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Abstract

:

Due to growing concern for the genetic erosion of local varieties, four of the main corn landraces historically grown in Veneto (Italy)—Sponcio, Marano, Biancoperla and Rosso Piave—were characterized in this work. A total of 197 phenotypically representative plants collected from field populations were genotyped at 10 SSR marker loci, which were regularly distributed across the 10 genetic linkage groups and were previously characterized for high polymorphism information content (PIC), on average equal to 0.5. The population structure analysis based on this marker set revealed that 144 individuals could be assigned with strong ancestry association (>90%) to four distinct clusters, corresponding to the landraces used in this study. The remaining 53 individuals, mainly from Sponcio and Marano, showed admixed ancestry. Among all possible pairwise comparisons of individual plants, these two landraces exhibited the highest mean genetic similarity (approximately 67%), as graphically confirmed through ordination analyses based on PCoA centroids and UPGMA trees. Our findings support the hypothesis of direct gene flow between Sponcio and Marano, likely promoted by the geographical proximity of these two landraces and their overlapping cultivation areas. Conversely, consistent with its production mainly confined to the eastern area of the region, Rosso Piave scored the lowest genetic similarity (<59%) to the other three landraces and firmly grouped (with average membership of 89%) in a separate cluster, forming a molecularly distinguishable gene pool. The elite inbred B73 used as tester line scored very low estimates of genetic similarity (on average <45%) with all the landraces. Finally, although Biancoperla was represented at K = 4 by a single subgroup with individual memberships higher than 80% in almost all cases (57 of 62), when analyzed with an additional level of population structure for K = 6, it appeared to be entirely (100%) constituted by individuals with admixed ancestry. This suggests that the current population could be the result of repeated hybridization events between the two accessions currently bred in Veneto. The genetic characterization of these heritage landraces should prove very useful for monitoring and preventing further genetic erosion and genetic introgression, thus preserving their gene pools, phenotypic identities and qualitative traits for the future.
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1. Introduction


The concepts of genetic erosion and conservation of plant genetic resources are rooted in the first decade of the twentieth century. Since then, several authors have warned of the consequences of the reduction of genetic variability in crop species mainly due to the dramatic loss of traditional landraces [1,2,3]. A landrace is an ancient population of a cultivated crop plant that has become adapted to the local conditions and to the agronomic practices of farmers. Most frequently, landraces are characterized by high diversity and thus provide a valuable source for potentially useful traits and an irreplaceable bank of co-adapted genotypes [4]. In practical terms, genetic diversity allows farmers and plant breeders to adapt a crop to heterogeneous and changing environments by, for example, providing it with resistance to pests and diseases [5].



Since modern, highly productive cultivars are irreversibly replacing many traditional varieties, the first priority is to arrest this loss of genetic diversity. Over the last decade, the rediscovery of local and traditional food products in the market has strengthened interest in local varieties. A fascinating case study is represented by “polenta”, a traditional dish of the Italian cuisine, and by the four main corn landraces grown in Veneto (Italy) used for its production: Sponcio, Marano, Biancoperla and Rosso Piave. In the last few years, the demand of “polenta’ from local varieties, has shown a steady increase due to the deeper attention that consumers pay to the autochthonous, locally cultivated crops, usually grown according to low-input agronomic practices, and to their consciousness towards the current dualism existing between conventional and novel foods [6]. In 2016 the total production of maize in Italy was approximately 6.84 million tons [7], and even if the amount destined to the human consumption is very small (few percentage points), the total market value of this product is estimated in millions of euro.



Assessing the genetic diversity and genetic structure of landraces could help to limit genetic erosion as well as to conserve landraces [8]. Several studies have been performed worldwide to assess the genetic diversity of local landraces of corn using molecular markers [9,10,11,12], but as far as we know, only one has been devoted to local varieties of Italian corn [13]. The four main corn landraces grown in Veneto (Italy) and examined in this work, namely, Sponcio, Marano, Biancoperla and Rosso Piave, represent a case study.



Sponcio is an ancient corn variety grown by a consortium of 20 farmers in a small plot that covers approximately 13 hectares in the area of the Val Belluna, specifically in the towns of Feltre, Cesiomaggiore and Santa Giustina [14]. This landrace, distinguishable by its sharp kernels, seems to have been known since the sixteenth century under variants of the name, but the first concrete documentation of its existence is a nineteenth century manuscript [15]. By the 1950s, the production of Sponcio had been reduced, and it was confined to marginal areas. Thanks to a few farmers and millers, the original germplasm was carefully preserved and later used to restart the current production, according to strict sustainable and environmentally friendly regulations determining the stages of cultivation, drying, grinding and packing. The yellow flour is the main ingredient of “polenta”, one of the most typical products of the Belluno cuisine.



An article dated 1939 reports that in 1890 Antonio Fioretti, a farmer from Marano Vicentino (Veneto, Italy), crossed two local varieties, Nostranino and Pignoletto d’Oro, and called this new hybrid Marano [16]. Although Marano was particularly esteemed during the 1970s in Veneto and Friuli Venezia Giulia and widely employed to produce new hybrids (e.g., ITALO 225, ITALO 260 and ITALO 270) and pure lines (Cinquantino San Fermo and Cinquantino Bianchi), the cultivation of this local variety was progressively abandoned and replaced by more productive lines. Currently, it survives only in the area of Val Leogra, specifically in the towns of Marano Vicentino, Malo, Schio, San Vito di Leguzzano, Torrebelvicino, Valli del Pasubio, Santorso and Piovene Rocchette [17]. The “polenta maranelo”, a typical dish of this area, is produced starting from the orange flour of this landrace.



A book published at the end of seventeenth century reports that a white “sorgoturco” [dialectal word referring to corn] was widespread in Veneto at that time, and that white variety probably represents the ancestor of the current Biancoperla [18]. Several documented sources state that this landrace, which owes its name to the vitreous and pearly white color of its kernels, was widely grown (>50,000 hectares) in the eastern part of Veneto and in Friuli Venezia Giulia in the first half of the twentieth century [19]. As with the aforementioned landraces, this local variety was progressively replaced by more profitable corn varieties from the USA immediately after the Second World War. Currently, thanks to a consortium of approximately 13 member producers promoting its conservation, this variety survives on less than 50 hectares in some rural areas of Vicenza, Treviso and the northern part of Padua district. It is strongly appreciated for the production of white “polenta” [20].



Little is known about the fourth landrace, Rosso Piave. Miniscalco [19] reports that, unlike the other three local varieties, this landrace was rarely grown even in the past, since its color permanently soiled mills. Today, it is grown mainly in the Venice area in the towns of Musile di Piave, Fossalta di Piave, Noventa di Piave and San Donà di Piave. Its peculiar burgundy color, which also characterizes its “polenta”—the main derivative product of this landrace—comes from the presence of anthocyanins that have been recently recognized as compounds able to reduce the risk of myocardial infarction [21].



In this study, the genetic diversity of the four main corn landraces in Veneto was assessed by means of simple sequence repeat (SSR) markers. The assembled molecular data were used to evaluate their population genetic structure and their genetic relationships. The characterization of these old local varieties supports a more general discussion of possibilities for avoiding genetic erosion, promoting and safeguarding local populations, thereby maintaining stable seed yields, and preserving phenotype and qualitative identity.




2. Materials and Methods


2.1. Plant Material and Genomic DNA Isolation


Four different Venetian Institutes for Agricultural Research kindly donated the corn samples used in the present study. The germplasm collection conserved in each institute was originally constituted combining hundreds of kernels from as many ears selected on the basis of their morphology. Marano seeds were provided by the “N. Strampelli Institute” (Lonigo, VI, Italy), whereas Sponcio seeds were obtained from the “A. Della Lucia Institute” (Feltre, BL, Italy). The “D. Sartor Institute” (Castelfranco Veneto, TV, Italy) and Veneto Agricoltura (Legnaro, PD, Italy) supplied Biancoperla and Rosso Piave seeds, respectively.



For germination, 40 to 70 seeds of each variety were placed in Petri dishes on two layers of filter paper moistened with water. After fifteen days of incubation, a total of 197 seedlings (64 Marano, 32 Sponcio, 62 Biancoperla and 39 Rosso Piave) were collected and used for the analyses described below. The elite public inbred line B73, initially developed from the Iowa Stiff Stalk Synthetic (BSSS) populations and commonly used for the development of heterotic F1 hybrids, was chosen as reference corn germplasm accession in order to test the relatedness and distinctiveness of the four local varieties with and from modern varieties.



Then, 100 mg of fresh leaf tissue was used to isolate genomic DNA using a DNeasy plant kit (Qiagen, Valencia, CA, USA), following the procedure provided by the suppliers. Electrophoresis on an 0.8% agarose/1× TAE gel containing 1× Sybr Safe DNA stain (Life Technologies, Carlsbad, CA, USA) allowed estimation of the integrity of extracted DNA samples. The purity and quantity of DNA extracts were evaluated with a NanoDrop 2000c UV-Vis spectrophotometer (Thermo Scientific, Pittsburgh, PA, USA).




2.2. Analysis of SSR Markers


PCR amplifications were performed using the M13-tailed SSR method described by Schuelke [22], with some minor modification. Briefly, the amplification procedure is based on a three-primer system consisting of a specific SSR-targeting forward primer with a 5′-M13 tail, a specific SSR-targeting reverse primer and an M13-labelled primer (5′-TTGTAAAACGACGGCCAGT-3′). The set of 10 SSR marker loci investigated in this study was obtained from Register et al. [23] and, based on the highest Polymorphic Information Content (PIC) values, one SSR marker per linkage group was selected (Table 1).



The PCR reaction consisted of a 20 µL final volume containing 1× NH4 Reaction Buffer, 3 mM MgCl2, 1 IU of BioTAQ™ DNA polymerase (Bioline, London, UK), 0.25 mM each dNTPs, 0.25 µM tailed forward primer, 0.75 µM reverse primer, 0.5 µM M13-labelled primer (Invitrogen, Carlsbad, CA, USA), 20 ng of DNA, and dH2O up to the final volume. Amplifications were performed in a 96-well plate using a 9600 thermal cycler (Applied Biosystems, Carlsbad, CA, USA). The following thermal conditions were used: 5 min at 94 °C for the initial denaturing; 5 cycles at 94 °C for 30 s, at 62 °C for 30 s decreasing by 0.8 °C with each cycle, and at 72 °C for 45 s; and 35 cycles at 94 °C for 30 s, 58 °C for 30 s and 72 °C for 45 s. A final extension at 72 °C for 10 min terminated the reaction to fill in any protruding ends of the newly synthesized strands. Capillary electrophoresis with an ABI PRISM 3130xl Genetic Analyzer, adopting LIZ500 as molecular weight standard, was used to assess the PCR products. The size of each peak was determined using Peak Scanner software 1.0 (Applied Biosystems).




2.3. Marker Data Analysis


PIC values were calculated with PICcalc software [24] to estimate the marker allele variation in microsatellite loci in the 197 corn individuals. GenAlEX v. 6.5 [25] and POPGENE v. 1.32 [26] software were used to estimate the number of observed alleles (Na), number of effective alleles (Ne), Shannon’s information index of genetic diversity (I), observed (Ho) and expected (He) heterozygosity according to Nei [27]. The presence of private alleles in each population and the occurrence of locally common alleles, defining as “locally common” those alleles with a frequency higher than 5% in a local population and occurring in less than 25% of all populations examined [28], were also considered.



F-statistics were calculated according to Wright [29] to investigate the variance of heterozygosity in our population at different levels of population structure (i.e., individual, subpopulation and population levels). Inbreeding coefficients were computed to measure the deficiency (positive values) or excess (negative values) of heterozygotes for each assessed microsatellite marker and to assess hierarchical organization of sample individuals. Similarly, inbreeding coefficients were calculated at multilocus level in order to estimate the genetic effect of total population subdivision as proportional reduction in overall heterozygosity due to variation in SSR allele frequencies among different subpopulations [30]. Finally, gene flow (Nm) was calculated from FST.



Genetic similarity (GS) was calculated in all possible pairwise comparisons of individuals by applying the simple matching coefficient [31]. A principal coordinates analysis (PCoA) was applied to compute the first two principal components of the similarity data matrix. All analyses and calculations were conducted using NTSYS-pc v. 2.21q [31]. In addition, pairwise GS values were also used to construct a dendrogram, using the unweighted pair-group arithmetic average (UPGMA) method and PAST software v. 3.14 [32] with 1000 bootstrap repetitions.



The genetic structure of the four landraces was modeled using a Bayesian clustering algorithm implemented in STRUCTURE v. 2.2 [33]. Since no prior knowledge about the origin of the populations under study was available, the “admixture model” was used and then a “correlated allele frequencies model” was selected, because it guarantees that a previously undetected correlation will be identified, without affecting the results if no such correlation exists [34]. Ten replicate simulations were conducted for each value of K, with the number of founding groups ranging from 2 to 22, using a burn-in of 2 × 105 and a final run of 106 MCMC steps. The method described by Evanno et al. [35] was used to evaluate the most likely estimation of K. Estimates of membership were plotted as a histogram using an Excel spreadsheet.





3. Results


3.1. Descriptive Statistics of SSR Marker Loci


All SSR loci were determined to be polymorphic (Table 2). PIC values were considered to estimate the ability of each locus to discriminate among different genotypes and the selected SSR loci scored a mean PIC of 0.50, with a minimum of 0.32 (phi084) and a maximum of 0.71 (umc1075). A total of 36 marker alleles were detected across the four populations with an average number of observed alleles (Na) of 3.6, ranging from 2 (phi084, phi031 and phi016) to 6 (phi127). Moreover, the effective number of alleles (Ne) per locus varied from 1.68 (phi084) to 4.02 (umc1075), as reported in Table 2.



SSR loci were highly polymorphic within each landrace, except for phi084, which was monomorphic in the Marano landrace for a 177 bp marker allele. The same allele was also the most common one overall, being detected in 141 out 197 samples (71.68%, Supplementary Data S1). Six alleles of the 36 were private to single populations. Specifically, Sponcio showed two private alleles, one at the phi057 locus and one at the phi056 locus, while Rosso Piave showed four different allelic variants never detected in the other landraces, three at the phi127 locus and one at the phi024 locus (Supplementary Data S1).



Over all SSR loci, the observed (Ho) and expected (He) heterozygosity estimates were, on average, equal to 0.43 ± 0.12 and 0.58 ± 0.12, respectively (Table 2). The same parameters calculated within each landrace were, on average, equal to 0.43 ± 0.04 and 0.48 ± 0.04, respectively (Table 2). The Shannon’s index (I) was used to characterize population diversity and it was found to be, on average, equal to 0.97 ± 0.30 over all loci and 0.80 ± 0.09 within landraces. The inbreeding coefficient (FIS) had an average value of 0.08 ± 0.04 for SSR loci. Finally, FIT and FST were both positive and, on average, equal to 0.25 ± 0.03 and 0.18 ± 0.03, respectively, while the gene flow (Nm) was equal to 1.62 ± 0.40.



The same F-statistics were then applied to each landrace to assess the genetic effects of total population subdivision as proportional reduction in overall heterozygosity due to variation in SSR allele frequencies among landraces (Table 2). Overall, Wright’s inbreeding coefficients FIS and FIT scored positive values, revealing a general deficiency of heterozygotes across individual accessions and landraces. As displayed in Table 2, reduction of heterozygosity was marked for the two landraces Rosso Piave (FIS = 0.16) and Biancoperla (FIS = 0.15), whereas it was minimal for the two landraces Sponcio (FIS = 0.06) and Marano (FIS = 0.02). Interestingly, the variation observed in our estimates of FIT was much lower, as this parameter was on average equal to 0.25, ranging from 0.21 (Sponcio and Marano) to 0.35 (Biancoperla). As displayed in Table 2, FST was, on average, equal to 0.17, ranging from 0.08 (Rosso Piave) to 0.24 (Biancoperla, Table 2). Altogether, these data suggest that the proportion of genetic variation found among landraces was relatively low (17% on average) and to some extent variable across landraces (8% to 24%).




3.2. Genetic Diversity and Cluster Analysis


Within the genetic similarity (GS) matrix calculated for all possible pairwise comparisons among the 197 individuals’ DNA genotypes, Rohlf’s index ranged from 0.29 (between MAR_128 and RSM_25) to 0.97 (between MAR_129 and SPO_32). When calculated within each landrace, this index varied, on average, from 0.70 (±0.11) within the Rosso Piave population to 0.78 (±0.08) within the Biancoperla population. In pairwise comparisons between landraces, Marano and Biancoperla populations showed the lowest average value (0.59 ± 0.07), while Marano and Sponcio populations exhibited the highest one (0.67 ± 0.08, Supplementary Data S1).



Principal coordinate analysis (PCoA) showed that most of the individual DNA samples were clustered into four major subgroups (Figure 1).



The first principal coordinate accounted for 14.7% of the total variation and clearly separated Marano from Biancoperla, whereas the second principal coordinate accounted for 7.4% of the total variation and separated Sponcio from Rosso Piave. Biancoperla and Rosso Piave were firmly grouped in two distinct clusters and only few individuals, namely, RSM_5, RSM_12, RSM_15, RSM_25 and RSM_26, were partially separated from the rest of their landrace. This finding is also supported by low mean genetic similarity values (always lower than 69.0%) calculated through pairwise comparisons between these five samples and the Rosso Piave collection as a whole. The PCoA analysis further underlines the existence of some overlaps between the Marano and Sponcio clusters, a scenario that is mirrored by the high mean similarity value (67.2%) calculated at all loci between these two populations.



The UPGMA tree revealed a marked genetic differentiation of the four local varieties. Using this analysis, it was possible to distinguish three main clusters of individuals that were firmly supported by a bootstrap value of 100% (Figure 2). The inbred line B73 was grouped separately from all individuals representing the four Venetian landraces (data not shown). In particular, genetic similarity estimates of the inbred line B73 with respect to all individual genotypes, measured in all possible pairwise combinations, were much lower than the average values computed among individuals either within landraces (ranging from 0.70 to 0.78) or between landraces (varying from 0.59 to 0.67). As a matter of fact, the mean genetic similarity of this inbred line used as tester with each of the four landraces was equal to 0.43 ± 0.04 (with Marano), 0.44 ± 0.05 (with Rosso Piave) and 0.45 ± 0.06 (with both Sponcio and Biancoperla).



The largest group consisted of two subgroups with bootstrap support of 76%, one including approximately 50% of the Sponcio population and the other one including the Marano population and the remaining Sponcio individuals. The second cluster included the entire Biancoperla population, which further split into two subgroups (bootstrap support of 52%). Finally, the third group represented most of the Rosso Piave individuals.




3.3. Genetic Structure Analysis


STRUCTURE v2.2 [33] was used to investigate the genetic structure of the corn core collection. Following the procedure of Evanno et al. [35], a clear maximum for ΔK value at K = 4 was found (ΔK = 548.79, Figure 3).



Since the ancestral population size K = 4 also corresponds to the number of local varieties used in this study, it was considered the best estimate of the current population structure (Figure 4, panel a). The 197 corn samples were grouped into four genetically distinct clusters. In this graphical representation, each genotype is plotted as a vertical histogram divided into K = 4 colored segments representing the estimated membership in each hypothesized ancestral genotype. The clustering of genotypes revealed that 144 of 197 samples showed strong ancestry association (>90%). Almost all individuals from Biancoperla (94%) and Rosso Piave (90%) showed an individual membership to their respective founding groups higher than 80% while most of the admixed genotypes (<80% membership to a single ancestral genotype) were from Sponcio and Marano. Specifically, these two landraces included a substantial number of genotypes with admixed ancestry, namely, 11 genotypes for the variety from Val Belluna (32%) and 9 for the one from Marano Vicentino (15%). Most of the admixed genotypes (Figure 4, panel a) originated in the overlapping region between these two clusters in the PCoA analysis (Figure 1, MAR_5, MAR_11, MAR_29, MAR_59, SPO_27, SPO_32, SPO_39, SPO_49 and SPO_58, SPO_59).



The second largest ΔK, at K = 6 (ΔK = 58.58, Figure 3), revealed an additional level of population structure and allowed the clustering of all investigated genotypes into six additional subgroups. In this interpretative framework, all the Marano samples and most of the Sponcio population (91%) were organized into three main clusters. The first one included 21 individuals from Sponcio (membership > 50%), a second one grouped 39 Marano genotypes (membership > 50%) and a third cluster comprised most of the Sponcio and Marano samples that showed admixed ancestry at K = 4 (Figure 4, panel b). As already found for K = 4, Rosso Piave continued to cluster apart, but all the individuals belonging to the Biancoperla landrace showed admixed ancestry from two different clusters (Figure 4, panel b).





4. Discussion


The Sponcio, Marano, Biancoperla and, to a lesser extent, Rosso Piave landraces of corn were abundantly grown in the past and characterized the Veneto region (Italy) for centuries, as reported by several documents [15,16,19]. Nevertheless, since the twentieth century, they have been progressively abandoned and replaced by more productive lines. Currently, they survive only in a few hectares, and extinction is becoming a real threat. To the best of our knowledge, this work represents the first attempt to describe the genetic diversity and structure of these four varieties.



For the purposes of this analysis, 10 microsatellite markers equally distributed into 10 linkage groups (see Table 1) were chosen from Register et al. [23] on the basis of their high PIC. The PIC values calculated for this SSR marker dataset (see Table 2) were slightly lower than those reported by Register et al. [23], probably because in the original work PIC values were obtained from an analysis of over 500 genotypes largely representative of the whole North American germplasm. Moreover, we cannot exclude that the different methods adopted to run and screen PCR products could have influenced the detection of allelic variants. According to Botstein et al. [36], five of the selected SSR markers (phi024, phi076, phi057, phi073 and umc1075) would be considered highly informative (PIC > 0.5), while the other loci would be considered informative (0.25 < PIC < 0.5, see Table 2). Interestingly, there was no direct correlation between population size and number of observed alleles (Na) or number of effective alleles (Ne). In fact, the two populations numerically less represented, Sponcio (N = 32) and Rosso Piave (N = 39), showed the highest Na (Na = 3.00 and Na = 3.30, respectively) and Ne values (Ne = 2.09 and Ne = 2.30, respectively). The number of effective alleles in a population is estimated from the gene diversity (i.e., Ne = 1/(1 − He)), and denotes the number of equally frequent alleles necessary to achieve a given level of gene diversity. The finding that the number of effective alleles indirectly correlates with the size of the assessed populations is consistent with a reduction of gene diversity within these populations (see Figure 1). Furthermore, the observation that the difference between the number of observed alleles (Na) and number of effective alleles (Ne) is higher in Sponcio and Rosso Piave could indicate the presence of several low-frequency alleles in these landraces. Roughly speaking, without considering allele frequencies at this level of interpretation, a high number of observed alleles theoretically produces many genetically possible genotypes and, thus, high genetic diversity within the population. Accordingly, we observed that mean percentages of genetic similarity scored within Rosso Piave (69.98%) and Sponcio (74.71%) were lower than those calculated within Marano and Biancoperla (75.40% and 78.12%, respectively). Of the 36 alleles, six appeared to be private to specific populations (Sponcio and Rosso Piave). SSR private alleles are recognized as an efficient food traceability tool since they can be assigned unambiguously to a specific variety. Recently, a molecular system entirely based on private alleles was developed by Palumbo et al. [37] in order to verify the genetic authenticity of food products deriving from an Italian barley landrace. Unfortunately, all six private alleles observed in this study were present at very low frequencies (<0.05%), so they could not be used, even in combination, for the same purpose. The large number of polymorphisms and the presence of both rare allele and alleles unshared with the inbred B73, potentially confirm that these four landraces could represent a valuable source of genetic variants and unique germplasm traits [13].



The fact that the overall mean observed heterozygosity (Ho = 0.43 ± 0.12) for all loci was lower than expected (He = 0.58 ± 0.12) suggests an excess of homozygosity in the core collection. This is further supported by the positive values of the individual inbreeding coefficients (Fis = 0.08 ± 0.04 and Fit = 0.25 ± 0.03, Table 2). The observed heterozygosity calculated within the four landraces was, on average, equal to 0.43 (±0.04), consistent with the allogamous reproductive system of corn and with that reported in other works focused on corn landraces [11,12]. As found in the only other Italian work available on corn landraces [13], a deficiency of heterozygotes was observed for each local variety.



We are confident that the deficiency of heterozygosity is not correlated with the size of the assessed populations: the lowest value (Ho = 0.37 ± 0.20) was recorded for Biancoperla, one of the two most numerically represented landraces (N = 62) and vice versa the smallest group (Sponcio, N = 32) showed the highest value (Ho = 0.47 ± 0.15). Moreover, we rule out the possibility that the cause of low levels of heterozygosis is ascribable to the limited number of plants from which the seeds sampled and analyzed in this study were originally selected by the institutes. In fact, germplasm collections were constituted combining hundreds of kernel corns from as many ears, carefully avoiding seeds from the same plant and ear. More likely, the repeated crosses of genetically similar individuals played a crucial role in the homozygosity excess showed by the loci investigated [38]. This could be the case when farmers select, every year, very small seed stocks based on an “ear ideotype”, applying a strong selective pressure [13]. More in details, the traditional selection carried out annually by farmers is oriented to maintain (i) the distinctive morphological traits of the landrace, (ii) the peculiar qualitative characteristics of kernels used for “polenta”, and (iii) the level of distinctiveness even when the pollen source is not controlled [6]. Biancoperla also scored the highest mean value of similarity (78.12%), providing a reasonable connection between the low level of heterozygosity and high genetic similarity calculated within each local variety.



Overall, Wright’s inbreeding coefficients FIS and FIT scored positive values, confirming a general deficiency of heterozygotes across individual accessions and landraces. Based on our marker set, the reduction of heterozygosity was higher for the two landraces Rosso Piave and Biancoperla, while it was relatively low for the two landraces Sponcio and Marano. Interestingly, FIT estimates did not mirror the variation observed for FIS, as the four cultivars displayed very similar values for this parameter. Estimates of FST varied considerably among the four landraces, indicating unbalanced contributions of the investigated populations to the total assayed genetic variation. Accordingly, our estimates of inbreeding coefficients suggest that these landraces are characterized by a relatively low degree of genetic differentiation, with approximately 17% of the genetic variation found among landraces (average FST = 0.17) and approximately 83% of the total genetic variation expressed within landraces.



Based on a pairwise comparison among varieties, Sponcio and Marano landraces exhibited the highest mean genetic similarity estimates (on average, 67.23%), as graphically confirmed through ordination analyses based on the definition of PCoA centroids (see Figure 1) and construction of the UPGMA tree (see Figure 2). Our findings support the hypothesis of marked gene flow between these two landraces, which could have been promoted by their geographical proximity and recently overlapping cultivation areas as a clear-cut distribution in the Veneto region has been progressively lost. To further corroborate this hypothesis, Marano and Sponcio revealed genetically differentiated populations for K = 4 (see Figure 4, panel a) and subpopulations grouping individuals with admixed ancestry for K = 6 (see Figure 4, panel b). Further analysis will be needed, and combining genetic data with phenotypic observations will help determine whether genotypes with admixed ancestry (K = 4) also share the morphological characteristics of both landraces. As already reported in [10], the inbred line B73 showed very low average estimates of genetic similarity (<45%) with all the landrace populations.



Rosso Piave, whose production is mainly confined to the extreme east of the Veneto region, was the landrace showing the lowest mean genetic similarity values in pairwise comparisons with the other three landraces. Consistent with these results, this landrace grouped in a cluster apart from the other landraces for both K = 4 and K = 6 (see Figure 4).



Although for K = 4 Biancoperla was represented by a unique group with individual memberships almost always (57 of 62 samples) higher than 80% (see Figure 4, panel a), the clustering of individuals for K = 6 revealed that this variety was totally (100%) constituted by admixed individuals and each individual showed a variable percentage of membership to both clusters (see Figure 4, panel b). Since two main accessions of Biancoperla are currently bred in Veneto (ITA0340323 and ITA0340324), which differ in plant size, spike length and kernel color [39], based on STRUCTURE results, we speculate that the current Biancoperla population could be the result of repeated events of hybridization and/or introgression between these two accessions.



Conservation of the genetic resources in the agro-ecosystem in which they have evolved (in situ conservation) is now being more widely considered as complementary to strategies based on gene banks (ex situ conservation, [6]). By taking advantage of the molecular markers and population genetics data here presented, an attempt to increase the genetic purity and to improve the genetic stability of these very old landraces could be made. For each population, only individuals characterized by the highest within-population genetic similarity and ancestry estimates could be maintained and multiplied by open pollination in isolated fields in order to yield farmer’s seed stocks.
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Figure 1. Two-dimensional centroids derived from genetic similarity estimates computed among the 197 accessions in all possible pairwise comparisons using the SSR marker data set. Only the names of those genotypes with unclear membership to one of the four subgroups are reported. 
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Figure 2. Constrained UPGMA tree of genetic similarity estimates computed among pairwise comparisons of corn accessions using the SSR marker data set, with nodes supported by bootstrap values. Black circle: bootstrap values ≥ 90%; red circle: 70% ≤ bootstrap values < 90%; green circle: 50% ≤ bootstrap values < 70%. The color scheme for the text is the same as for the symbols described in Figure 1 (black = Sponcio, blue = Marano, magenta = Biancoperla and green = Rosso Piave). 
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Figure 3. Definition of the number of ancestral corn populations based on the SSR marker dataset. Mean LnP(D) ± SD over 10 runs is a function of K, as L′(K) = ΔLnP(D). Mean ΔK is calculated as ∣L′′(K)∣/(SD(L(K)) following Evanno et al. [35]. ΔK values are represented by the orange line, while the blue points indicate the mean LnP(D) ± SD values. 
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Figure 4. Population genetic structure of the four main corn landraces in Veneto (N = 197) as estimated by STRUCTURE using the SSR marker data set. Each sample is represented by a vertical histogram partitioned into K = 4 (panel a) or K = 6 (panel b) colored segments that represent the estimated membership. The proportion of ancestry (%) is reported on the ordinate axis and the identification number of each accession is reported below each histogram. The color scheme for the figure is the same as for the symbols and the text described in Figure 1 and Figure 2, respectively. Green = Rosso Piave, black = Sponcio, blue = Marano and magenta = Biancoperla. For K = 6 two shades of red are used for the two clusters of Biancoperla and the third new cluster between Sponcio and Marano is marked in grey. 
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Table 1. List of SSR loci selected from Register et al. [23] for use in this study. For each microsatellite locus, linkage group, locus ID, motif, amplicon size in bp, forward and reverse primer sequences used to amplify the microsatellite region, melting temperature and polymorphism information content (PIC) coefficient related to the previously mentioned study are shown.
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Linkage Group

	
Locus ID

	
Motif

	
Size (bp)

	
Primer

	
Tm (°C)

	
PIC






	
1

	
phi056

	
GCC

	
103–112

	
M13-ACGCCCAGATCTGTTCCTTCTC

	
63

	
0.67




	
ATGGCGGCAGGCCGATTGTT




	
2

	
phi127

	
AGAC

	
129–145

	
M13-ATATGCATTGCCTGGAACTGGAAGGA

	
62

	
0.70




	
AATTCAAACACGCCTCCCGAGTGT




	
3

	
phi073

	
CAG

	
107–116

	
M13-TTACTCCTATCCACTGCGGCCTGGAC

	
69

	
0.65




	
GCGGCATCCCGTACAGCTTCAGA




	
4

	
phi076

	
GAGCGG

	
182–192

	
M13-TTCTTCCGCGGCTTCAATTTGACC

	
61

	
0.65




	
GCATCAGGACCCGCAGAGTC




	
5

	
phi024

	
CCT

	
183–195

	
ACTGTTCCACCAAACCAAGCCGAGA

	
69

	
0.69




	
M13-AGTAGGGGTTGGGGATCTCCTCC




	
6

	
phi031

	
GTAC

	
174–177

	
M13-GCAACAGGTTACATGAGCTGACGA

	
66

	
0.57




	
CCAGCGTGCTGTTCCAGTAGTT




	
7

	
phi057

	
GCC

	
211–215

	
M13-CTCATCAGTGCCGTCGTCCAT

	
66

	
0.61




	
CAGTCGCAAGAAACCGTTGCC




	
8

	
umc1075

	
ATTGC

	
156–166

	
M13-GAGAGATGACAGACACATCCTTGG

	
57

	
0.69




	
ACATTTATGATACCGGGAGTTGGA




	
9

	
phi016

	
GGT

	
173–176

	
M13-TTCCATCATTGATCCGGGTGTCG

	
60

	
0.52




	
AAGGAGCAACATCCCATCCAGGAA




	
10

	
phi084

	
GAA

	
174–178

	
M13-AGAAGGAATCCGATCCATCCAAGC

	
59

	
0.49




	
CACCCGTACTTGAGGAAAACCC
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Table 2. Genetic parameters with respect to the SSR markers and to the four landraces object of this study. Average number of observed alleles (Na), effective number of alleles (Ne) per locus, polymorphism information content (PIC), estimates of Shannon’s information index of genetic diversity (I), observed heterozygosity (Ho) and unbiased Nei’s genetic diversity equivalent to the expected heterozygosity (He) are shown. Wright’s inbreeding coefficients FIS, FIT and FST and gene flow (Nm) estimates are also indicated.
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	Locus
	Na
	Ne
	PIC
	I
	Ho
	He
	FIS
	FIT
	FST
	Nm





	phi024
	5.00
	3.54
	0.66
	1.32
	0.59
	0.72
	0.07
	0.19
	0.13
	1.69



	phi127
	6.00
	2.24
	0.47
	0.95
	0.43
	0.55
	0.12
	0.22
	0.11
	1.97



	phi084
	2.00
	1.68
	0.32
	0.60
	0.29
	0.41
	−0.03
	0.26
	0.28
	0.65



	phi076
	3.00
	2.95
	0.59
	1.09
	0.48
	0.66
	0.14
	0.24
	0.12
	1.84



	phi031
	2.00
	1.75
	0.34
	0.62
	0.39
	0.43
	0.04
	0.09
	0.05
	4.87



	phi057
	4.00
	2.72
	0.55
	1.07
	0.48
	0.63
	0.01
	0.27
	0.26
	0.70



	phi056
	4.00
	1.86
	0.38
	0.77
	0.29
	0.46
	−0.08
	0.37
	0.42
	0.34



	phi073
	3.00
	2.94
	0.59
	1.09
	0.55
	0.66
	0.01
	0.17
	0.17
	1.24



	phi016
	2.00
	1.00
	0.37
	0.69
	0.250
	0.50
	0.34
	0.47
	0.19
	1.04



	umc1075
	5.00
	4.02
	0.71
	1.47
	0.53
	0.75
	0.16
	0.26
	0.12
	1.84



	All loci
	3.60
	2.57
	0.50
	0.97
	0.43
	0.58
	0.08
	0.25
	0.18
	1.62



	St. dev.
	1.43
	0.80
	0.14
	0.30
	0.12
	0.12
	0.04
	0.03
	0.03
	0.40



	Sponcio
	3.00
	2.09
	na
	0.80
	0.46
	0.49
	0.06
	0.21
	0.16
	1.34



	Marano
	2.50
	2.08
	na
	0.74
	0.46
	0.47
	0.02
	0.21
	0.19
	1.04



	Biancoperla
	2.50
	1.90
	na
	0.69
	0.37
	0.44
	0.15
	0.35
	0.24
	0.78



	Rosso Piave
	3.30
	2.30
	na
	0.89
	0.45
	0.53
	0.16
	0.23
	0.08
	3.01



	All landraces
	2.82
	2.09
	na
	0.80
	0.43
	0.48
	0.10
	0.25
	0.17
	1.54



	St. dev.
	0.39
	0.16
	na
	0.09
	0.04
	0.04
	0.07
	0.07
	0.07
	1.00











© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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