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The potato (Solanum tuberosum L) is one of the four most important crops worldwide in production and consumption. It originated from South America along the Andes, where six hotspots of diversity known as subcenters of origin are described from Venezuela to Chiloe Island in Chile, and where the greatest diversity of potatoes in the world is found. Today, the use of ancestral genetic resources has gained significant relevance, recovering and producing foods with a greater nutrient content and beneficial to human health. Therefore, native potatoes possess a set of characteristics with great potential for use in potato breeding guided primarily to produce better feed, especially potatoes of the Chilotanum Group that are easily crossed with conventional varieties. The primary objective of this study was to evaluate 290 accessions of S. tuberosum subsp tuberosum belonging to the Chilotanum Group using a set of molecular markers and correlate them to its phenotypic traits for future use in breeding programs. For this purpose, 290 accessions were analysed through 22 specific microsatellites described previously, correlating them with flesh and skin colour, total phenolic content, and anthocyanin content. A division into groups considering all the 290 accessions resulted in two clusters using STRUCTURE analysis and seven different genetic clusters using UPGMA. The latter exhibited common phenotypic characteristics as well as anthocyanin content, strongly supporting a correlation between phenotypic traits and the genetic fingerprint. These results will enable breeders to focus on the development of potatoes with high polyphenol and anthocyanin content.
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Introduction

The potato (Solanum tuberosum) is currently the fourth most important crop after rice, wheat, and corn. It plays a relevant role in global nutrition and for the sustainable development goals of the United Nations related to zero hunger and feed security (FAO, 2008; Ahmadu et al., 2021; FAOSTAT, 2022). The crop has become increasingly relevant due to population growth and the need to increase the supply of healthy food especially in developing regions such as Africa and Latin America. However, in developed countries, an important global trend in recent years is related to achieving a healthier diet for the population that allows curbing the deleterious effects of obesity and other metabolic diseases through the use and selection of food enriched with beneficial molecules such as antioxidants and anti-inflammatory agents. In this regard, the use of various ancestral genetic agro-resources has become increasingly important, both for direct use and for breeding programs of commercial varieties (Zhang et al., 2017).

Potatoes are a staple food and a relevant component of daily diet. Its high nutritional value and high yield potential (Koch et al., 2019) make this crop substantial even in a food shortage. Potatoes have been considered a highly nutritious contribution to human health. The resistant starch or slowly digestible starch of potatoes exerts a healthy impact under habitual consumption, and it is complemented with its high nutritional value through antioxidants, minerals, and vitamins, including potassium, folate, magnesium, and zinc (Lizana et al., 2021). The superior satiating effect of potato compared to that of rice and pasta in a mixed meal was found to be consistent with its lower energy density (Zhang et al., 2017), exerting a positive effect also for persons conscious of healthy alimentation. Moreover, colored native potatoes are especially rich in polyphenols and anthocyanins, with antioxidant properties, in a broad range that is generally associated with tuber pigmentation (Ah-Hen et al., 2012; Valiñas et al., 2017; Inostroza-Blancheteau et al., 2018).

Pigmented potatoes generally contain antioxidant compounds as phenols (Rasheed et al., 2022) that have a molecular structure characterised by the presence of one or more phenolic rings. Phenolic compounds protect plants against biotic stress caused by herbivores, insects, and pathogens and also against abiotic stress such as tissue damages caused by excessive UV radiation and free radicals (Friedman, 2006; Pourcel et al., 2007). These compounds are synthesised in large quantities as a product of the secondary metabolism of plants (Quiñones et al., 2012). Within phenols, there are flavonoid pigments known as anthocyanins, which are present in almost all plants. Within the phenolic acids, potatoes contain the following anthocyanins: petunidin, delphinidin, malvidin, pelargonidin, and peonidin glycosides. These pigments have a suitable chemical structure to function as antioxidants, donating hydrogen ions or electrons to free radicals, displacing them with their aromatic structure (Kuskoski et al., 2004; Dudek et al., 2022). Diets rich in antioxidants are associated with lower risk of incidence of diseases such as atherosclerotic heart disease, certain cancers, and macular degeneration (Hertog et al., 1993). Therefore, the anthocyanins contained in potatoes improve the nutritional value of the tuber (Hertog et al., 1993; Khalid et al., 2020), in addition to being a source of health-promoting antioxidants (Brown, 2005; Khalid et al., 2020). Anthocyanins are efficient scavengers of free radicals possessing anti-inflammatory and antimicrobial properties (Kang and Choung, 2016) and are associated with a reduced risk of developing cardiovascular disease, osteoporosis, and diabetes (Bazzano et al., 2003; Thompson et al., 2009; Speer et al., 2020). They also possess beneficial health properties such as anticancer, hepatoprotective, and antiviral properties (Bontempo et al., 2015; Calderón-Reyes et al., 2020; Fernández and Lizana, 2020; Khalid et al., 2020; Rasheed et al., 2022). The anticancer effects of anthocyanin extract compounds help in suppressing early and advanced cell proliferation and induce apoptosis in colon cancer (Bethke and Jansky, 2008), as well as in human leukemia cells (De Masi et al., 2020). Furthermore, the anthocyanins present in purple-fleshed potatoes decrease the postprandial glycemic response (Stushnoff et al., 2008). Anthocyanins have also been demonstrated to possess significant potential in attenuating oxidative stress in the skin caused by UVB radiation and inflammatory response (Zhu et al., 2010). To achieve the maximum health benefits in potato consumption by obtaining the maximum concentration of polyphenolic compounds, it is necessary to include the colours and the cooking method of potato cultivars. Moreover, the tuber skin as a by-product differs from other by-products because of the presence of interesting nutritional and pharmaceutical constituents (Schieber and Saldaña, 2009). The temperature related to the cooking method, as well as the presence of oxygen and light, plays an important role in maximizing the preservation of anthocyanins in the tuber for human diet (Sui et al., 2014). The tubers of Chilean potatoes also possess high concentrations of anthocyanins and total phenolic content (TPC), resulting in a wide variability of colours in the skin and flesh (Ah-Hen et al., 2012; Valiñas et al., 2017).

The International Potato Center (CIP) declared six potato hotspots of diversity along the Andes Mountains from Venezuela in the North to Chiloe Island in the South (de Haan et al., 2014). Native potatoes from the northern Andes are primarily S. tuberosum subsp. andigena, and those from southern Chile are principally the Chilotanum Group (S. tuberosum subsp. tuberosum). Chile is considered a subcenter of origin of this crop. The Chilean germplasm provides new material for researchers interested in the origin of cultivated potatoes and S. tuberosum in Chile (Contreras, 2008). The Potato Genebank at the Universidad Austral de Chile (UACh) possesses a collection of accessions from all over the country that exhibit significant genetic diversity, traits of agronomic and culinary interest, and different degrees of resistance to biotic and abiotic stresses (López et al., 2015). López et al. (2015) revealed the characterisation of native accessions of the Potato Genebank at the UACh in terms of pest resistance using known molecular markers for genotyping.

There has been extensive research to date on potatoes due to the narrow genetic diversity among the known cultivars and the urgency to broaden the genetic pool to enhance breeding programs. Potatoes might be found in different environments, and because of this plasticity, they exhibit a great potential to adapt to the future climatic change caused by global warming and water stress conditions. In addition, more sustainable cultivation methods must introduce more abiotic and biotic resistance genes from wild potatoes. The 22 simple sequence repeat (SSR) markers developed by Ghislain et al. (2004) may be the most used markers to evaluate the diversity of native potatoes. The SSRs were used at the CIP, GLKWS, the Potato Genebank at the UACh, and other potato research centers to characterise them genetically. Other researchers have also worked with SSR markers, such as Wang et al. (2019) who proposed the model-based structure analysis, discriminating the population into two major subgroups, which can be further subdivided into seven groups based on collection sites Berdugo-Cely et al. (2017) analysed 809 Andigenum group accessions from the CCC using 5968 SNPs to determine the genetic diversity and population structure of the Andigenum germplasm, as well as the usefulness of this collection to map qualitative traits across the potato genome, showing that the CCC can be subdivided into two major groups associated with their ploidy level, viz., Phureja (diploid) and Andigena (tetraploid). Tillault and Yevtushenko (2019) fingerprinted 20 potato varieties, including five new genotypes developed in Alberta, Canada, using 10 SSR markers selected for their high discriminatory power. In that study, STM0037, STM1016, and STM1104 were found to be the best SSR markers to detect genetic differences between potato varieties. In addition, Salimi et al. (2016) determined a number of alleles per locus, ranging from 2 (STM1049) to 9 (STM1104), respectively, with an average of 6.22 to 9 alleles per locus. UPGMA dendrogram indicated that American genotypes exhibit higher expected heterozygosity than European genotypes, concluding that SSRs are appropriate markers for evaluating genetic diversity within and among potatoes from different geographical regions. Antonova et al. (2020) found that a variety of potatoes from different countries were combined into mixed groups, probably indicating the intensive exchange of breeding material, using the set of alleles in the 14 examined SSR loci. Due to the increased number of the genotyped accessions, the resolving power of only these 14 SSR markers was not sufficient because of the low values of bootstrap coefficients. In contrast, Italian accessions were subclustered into two groups and were found to be genetically highly similar to the South American germplasm, a finding that was also supported by the morphological and chemical measurements affecting their principal qualitative traits (Palumbo et al., 2019). A large number of commercial varieties in Europe and the United States have their ancestors in the potato germplasm of southern Chile. Therefore, the aims of the present study were to genetically characterise accessions from the Potato Genebank at the UACh belonging to the Chilotanum Group (S. tuberosum subsp. tuberosum) using SSR markers, chemically in terms of TPC and anthocyanin content and phenotypically in terms of tuber coloration in the flesh and skin, and to determine the correlations between them.



Materials and methods


Germplasm management and phenotypic trait screening

The tubers of 290 accessions from the Potato Genebank at the UACh were screened in two seasons, according to the scale for potato pigmentation from the CIP characterization parameters (Gómez, 2000). The definition of primary and secondary coloration of skin and flesh of tubers was based on the percentage of each colour, where primary colour is the one that is present in more than 50% of the skin or flesh respectively.

All accessions were grown in 2015/2016 and 2016/2017 at the Austral Experimental Station of the UACh located in Valdivia (39°47′ LS, 73°14′ W, 19 m a.s.l.). Two rows (each 4 m long and separated by 0.75 m) per accession were planted. The plant density was 5.3 plants/m2, which were fertilised with N (100 kg/ha), P2O5 (180 kg/ha), and K2O (60 kg/ha) at the planting time and N (50 kg/ha) plus K2O (60 kg/ha) at ridging, according to previous soil analyses (data not shown). Insecticides and fungicides were used to control biotic damage, according to manufacturer’s recommendations. Sprinkler irrigation was implemented to satisfy water requirements of plots. The harvest of tubers was done by hand when leaves and stem were dead (BBCH scale 97), according to each potato genotype. A total of 10 potato tubers were randomly selected from each accession for morphological characterisation, as well as for TPC and anthocyanin content determination. In total, 100 g of fresh potatoes (skin and flesh) was obtained from 10 different tubers, sliced, and lyophilized for chemical analysis two weeks after the harvest.



TPC and specific anthocyanin content measurements

Total polyphenols were determined by a colorimetric assay using the Folin–Ciocalteu reagent according to the modified method of Singleton and Rossi (1965). For extraction, 0.2 g of lyophilized powder (skin + flesh) was mixed with 2 ml of methanol (80% v/v) and vortexed for 1 min. Then, the extracts were filtered through Whatman no. 5 filter paper. For quantification, 100 μL of supernatant was mixed with 750 μL of Folin–Ciocalteu reagent for 1 min and incubated at 22°C for 90 min in a water bath. Absorbance was read at 750 nm, and the TPC was determined from the standard curve of gallic acid.

The anthocyanin content was determined as described previously (Abdel-Aal and Hucl, 1999) Samples were lyophilized, and 1 g of powder was homogenised in 25 ml of acidified ethanol (pH 1), incubated for 30 min at 50°C, and centrifuged at 5400 g for 15 min at 4°C. The absorbance of the supernatant was measured at 530 and 700 nm and results were expressed in ppm of cyanidin 3-glucoside (Cy3Glu).

Anthocyanin-specific metabolites were also quantified by HPLC-DAD in the flesh of different native potato accessions. The extracts were prepared as described by Ruhland and Day (2000) with modifications made by Ribera et al. (2010), with a flow rate of 1 ml min−1. The anthocyanin compounds were measured through the content of anthocyanidins (aglycone anthocyanins) using the method proposed by Nyman and Kumpulainen (2001). Delphinidin, malvidin, petunidin, cyanidin, and peonidin were used as standards (Sigma Chemical Co. St. Louis, MO) and quantified using the same HPLC method described earlier. Signals were detected at 320 nm with the mobile phase acidified water and acetonitrile by HPLC-DAD using a Kromasil reverse phase (RP)-18 column (250 * 4.6 mm) equipped with a photodiode and a DAD (Jasco MD 2015 Plus).



DNA extraction and SSR amplification

Total DNA from the 290 accessions was obtained from leaf tissue using the PureLink Genomic DNA kit (ThermoFischer, USA) according to manufacturer’s instructions. The quality of each purification product was evaluated using the QuBit 3.0 fluorometer and Infinite F200/M200 NanoQuant spectrophotometer at wavelengths of 260 and 280 nm. Then, these purified DNA samples were used for allele amplification in a volume of 25 µL using the KAPA2G Robust HotStart ReadyMix PCR kit.

The sequence of primers for the 22 SSRs were obtained from a previous study (Ghislain et al., 2004). PCR was performed according to the following program: initial denaturation for 3 min at 95°C, 35 cycles of 15 s at 95°C, 30 s annealing temperature, 15 s at 72°C, and final extension of 3 min at 72°C. The final amplification product was detected by capillary electrophoresis using the Fragment Analyzer kit (Advance Analytical) and the small fragment resolution kit (1–500 bp) DNF-905-K1000. The size of each allele was determined using the PROSize 2.0 software.



Kinship, diversity, and population structure analyses

A population genetic analysis was performed with STRUCTURE software (Falush et al., 2003) on the 290 tetraploid potato genotypes using a Bayesian clustering analysis. A burning period of 5000 and 50000 MCMC reps were used as parameters for the length of the simulation. Four repetitions for 6 Ks were performed. Structure Harvester (Earl and von Holdt, 2012) was used for the evaluation. CLUMPP (Jakobsson and Rosenberg, 2007) was used to consolidate the results.

The kinship analysis was performed using the alleles previously described by Ghislain et al. (2004) for the 290 accessions, assigning values of 1 or 0 for the presence or absence of each allele in a binary form (CVS sheet). The PIC was calculated according to the following equation described by Nei (1973):

	

where fi is the frequency of the ith amplified allele over all individuals of the population (Nei, 1973). The PIC values range between 0 and 1.0, where values close to 1.0 represent a good discriminatory power for that locus.

Genetic similarity and cluster analyses were performed using the DendroUPGMA server (Garcia-Valle et al., 1999), and Dice similarity coefficients were calculated based on presence or absence of alleles using the UPGMA method (unweighted pair group method with arithmetic averages) (Sokal and Michener, 1958). The distance matrix based on Dice coefficients represents an agglomerative hierarchical clustering representation of mean genetic distances within each species. Each calculated matrix of Newick descriptors was built and used to construct a distance-based dendrogram using the SeaView tool (Gouy et al., 2010).



Genetic fingerprint analysis

To identify the unique minimal allelic profile representing each potato accession, a full vector representation was constructed for all the 290 accessions, containing a complete binary allelic representation for each accession (Supplementary Figure 1). To evaluate the genetic fingerprint that represents a unique combination of SSRs for each accession, an algorithm was designed to search a relational database containing all binary allelic representations and the minimum and unique combinations of SSRs. Thus, these vector profiles would allow identifying a specific accession through a unique PCR band profile.



Statistical analysis

Descriptive statistics was used to characterise the TPC and anthocyanin content of the genotypes of the Potato Genebank. All data concerning phenotype features such as the skin and flesh colour and spot distribution were grouped into seven genetic clusters. Their statistical significance was evaluated by two-way ANOVA and Tukey’s post hoc test to determine statistical differences between the clusters and features.




Results

The 290 native potato accessions belonging to the Potato Genebank at the UACh were cultivated and harvested, and their tubers were evaluated phenotypically using the standards defined by the CIP (Gómez, 2000; CIP, Perú). The traits were evaluated in 10 tubers per accession. Within the 290 accessions, cream (41%), yellow (26%), or white (2%) was the primary flesh color of the tubers, totaling 69% of the screened collection. Pigmented tubers primarily showed purple coloration, where 21 accessions had purple flesh, 10 had pink flesh, and only 1 accession showed a slightly red pigmentation in the flesh. Altogether, they represented 10% of total accessions, whereas 46 accessions showed the same tones as a secondary colour (16%). Tubers with secondary coloration showed white, cream, or yellow as the primary color and pink or violet as the secondary colour, marbled or with circular distribution in the vascular ring, presenting different color distributions in the flesh (Figure 1). In total, 78 accessions (26%) showed some anthocyanin-related colour.




Figure 1 | Characterization and distribution of accessions in terms of primary (main) or secondary color of the tuber skin (upper panel) and according to primary or secondary flesh color (lower panel).



Regarding the skin colours, 164 accessions (57%) exhibited some variation in skin pigmentation from pink to blackish, and 83 accessions showed the same color range as the secondary colour (29%), totaling up to 85% of total accessions, revealing a greater abundance of anthocyanins and phenols in the skin than in the flesh of the screened potatoes. A total of 30 accessions (10%) showed blackish colour and 56 accessions showed purple pigmentation (19%) in the skin. Regarding the secondary colour, only 2 accessions exhibited marbled distribution with a blackish pigmentation, 19 accessions showed a purple coloration, and 30 accessions showed a pink coloration. The most frequent primary colour of the skin was yellow (24%), and 59% of the screened accessions showed no secondary colour (Figure 1).


Total phenolic content

The TPC of the accessions ranged from 1070 to 18,103 µg g−1 DW, with a mean of 4286 µg g−1 DW and a median of 3787 µg g−1 DW, and 39% of the genotypes had higher TPC values than the average value (Figure 2A). Moreover, 98% of the potato accessions had<10,000 µg g−1 DW, and only 6 accessions exceeded that value. Within the total number of accessions, there were two highly recognizable native genotypes with purple flesh and skin, whose TPC values were >15,000 µg g−1 DW. In general, potatoes with low TPC had white flesh and brown skin, and those with high TPC had purple flesh and blackish skin, showing an 18-fold difference in TPC between them.




Figure 2 | Concentration of total phenolic compounds (µg Gallic acid/g DW) determined by Folin–Ciocalteu method (upper panel) and total anthocyanin content (µg/g of cyanidin 3-glucoside) were extracted in ethanol acidified using Abdel-Aal and Hucl (1999) method (lower panel) in the 290 accessions of the Potato GenBank at the UACh.



To evaluate the relationship between the colour and TPC of tubers, the genotypes were grouped according to their skin and flesh colour and the average TPC per group was calculated according to each colour category (Figure 2A). In terms of flesh colour level, the analyses showed that genotypes with purple flesh as the primary colour had 1.6 times more TPC of up to 6383 µg g−1 DW than genotypes with pink (3937 µg g−1 DW) and cream (3999 µg g−1 DW) flesh (Figure 2A). Because of the difference in the proportion of genotypes with purple and pink marbled flesh when the accessions were compared, the tubers in those accessions with purple flesh as the secondary colour showed slightly less TPC of 5792 µg g−1 DW than the tubers with pink marbled flesh whose TPC reached 5386 µg g−1 DW.



Anthocyanin content

The anthocyanin content in the tubers showed a broader range of variation than that of TPC, ranging from 0.3 to 920 µg g−1 DW. The average concentration was only 61.3 µg g−1 DW, and the median was 17.7 µg g−1 DW. In total, 80% of all genotypes had anthocyanin content below the average, and only 10 genotypes exceeded 400 µg g−1 DW. Three of them showed anthocyanin content between 600 and 700 µg g−1 DW, whereas one genotype showed the highest content of 920 µg g−1 DW. Potato tubers with less anthocyanin content had cream flesh and brown skin (0.3 µg g−1 DW), and those with high anthocyanin content had purple flesh and blackish skin (920 µg g−1 DW), showing a 3066-fold difference in the content between them.

Similar to TPC, the genotypes with purple flesh as the primary color had the highest concentration of anthocyanins, and those with pink flesh had 1.2 times more anthocyanin content than tubers with red flesh (Figure 2B). The highest concentrations of anthocyanins were found in accessions with flesh colours ranging from red to purple, which were 7-fold higher than those found in tubers with flesh color ranging white to intense yellow (Figure 2B). The TPC and anthocyanin contents were higher in accessions with higher flesh scores than in accessions with red, pink, and purple flesh colours (Figure 3).




Figure 3 | Correlation between (A) the total phenolic content (TPC) and  (B) anthocyanin content, related to tuber flesh colors with the CIP score.



The specific anthocyanins were analysed by HPLC-DAD in the whole of potato tubers, which revealed higher concentrations of delphinidin of up to 553 µg g-1 DW, followed by cyanidin (2–205 µg g−1 DW) and petunidin (2–236 µg g−1DW), and lower concentrations of peonidin (1–18 µg g−1 DW) and malvidin (7–67 µg g-1 DW). Delphinidin was the most frequent anthocyanin found in the screened potato tubers, closely followed by cyanidin and petunidin; these anthocyanins were related to purple, magenta, and dark red flesh colours, respectively. All anthocyanins, except malvidin, showed a significant relationship (p< 0.01) between their specific concentrations and the total anthocyanin content of each accession (Figure 4). Specific anthocyanins were associated with different flesh colours of tubers as the primary or secondary colour (Figure 4). Higher concentrations and a more diverse profile of anthocyanins were detected in accessions with pink or purple flesh as the primary colour, supporting the relationship between the more intense colour and the higher anthocyanin content.




Figure 4 | Anthocyanin profile in tubers for accession groups with different flesh color. The number of accessions for each group represented in the figure is cream-yellow = 2; cream/red = 1; white-yellow/pink = 6; cream-light yellow/purple = 4; pink/cream = 7; and purple/cream = 5. The X axis shows the combinations of primary and secondary colors in the flesh according to how accessions were grouped. Images show one accession representative of each group.



Regarding the anthocyanin profile obtained for each accession, there were differences between pink and purple accessions, where both the anthocyanin concentration and the proportion of predominant anthocyanin type differed (Figure 4).



Genetic analysis

Regarding the genotypic characterization, the genetic relationship among all the 290 accessions was evaluated based on the presence or absence of SSRs within the potato genomes described by Ghislain et al. (2004). The number of alleles per SSR ranged from 2 to 13 with an average of 7.36 alleles per SSR, and the PIC ranged from 0.43 to 0.91 with an average of 0.77, considering that the highest value was 1. The discriminatory power of the 22 SSR markers is represented in Table 1, which includes the PIC values calculated for each SSR. The most discriminatory SSRs corresponded to STM3012 and STM3023a with a PIC value of 0.91, followed by STM0037 (PIC value of 0.89) and the following three SSRs with a PIC value of 0.87: STM1104, STM0030, and STM1053. The largest number of alleles per SSR was observed in STM3023a, STM0037, and STM0030, and the lowest number of alleles per SSR was observed in STM1017 and STM1049 (2 and 3, respectively). STM1106 and STM2013 did not amplify any product in any reaction and were thus eliminated from further calculations.


Table 1 | SSRs, number of alleles, and PIC.





Hierarchical structure or genotype clusters

The genetic analysis performed using STRUCTURE and Structure Harvester software with 4 repetitions for 6 Ks, showed that K=4 was the best value for K (Figure 5A). CLUMPP was used to consolidate the results of the 4 repetitions for K=4 and the result was plotted into a bar plot for the STRUCTURE simulation with K=4 subgroups, showing that genotypes formed two different clusters (Figure 5B), where cluster 1 comprises 195 accessions, while cluster 2 contains 95 accessions.




Figure 5 | (A) Plot for Delta K at different K values. Higher value at K = 4 with Delta K = 14. (B) Bar plot of STRUCTURE assuming K = 4 subpopulations showing 2 clusters of genotypes.



A distance matrix based on Dice coefficients was generated using the 290 native potato accessions in terms of SSR binary fingerprints. Neighbor joining clustering analyses separated them into seven hierarchical groups (clusters), which were arbitrarily named from A to G, and established the genetic kinship or relationship between all of them (Figure 6A). The cophenetic correlation coefficient for each cluster ranged from 0.66 to 0.82, indicating the usefulness of the clustering method, where values close to 1 represented a perfect match (Figure 6B). As shown in Figure 7C, clusters B and F had the highest number of genotypes of 64 and 54, respectively. Supplementary Table 1 presents thedetailed information about the accessions belonging to each cluster.




Figure 6 | Hierarchical clustering of varieties. (A) The DendroUPGMA server was used to calculate the Dice similarity matrix coefficients between accessions using the UPGMA method to calculate an agglomerative hierarchical clustering representation of mean genetic relatedness within each species represented in a dendrogram with regard to allelic profiles contained within the 22 SSRs. (B) Cophenetic correlation coefficients of UPGMA clusters, values close to 1 represent the usefulness of the clustering method, and values between 0.6 and 1 are those with the highest correlation. (C) Total number of accessions distributed in the different genetic subgroups determined in this study.






Figure 7 | Relationship between genotype and phenotype within the accessions considering the genotypes above the respective mean values in (A) TPC, (B) anthocyanin content and the 290 accessions assigned to clusters A–G.



Using the kinship grouping among the 290 accessions and considering that a major objective was to identify possible genetic markers that differentiate potato accessions with higher TPC and anthocyanin content, we selected those accessions whose TPC and anthocyanin content were above the mean value. Figure 7 shows the histograms of the TPC and anthocyanin content of all the analyzed accessions, including their mean values (anthocyanins = 61.3 µg g-1 DW and TPC = 4286 µg g-1 DW). Above each histogram, the genetic clusters are shown, considering the accessions with values above the mean in each case. Thus, 58 accessions showed a higher value than the mean anthocyanin content (61.4 µg g-1 DW), which were distributed as follows among the clusters: 8 accessions in cluster A, 20 accessions in cluster B, 3 accessions in cluster C, 2 accessions in cluster D, 1 accession in cluster E, 22 accessions in cluster F, and 2 accessions in cluster G. However, 113 accessions showed values of >4286 µg g-1 DW (mean TPC of the population), which were distributed as follows: 12 accessions in cluster A, 27 accessions in cluster B, 12 accessions in cluster C, 12 accessions in cluster D, 14 accessions in cluster E, 23 accessions in cluster F, and 13 accessions in cluster G (Figures 7A, B). The black bars in Figure 7 indicate those clusters with a significant difference in the accessions with high content (p< 0.05). In this manner, clusters B and F included the largest number of accessions with high TPC and anthocyanin content (Figures 7A, B). Interestingly, cluster C included accessions with high TPC and anthocyanin content. However, clusters E and D agglomerated accessions with low anthocyanin content (Figure 7B).

Based on the same correlation analysis, we determined the correlation between the tuber genotype and phenotype, considering the primary and secondary colours of the skin and flesh. These colours were classified into nine categories (white cream, yellow, orange, brown, pink, red, deep pink, purple, and blackish) for skin and eight categories (white, cream, light yellow, yellow, intense yellow, red, pink, and purple) for flesh, according to an adapted classification proposed by the CIP, Perú. Considering all groups, the occurrence of these phenotypic traits was evaluated, and the probability of the occurrence of any of these traits in each cluster was quantified. Furthermore, the statistical significance weight for each probability was evaluated to distinguish it as a characteristic trait of the cluster. In relation to the primary skin color, there were no strong correlation between characteristics and clusters (Supplementary Table 2). However, for the secondary colour, cluster F showed a high probability of grouping accessions with secondary deep pink colour (Supplementary Table 2, p< 0.05). Regarding flesh colour, clusters B, C and F showed a high probability to agglomerate accessions with cream, and cluster G the accessions with light yellow flesh (p< 0.05; Supplementary Table 2). Furthermore, regarding the secondary flesh colour, cluster A showed a high probability to agglomerate accessions with pink flesh, (p< 0.05), cluster G agglomerate red flesh potatoes and cluster F showed a high probability to agglomerate accessions with cream flesh (p< 0.05; Supplementary Table 2).



Genetic fingerprints

To determine a strategy for differentiating potato accessions by genetic fingerprinting, it is essential to calculate the minimal number of SSR markers required to identify with a unique PCR pattern in one potato accession. Considering the phenotype in the cluster analysis, 113 accessions with TPC above the mean value and 58 accessions with anthocyanin content above the mean value were evaluated. Clusters B and F contained the maximum number of accessions from the total number of accessions, and within the groups, cluster B contained 47% and cluster F contained 59% of accessions with enhanced TPC and anthocyanin content, respectively.

Regarding the number of SSRs present in the seven clusters, STM1016 that was present in all clusters (A–G) and STM3023a, STM1104, STM1016, and STGBSS were polymorphic in a large number of genotypes in clusters A, B, and F. These clusters are important because they have high potential to include genotypes with high levels of anthocyanins and pink-like potato genotypes. These findings suggest that the presence of these SSRs is important in the expression of these phenotypes and should be considered in further investigations.




Discussion

Due to the narrow genetic diversity among the known potato cultivars and the need to broaden the genetic pool to enhance breeding programs, there has been extensive research on potatoes. A growing interest in functional foods has stimulated investigation on pigmented potatoes for their potential effects on human health related to their abundance of phenolic compounds and anthocyanins, as well as a plant protection effect. The biological activities of polyphenols in potatoes might be helpful for breeders in designing new varieties with numerous health benefits, for both pharmaceutical and nutraceutical industries (Rasheed et al., 2022). The inclusion of anthocyanins as a characteristic target in breeding programs can ensure the development of cultivars to satisfy the nutritional requirements in human consumption in the developing world (Mattoo et al., 2022).

The high genetic and phenotypic diversity within the Potato Genebank at the UACh contains the native potato diversity of the subcenter of origin of the S. tuberosum subsp. tuberosum Chilotanum Group (Spooner et al., 2007). Contreras and Castro (2008) compiled the major source of phenotypic data on the number and diversity of native varieties by UPOV characterization. The present study has complemented the phenotypic information by exploring the diversity in colors, phenols, and anthocyanins, as well as their interactions, and their genetic kinship relationship using molecular markers (SSR), with the aim to elucidate key components required for increased content of nutritional components for human feed and contribute to global food security.

Flesh-colored potatoes can represent an additional source of bioactive compounds, particularly acylated anthocyanins, in the human diet (Bellumori et al., 2017). Anthocyanins play a vital role because of their potential health benefits, and therefore, elucidating their biosynthesis has become a research focus, and one of the most investigated pathways in plants. The antioxidant intake in humans is focused on TPC and anthocyanin content, which are present in higher concentrations in potato tubers with red, pink, and purple flesh. In our study, there was a positive correlation among the primary color of the flesh, TPC, and anthocyanin content. TPC showed a lower correlation with flesh pigmentation (0.23) than with anthocyanin content (0.44). However, the highest anthocyanin concentrations were found in accessions with flesh colors ranging from red to purple, which were 7-fold higher than those found in tubers with flesh colors ranging from white to intense yellow (Figure 2B). The correlation coefficient between TPC and anthocyanin content was 0.5, showing correlation between the scores of the different genotypes, which are consistent with published data in different plants (Liu, 2013; Diep et al., 2020). The measurements of TPC and anthocyanin content performed on skin and flesh together were also consistent with those reported by Ah-Hen et al. (2012) and Ru et al. (2019) who observed that TPC was much higher in coloured potato tubers than in white, cream, or yellow potato tubers. Ru et al. (2019) found 3- to 4-fold higher TPC in red or purple potatoes than in white or yellow potatoes. Ah-Hen et al. (2012) found 10 times higher TPC in a purple accession than in a white potato tuber. That is consistent with the present investigation, where 16-fold higher TPC was detected in a purple potato accession when compared with white potato tubers. The mean TPC values of all purple flesh accessions were only 1.5-fold higher than those of pink or cream flesh accessions. The anthocyanin content showed no differences between the purple and pink tubers, but it was 5.8-fold higher than that in tubers with cream flesh. Chilean native potatoes with the highest TPC and anthocyanin content possess mostly blackish skin and/or purple flesh, indicating the traditional accessions with blackish skin and dark purple flesh, and these results are consistent with those reported by Ah-Hen et al. (2012). These data are also consistent with those of other studies, which reported that colored potatoes have high concentrations of anthocyanins, reaching 1200 mg kg-1 FW (Ruiz et al., 2018; Ercoli et al., 2021; Alarcón et al., 2022).

Colored potatoes had higher TPC and higher antioxidant capacity than potatoes with yellow and white flesh (Ru et al., 2019). In our study, a couple of genotypes were characterized as having purple flesh, but with low TPC, as shown by the mean TPC of 6187 µg g−1 DW in potatoes with purple flesh, which varied between the highest content of 18,103 µg g−1 DW and the lowest content of 1937 µg g−1 DW. The same trend was observed for anthocyanin content in potatoes with purple flesh. These results were not consistent with the results reported by Ru et al. (2019).

In contrast, Ru et al. (2019) observed pelargonidin in potatoes with red flesh, as well as pelargonidin and petunidin in potatoes with purple flesh, wherein the latest presenting a higher total anthocyanin content than potatoes with red flesh. However, in the present study, purple tubers did not necessarily possess higher mean anthocyanin content than pink tubers. Moreover, purple Chilean potatoes with the highest TPC and anthocyanin content contain the highest concentration of delphinidin (829 µg g−1 DW) but no petunidin. However, the highest score of petunidin also corresponds to a purple tuber, concluding that both anthocyanins could provide purple color to potato tubers. When a subset of accessions of the Potato Genebank at the UACh was examined using molecular markers of three anthocyanin synthesis genes, a greater allelic diversity was observed at the P locus that is related to the synthesis of blue/purple petunidin-based anthocyanins, were alleles correlated positively with purple pigmentation in most of the accessions (Solís et al., 2022), that is consistent with the CIP scoring in tubers of the Potato Genebank, as most coloured potatoes scored corresponded to purple primary or secondary color. It should be emphasized that the presence of a higher delphinidin content in the screened potato accessions makes them an interesting source of bioactive compounds for human health. The features of delphinidin include 1) its colour that appears as a blue-reddish or purple pigment in plants, 2) stability under acidic conditions, 3) patented for several therapeutic effects, and 4) the maximum inhibitory effect on lipid peroxidation and   scavenging activity compared with other anthocyanidins (Khoo et al., 2017; Calderón-Reyes et al., 2020; Xu et al., 2020).

As the present results were based on the analysis of raw potatoes, they might change according to the cooking method, as they demonstrated negative effects on the contents of vitamin C, total phenolics, phenolic acids, and DPPH radical-scavenging activity (Fang et al., 2022). Currently, it is reported that cooked potatoes have decreased total anthocyanin concentrations by approximately 3%–59%. Despite these decreases, the potato genotypes had high levels of total phenols as well as high levels of antioxidant activity; hence, even with the drastic process of cooking, these results are remarkable contributors to the antioxidant activity of potato genotypes (Ercoli et al., 2021).

To investigate the genetics and its possible relationship with TPC and anthocyanin content, we performed the kinship analysis of the 290 genotypes and correlated the phenotypic and genotypic data. As the accessions were planted and harvested at the same time in the same field, as well as under the same growing conditions and cultivation techniques, we assumed that the variation between the accessions in terms of tuber color, TPC, and anthocyanin content can be attributed only to the genotypes.

The heterozygous autotetraploid S. tuberosum ssp. tuberosum, with four homologous sets of chromosomes (2n = 4x = 48), exhibited several heterogeneous genotypes and phenotypes. Even the selection of genotypes for crossing is primarily dependent on morphological traits, and genetic relatedness measured based on molecular markers help predict parental performance and improve heterotic effects. The 22 SSR markers developed by Ghislain et al. (2004) may be the most used markers to evaluate the diversity of native potatoes, for example at the CIP, GLKWS, the Potato Genebank at the UACh, and other potato research centers. The approach used in this investigation based on the 22 SSR markers (Ghislain et al., 2004) enables merging the data with the named genebanks around the world. It could also be useful for the study of the belonging to different spatiotemporal groups, as done by Spanoghe et al. (2022) by examining a substantial panel of 1219 potato varieties using 35 microsatellite markers (SSR) to evaluate the genetic diversity. Ghislain et al. (2009) developed a potato genetic identification kit to differentiate 93.5% and 98.8% of 742 landraces using 24 and 51 SSR markers, respectively, indicating that SSR markers could efficiently identify potato germplasm at the genetic level. Hence, a high genotypic diversity might be found in the present study because the 290 accessions were different and part of a wide pool in the collection of S. tuberosum Chilotanum Group in the Potato Genebank. As the allelic diversity or the mean number of alleles per locus measures the genetic variation, a comparison was made with previous investigations on native potatoes. The mean number of alleles per locus was 7.4, similar to that observed by Muñoz et al. (2016) who reported a mean of 8.0 using only four SSRs, but it was less than that reported by Solano et al. (2013) who showed a mean of 9.16 alleles per locus using seven SSRs. In total, 162 alleles were found, including 20 SSRs, as STM1106 and STM2013 showed no amplification. The PIC of the different SSRs in the present study ranged broadly from 0.43 to 0.91. The mean value (0.77) was comparable with the PIC reported in different investigations that explored the genetic diversity of potato accessions, for example Muñoz et al. (2016) who reported PIC values ranging from 0.77 to 0.86.

While STRUCTURE analysis cluster into two groups with K=4, the hierarchical analysis (UPGMA dendrogram) showed 7 cluster. The reviewing of the accession’s distribution between the two approaches showed that the vast majority (> 90%) of the accessions belonging to subgroups A, B, D and F identified through UPGMA analysis were also grouped together in the first STRUCTURE cluster, while the accessions grouped in clusters E and G were mostly (>80%) grouped in the second STRUCTURE cluster. Only the accessions belonging cluster C showed a more equal distribution (55%-45%) among both STRUCTURE clusters. These results suggest that the genetic analysis approach did not resolve the degree of relatedness between the 290 accessions, and the genetic structure in the genebank, which will require further analysis. Notwithstanding the above, the simple observation of the diversity of phenotypes represented in shapes, colours, TPC and anthocyanin content in the genebank hints the high genetic variations that had not been possible to address so far. The result of the STRUCTURE analysis (Figure 5B) showed the need of a more complex and in-depth analysis of the accessions of the Potato Genebank. Selga et al. (2022) suggested that breeding material and the studied Genebank collection were closely related, showing a low degree of population structure between the groups. That result agree with the present results, as only 4 subgroups separated in two clusters were determined on that analysis.

The distribution of accessions in 7 different subgroups (UMPGA analysis, Figure 6A), made sense when correlating the phenotypic differences between them. Duan et al. (2019) developed a UPGMA dendrogram based on 20 polymorphic SSR markers for Chinese breeding lines, indicating that all the 217 cultivars were closely related and lacked the formation of distinct clusters; in contrast to the present kinship analysis that showed the formation of groups clustering all the 290 accessions into seven different genetic clusters, which indicated a number of common phenotypic characteristics as anthocyanin contents, strongly supporting a correlation between the phenotypic traits and the genetic fingerprint, accounting for the high genetic diversity in the Potato Genebank. Considering the SSRs present in the seven clusters with high cophenetic scores, STM1016 was predominant because of its presence in all clusters (A–G), and also the markers STM3023a, STM1104, and STGBSS as they were polymorphic in a large number of genotypes in clusters A, B, and F, appearing to have an importance in the expression of these phenotypes. These clusters are important because they have high potential to accumulate genotypes with high levels of anthocyanins and pink-like potatoes. Muñoz et al. (2016) selected STM1016 among the four SSR markers used that were sufficiently informative to identify 320 different allelic phenotypes and thus 320 potential varieties. They also used STM1106, the SSR that did not amplify in the present study, which was considered to be not diagnostic for the Chilotanum group. Tillault and Yevtushenko (2019) fingerprinted 20 potato varieties, including 5 new genotypes developed in Alberta, Canada, using 10 SSR markers, wherein the number of alleles per locus ranged from two for the SSR marker STPoAc58 to six for STM0030 and STM0037. When compared with the present results, STM0030, STM0037, and STM3023a had the highest number of alleles of 11, 10, and 13 per locus, respectively. Tillault and Yevtushenko (2019) described the markers STM0037, STM1016, and STM1104 as the best SSR markers to detect genetic differences between potato varieties, which is broadly consistent with the present investigation. Another research on potatoes screened a collection of 264 Russet and non-Russet breeding clones and varieties through fingerprinting using 23 SSR markers, resulting in 142 polymorphic alleles. The number of alleles produced per SSR varied from 2 to 10, with an average of 6.2 alleles per marker. The PIC of SSRs ranged from 0.37 to 0.89 with an average of 0.77 (Bali et al., 2018). Despite the narrow-expected diversity in the investigation done by Bali et al., 2018, the scores were similar to those found in the present study, with the number of alleles varying from 2 to 13, and the PIC ranging from 0.43 to 0.91 with the same average of 0.77. However, Jian et al. (2017) detected 190 alleles on 20 SSR loci, and all the SSR alleles were polymorphic among these potato germplasms with an average of 9.5 alleles per SSR locus, ranging from 2 to 23, showing a larger number of alleles than that of the Potato Genebank.

Salimi et al. (2016) used SSRs to determine allelic diversity within and among potatoes from different geographical regions and reported numerous alleles per locus, ranging from two (STM1049) to nine (STM1104), respectively, which is consistent with the present data, where STM1049 showed three alleles and STM1104 showed eight alleles. Antonova et al. (2020) investigated the genetic diversity of potatoes using the set of alleles in the 14 examined SSR loci but indicated that with an increased number of the genotyped accessions, the resolving power of only these 14 SSR markers was not sufficient because of the low values of bootstrap coefficients. Duan et al. (2019) used 16 parental cultivars widely used in breeding to screen 138 SSR markers, where 20 were polymorphic that were used to analyze the genetic diversity of 217 potato cultivars grown in China. Based on the PIC values and the clarity of PCR amplification bands, 11 SSR markers were selected that could differentiate all the 217 cultivars. The 22 SSRs used in the present investigation were diagnostic and sufficient to evaluate genetic diversity and cluster the genotypes in groups. Wang et al. (2019) successfully discriminated the population into two major subgroups using SSRs, which can be further subdivided into seven groups based on collection sites. In the present investigation, seven groups were found, but they have not yet been correlated to the collection site.

Although SSRs are widely used to evaluate genetic diversity in potatoes throughout the world, Campos and Ortiz (2020) described that single nucleotide polymorphisms (SNPs) are increasingly used predominantly due to recent advances in genome sequencing technology, abundance of SNPs in most crop plants, reduced labor required to collect data, and price per data point. Furthermore, Parra-Galindo et al. (2021) found a genomic region in chromosome 10 that harbored SNPs with the strongest association with anthocyanin content in GWAS and underlined the existence of pleiotropic genes or anthocyanin biosynthesis clusters. Seven QTLs were identified to be involved in the genetic control of the anthocyanin content in cooked tubers. These QTLs explained from 31.3% to 44.4% of the phenotypic variance (anthocyanidin content and composition) (erratum: Parra-Galindo et al., 2020; Parra-Galindo et al., 2021). However, Campos and Ortiz (2020) mentioned that it is often challenging to identify SNP markers in polyploids such as the potato, due to separating allelic versus homologous SNPs or determining dosage in autopolyploid, both of which increase the rate of false positives. In the present study, we first decided to work with SSRs, because most analyses conducted to date on genetic diversity in potato genebanks have used microsatellites. Moreover, we achieved our primary objective of correlating the phenotypic and genotypic scores and identifying clusters B and F containing accessions with high amounts of TPC and anthocyanin content and a couple of molecular markers that well described both relevant clusters.



Conclusion

The narrow genetic diversity observed among modern potato varieties necessitates the need for investigations like this one so that potato breeders can enhance genetic diversity in parental clones. The native potatoes of the Chilotanum Group (S. tuberosum subsp. tuberosum) can be crossed with the common potato varieties and present a source of resistance to disease and stress, as well as high contents of polyphenols and anthocyanins, which make them contributors to breeding for designing new varieties with health benefits to satisfy the nutritional requirements in human consumption and for plant health.

The coloured accessions of the Potato Genebank primarily possessed purple and pink flesh as secondary colors and less than as primary colours. Within the 290 accessions, the primary color of the tubers was cream (41%), yellow (26%), or white (2%), and 10% of the total accessions showed purple, pink, or red flesh, whereas 46 accessions showed the same tone as the secondary color (16%). In total, 78 accessions had some anthocyanin-related colour, corresponding to 26% of total accessions. Regarding the skin colour, 164 accessions (57%) showed some variation in skin pigmentation. ranging from pink to blackish.

The TPC and anthocyanin content showed significant variation, observing genotypes with higher contents than some fruits known for their antioxidant capacity. The genotypes showing purple flesh as the primary color had the highest concentrations of anthocyanins; those with purple flesh and blackish skin had the highest TPC of 18,103 µg g−1 DW and the highest anthocyanin content of 920 µg g−1 DW. All anthocyanins, except malvidin, showed a significant relationship (p< 0.01) between their specific concentrations and the total anthocyanin content of each accession. Similarly, delphinidin was the most frequent specific anthocyanin found in the screened potato tubers, which was different from the published data on the anthocyanins of purple potatoes, indicating that it is a potentially interesting compound for further investigation.

Genetic diversity was evaluated using SSRs, resulting in 146 alleles with an average of 7.36 alleles per SSR and a mean PIC of 0.77; these data were consistent with the published information on other native genotypes. The most discriminatory SSRs corresponded to STM3012 and STM3023a with a PIC value of 0.91, and the largest number of alleles per SSR was observed in STM3023a, STM 0037, and STM 0030.

The STRUCTURE analysis using K=4, formed two different clusters, with 195 and 95 accessions, respectively. The seven clusters obtained using the UPGMA dendrogram showed high cophenetic coefficients. The correlation of genotypes with TPC and anthocyanin content greater than the mean value indicated that clusters B (47%) and F (59%) contained the largest number of genotypes with a high content in each case. Cluster F and A had a high probability of grouping accessions with secondary deep pink colour of the skin, concluding that the clustering does present a correlation to colours, TPC, and anthocyanin. The possible SSR that differentiated the potato accessions with higher TPC and anthocyanin content was STM1016 that was present in all clusters (A–G), and also STM3023a, STM1104, STM1016, and STGBSS, the markers that were polymorphic in a large number of genotypes in clusters A, B, and F. Finally, the high variability in tuber colors, TPC, and anthocyanin content was consistent with the high genetic diversity screened using genotype-specific SSR markers, which support the use of this genetic material in potato breeding.
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