total sample size; Ny, average number of aleles per locus; Ner, allelic richness; Nova,
number of private alleles; N, number of multi-locus genotypes (ie. distinct genotypes);
Ner, clonal richness; neooy, clonal size of the genet C001; ncootyss), percentage
of the samples belonging to the genet C00T; neicoay, clonal size of the genet C002;
Neicoozy), Percentage of the samples belonging to the genet C002; Ny, number of
private clones; neg, total clonal size of the private clones; Neppeyssy, Percentage of
the samples belonging to the private clones; Nocr, private clonal richness; R, genotypic
richness; D', Simpson’s complement index; V, Simpson's evenness index; Ho, observed

heterozygosity; He, expected heterozygosity; n/a, not applicabe.
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1, total sample size; Nay, average number of allles per locus; Ner, allelc richness; Npra, number of private alleles; Ne, number of multi-locus genotypes (ie. distinct genotypes); Ner,
clonal richness; necoo). clonal size of the multi-ocus genotype (genet) CO0T; neooozys, Percentage of the samples belonging to the genet C001; Ny, clonal size of the multi-locus
genotype (genet) CO02; necoozyss), percentage of the samples belonging to the genet C002; Noc, number of private clones; neey, total clonal size of the private clones; Neppeyr
percentage of the samples belonging to the private clones; Necr, private clonal richness; R, genotypic richness; D', Simpson's complement index; V, Simpson’s evenness index; Ho,

observed heterozygosity; Hg, expected heterozygosity; n/a, not applicable.
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