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Abstract

:

Common bean landraces, besides contributing to the preservation of the social and cultural identity of the local communities of the production area, typically display adaptability to adverse agro-climatic conditions. This adapted germplasm is a repository of the gene pool and also shows typical phytochemical profiles, representing an essential source of bioactive components. However, genetic erosion is progressively affecting this genetic material, creating serious threats to its cultivation in marginal rural areas and use as a source of biodiversity and bioproducts. In the present work, a comprehensive approach was used to characterize the seed morpho-colorimetric traits, genetic diversity, and NMR metabolomic profiles of three Italian common bean landraces. Specific physiological and biochemical features (antioxidant molecules, osmolytes, structural reorganization of photosynthetic pigment, etc.), together with the accumulation of distinctive metabolites, contribute to the description of the observed diversity among the landraces in terms of the salt stress response and antiproliferative abilities on intestinal human cancer cells. This information could be useful in establishing their value in terms of environmental and/or human health “service”, both essential to translating landraces into competitive products, a prerequisite for envisioning appropriate strategies for their conservation and a driving force for the revitalization of marginal rural areas.






Keywords:


antiproliferative activities; genetic diversity; inland areas; ISSR; NMR-based metabolomics; phaseolin; seed morpho-colorimetric descriptors; salt stress response












1. Introduction


Over the last few decades, agricultural ecosystems have increasingly lost their biological diversity based on local landraces. This loss has been due to the use of modern intensive farming systems characterized by high-input and high-yielding crop varieties. Thus, there has been an abandonment of the use of traditional cropping practice, landrace cultivation and on-farm conservation [1].



Local landraces, besides contributing to the preservation of the social and cultural identity of the local communities in the production area, are repositories of gene pools that enrich agrobiodiversity, sustainably maintaining and stabilizing ecosystems to make them functional [2]. Indeed, this local germplasm shows adaptability to different agroclimatic conditions, maintaining considerable diversity among and within populations [3]. They are also characterized by typical phytochemical profiles, as compared to more common modern varieties, representing an essential source of important nutraceutical and bioactive components with multiple beneficial effects for human health [4].



The Mediterranean basin has a long and rich history of cultivation of several landraces [5,6]. Particularly, since ancient times, legume landraces have been the backbone of the Mediterranean agroecosystems, providing an excellent and inexpensive source of high-quality nutrients and representing a staple food for the human diet [7,8]. Among them, the common bean (Phaseolus vulgaris L.), an annual herbaceous plant with different growth habits, varying from determinate/indeterminate bush to climber/semi-climber vine, is a global resource for direct human consumption [9]. Independently domesticated in Andean South America and Mesoamerica some 7 million years ago, it achieved widespread distribution in Europe after several introductions from the New World, combined with direct trade among other Mediterranean countries over the centuries [10,11]. Thus, this legume species has adapted to grow in a wide range of environments, generating a huge diversification that serves as a source of plant stress response and adaptation to environmental constraints [12]. High yields and quality traits could be achieved with low inputs, thus addressing current and future climate change challenges [13]. Moreover, its nitrogen-fixing properties improve soil fertility and productivity, with a low impact on the carbon footprint and supporting agroecosystem biodiversity [14]. From the nutritional point of view, the common bean is regarded as “a grain of hope”, particularly for poor communities, being rich in protein, complex carbohydrates, fiber, vitamins, unsaturated fatty acids, such as linoleic and oleic acids, and inorganic minerals (iron, zinc, copper, phosphorous, and aluminum) [15,16]. In addition to representing a valuable source of nutrients, lectins (phytohemagglutinins, PHAs; PHA-E and PHA-L), condensed tannins and phytic acids exert major antinutritional effects, reducing the bioavailability of important micronutrients for human dietary use, especially iron and zinc [17]. Furthermore, several studies reported the presence of a complex chemical composition in common bean genotypes, which is directly related to a plethora of structurally and functionally diverse metabolites. Many of these metabolites show beneficial and effective roles in the prevention and/or regulation of chronic conditions, such as obesity, diabetes, cancer, and cardiovascular diseases [18,19].



In recent years, common beans have drawn attention for their unique nutraceutical profiles and their role in agriculture sustainability, climate change mitigation and global food security. FAO report [20] stated that “the answer to mitigate, adapt and reduce the effects of climate change come in the form of a single seed: the pulse”.



Given these considerations, common beans could be considered as the potential future natural resources able to achieve the Sustainable Development Goals (SDGs) promoted by the United Nations Agenda 2030: zero hunger/food security, good health and well-being, climate change mitigation, promotion of the sustainable use of ecosystems, and halting biodiversity loss [21,22].



However, like all major crops, the common bean is sensitive to salinity stress [15], one of the most alarming abiotic stresses caused by climate change in the Mediterranean region [23], inducing multiple alterations in plant morpho-physiology and biochemical processes. The negative effects of salt on plants are related to a reduction in the osmotic potential, water deficit, nutrient imbalance, and ion toxicity [24]. Furthermore, a high level of salt hampers the photosynthetic process in all its stages, limiting the CO2 supply to leaves and causing ultrastructural changes in chloroplasts, alterations of the polypeptide composition of the photosystems, reduced electron flow from PSII to PSI, impaired chlorophyll biosynthesis or accelerated degradation, and accumulation of reactive oxygen species (ROS) [25].



However, plant salt tolerance is dependent on the growth development stage [26]; the germination and early seedling stages are known to be the most sensitive to stress, as also reported in common bean varieties [27,28]. Although severe impairments are commonly described in P. vulgaris plants under salinity conditions [29,30], several cultivars respond better to salt stress [31,32,33], also demonstrating high potential for salinity tolerance during early vegetative growth. Thus, the observed substantial diversity in salinity tolerance among landraces could represent an important prerequisite for identifying stress-tolerant traits/markers able to address the threats posed by climate change.



However, globalization and technological modernization of agricultural practices in the last few decades have drastically reduced and genetically eroded traditional and local bean agro-ecotypes, restricting them to isolated local markets or causing them to completely disappear [34]. The survival of common bean landraces therefore occurs in limited mountainous and hilly areas along the Apennine ridge of the central and southern regions, prevailing in internal and marginal territories where traditional forms of agriculture are practiced by elderly farmers, mostly for family subsistence [35]. Although these areas suffer from demographic decline and disadvantaged conditions, they still have remarkable environmental resources (high-quality agricultural products and natural landscapes) and cultural assets (archaeological and historic settlements) capable of creating new income opportunities and promoting territorial competitiveness [36]. From this perspective, as detailed in the Italian public policy National Strategy for Inland Areas (Italian SNAI) plan, “place-based” strategies must be implemented to valorize the local resources (particularly agricultural products) and, thus, promote territorial development and the economic and social regeneration of these fragile Italian territories [37]. In this context, the assessment of the existing morphological and genetic diversity of germplasm represents the first step in a characterization process focused on the preservation and possible exploitation of endangered local resources [38].



Among them, the characterization of phaseolin isoforms allows the identification of the Andean or Mesoamerican gene pool of the populations, helping to assess the genetic structure of beans from different geographical locations [39,40].



During the last years, nuclear magnetic resonance (NMR) spectroscopy-based metabolomics has turned into a fast and reliable analytical tool to characterize the metabolite diversity and estimate the nutritional quality of several crops [12,41,42]. However, despite this notion, to the best of our knowledge, only a few published articles have reported the use of NMR metabolomics to characterize the diversity of common beans [43,44]. It could be fundamental to establish landraces’ value and peculiarities in terms of environment and human health “services”, both essential to translating them into competitive products and a prerequisite for envisioning appropriate strategies for their on-farm conservation.



Based on these premises, in the present study, a comprehensive characterization of three Italian autochthonous P. vulgaris L. landraces was performed at the morphological, genetic and metabolomic levels, also examining the presence of promising bioactive compounds involved in plant stress tolerance or with some antiproliferative capability in intestinal human cancer cells. Successively, to tackle the climate change challenge, the ability of these landraces to counteract salinity stress was evaluated by monitoring the main plant morpho-physiological and biochemical parameters after 15 days of salt stress exposure.




2. Materials and Methods


2.1. Plant Material Collection


Seeds of three common bean (Phaseolus vulgaris L.) landrace populations were collected from local farmers in Italian hilly and mountainous areas and successively stored ex situ in the Molise Germplasm Bank. Ciliegino (CV) and Fagiolo d’Acqua (FDA) are cultivated with low input and traditional farming systems in two different marginalized areas of the Molise region located, respectively, in Vastogirardi [41°46′9.651″ (N) 14°15′28.894″ (E)] and Pietrabbondante [41°43′9.829″ (N) 14°22′47.892″ (E)] municipalities, both belonging to the Alto Medio Sannio Inner Area [45]. In detail, CV takes its name from the cherry red seed coat color, also small and oval, and is particularly appreciated for its sweet taste. FDA is an oval bean with a light brown seed coat, commonly used in soups because of its thin skin and whose name refers to the old farming location, near water sources, where it was grown in the past.



San Michele Rosso (SMR) is cultivated by Belisario Farm [Sarconi, PZ; 40°14′38.04″ (N) 15°51′55.439″ (E)], in the hilly areas of the Basilicata region, and is associated with the PGI (Protected Geographical Indication) quality marker. It owes its name to the red color of its seed coat and to the time when it ripens, usually on the day dedicated to Saint Michele, and it is particularly appreciated for its taste and short cooking time.



All the populations are characterized by round-shaped seeds and white hilum but different seed coat colors: CV and SMR show a full shiny red coat color, while FDA presents a uniform light brown coat color (Supplementary Figure S1).




2.2. Landrace Diversity Assessment


2.2.1. Seed Morphological Analysis


A total of 14 seed morpho-colorimetric parameters were measured on a digital image of 10 seeds for each common bean population by using software Image J (Version 1.51iWayne Rasband-NIH; https://rsb.info.nih.gov/ij/, accessed on 20 April 2023). Only the seed weight (g), volume (mL), and density (g·mL−1) were measured on 100 seeds. The morpho-colorimetric features were selected by referring to Loddo et al. [46], and the measurements were conducted in triplicate and expressed as the mean ± standard error.




2.2.2. DNA Analysis: ISSR and SCAR Amplification


The total genomic DNA was used to investigate the genetic relationships among the common bean populations by using a total of 8 inter-simple sequence repeat (ISSR) primers and the sequence-characterized amplified region (SCAR) marker of the phaseolin (Phs) locus (Supplementary Table S1), following the same procedures reported in Falcione et al. [47].




2.2.3. NMR Metabolomic Profiling


The extraction of all the metabolites was performed according to the procedure applied by Samukha et al. [48]. Briefly, powdered seed (1.5 g) was incubated for 1 h at room temperature with CH2Cl2/MeOH/H2O (2:1:1) The resulting lipophilic and hydroalcoholic phases were accurately separated and vacuum dried in a Rotavapor (R-114, Büchi, Switzerland), keeping the temperature at 30 °C to inhibit the decomposition of the thermolabile compounds. Next, the samples were placed in a SpeedVac (Thermo Fisher Scientific, Waltham, MA, USA) and successively transferred to the freeze dryer (CHRIST, Hosterode am Harz, Germany) for two days until complete solvent evaporation. All the experiments were performed in quadruplicate to ensure their reproducibility.



For the NMR experiments, the aqueous extract (7 mg) was resuspended in 500 µL of deuterated water (D2O, 99.95% D, Sigma-Aldrich, Milan, Italy) containing 0.1 mM sodium 3-trimethylsilyl [2,2,3,3-2H4] propionate (TMSP 0.75 wt% sodium salt, 99.9% D, Sigma-Aldrich, Milan, Italy), for 1 H spectral reference, and phosphate-buffered saline (PBS) at pH 6. The lipophilic extract (7 mg) was solubilized in 500 µL of deuterated chloroform (CDCl3, 99.8%, Sigma-Aldrich, Milan, Italy) adding Tetramethylsilane Si(CH3)4 (TMS, 0.03% v/v, 99.8% D, Sigma-Aldrich, Milan, Italy) as an internal standard. Finally, the samples were transferred into NMR tubes and analyzed via 1H and 13C NMR spectroscopy, homonuclear correlation spectroscopy (2D 1H−1H COSY), heteronuclear single quantum correlations (2D 1H−13C HSQC) and heteronuclear multiple bond correlation (2D 1H–13C HMBC).



One-dimensional (1D) and two-dimensional (2D) (COSY, HSQC and HMBC) spectra were acquired on a Bruker DRX-600 spectrometer (Bruker BioSpin GmbH, Rheinstetten, Germany), equipped with 5 mm TXI 1H/D-13C/15N-GRD Z816801/0193 probes, operating at 298 K. The acquisition parameters for the 1H–NMR (1D) were: FID size = 64 k, dummy scans = 4, spectral width = 11, number of scans = 512, acquisition time = 2.18 s, relaxation delay = 5 s, receiver gain = 90.5 and FID resolution= 0.45 Hz. The acquisition parameters for the 1H–NMR (2D) were: COSY dummy scans = 16, number of scans = 32, relaxation delay = 1.5 s, receiver gain= 228; HSQC dummy scans = 16, number of scans = 64, relaxation delay = 1 s, receiver gain = 2050; HMBC dummy scans= 16, number of scans = 96, relaxation delay = 1 s, receiver gain = 2050. Data acquisition was achieved by using TOPSPIN 3.5 software (Bruker BioSpin GmbH, Rheinstetten, Germany).



Phase and baseline corrections were performed for the NMR data processing. For the data calibration, the TMSP shift signal was adjusted to 0.0 ppm using TOPSPIN 3.5 software (Bruker BioSpin GmbH, Rheinstetten, Germany).



Metabolite profiling was assigned by comparison with the Human Metabolome Database (HMDB; http://www.hmdb.ca/, accessed on 20 May 2023) and the signal assignments were confirmed by recording and analyzing the 1D and 2D NMR experiments. These were 13C spectroscopy (1D), homonuclear correlation spectroscopy (2D, 1H–1H COSY), heteronuclear single quantum correlations (2D, 1H–13C HSQC) and heteronuclear multiple bond correlation (2D, 1H–13C HMBC). To differentiate the samples through the NMR spectra, we carried out a multivariate statistical analysis of the NMR qualitative data using projection methods.



For the quantification of the metabolites, considering that the signal intensity in the 1H NMR spectrum is proportional to the molar concentration of the metabolites [49], the most abundant compounds were quantified by an integration of the 1H NMR signals, using TSP as the internal standard, and considering several parameters, such as the mass of the target compound [μg] in the solution used for the 1H NMR measurement, the molecular weight of the target compound [g∙mol−1], the relative integral value of the 1H NMR signal of the target compound, the relative integral value of the 1H NMR signal of the standard compound, the number of protons belonging to the 1H NMR signal of the standard compound, the number of protons belonging to the 1H NMR signal of the target compound, the concentration of the internal standard (TSP) in the solution used for the 1H NMR measurement [mmol∙L−1], and the volume of the solution used for 1H NMR measurement [mL]. The quantification of the metabolites was expressed in mg/g of dry weight of bean seeds.





2.3. Anti-Proliferative Activity of Seed Aqueous Extracts on Caco-2 Cell Line


Cancer coli-2 (Caco-2) cells were cultured at 5% CO2 in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Merck Life Science, Milan, Italy), containing 10% (v/v) fetal bovine serum (FBS) (Merck Life Science, Milan, Italy), L-glutamine (2 mM), and penicillin/streptomycin solution. The growth curve experiments were assessed by seeding Caco-2 cells into 12-well plates (50,000 cells for each well). Then, 5 h and 48 h after seeding, the cells were treated with the bean extracts (CV, FDA, SMR) at different concentrations: 0.1 µg·mL−1, 1 µg·mL−1, 100 µg·mL−1, while the control cells received DMSO (dilution 1:1000 in cell culture medium) as the vehicle. Cell counts were performed after 96 h, and the results were expressed as the means ± SD (standard deviation).




2.4. Seed Germination Behavior under Salt Stress


To germinate, sterilized seeds from each population were placed in 9 cm diameter Petri dishes on Whatman filter papers moistened with 2 mL of distilled water (control; 10 seeds) or with 200 mM NaCl solution to reproduce the osmotic potential of −0.8 MPa [50] (salt stress; 10 seeds). All the Petri dishes were subsequently kept in a growth chamber under controlled environmental conditions (25 °C with a photocycle of 16 h of light and 8 h of dark), and the solutions were renewed every 2 days.



The number of seeds germinated was recorded for 8 days (Supplementary Figure S2) and the data were expressed as the germination capacity/germination percentage and as the germination speed (mean ± standard error of three biological replicate). The germination capacity was obtained by dividing the number of germinated seeds in each Petri dish (n) by the total number of seeds tested (N), multiplied by 100 (G = n/N·100). The germination speed (T50), expressed as the number of days required to reach 50% of the final germination capacity, was calculated using the formula reported in Kouam et al. [51].




2.5. Plant Performance under Salt Stress


Eight Phaseolus vulgaris plants for each population were grown in a growth chamber (16 h light/8 h dark cycle under 25 °C temperature) in the control and salt stressed conditions for 15 days, as reported in Falcione et al. [47] (Supplementary Figure S2). At the end of the experiment, the soil electrical conductivity (EC) was measured (control soil EC: 1.35 dS·m−1; salt-stressed soil: 9.57 dS·m−1, data not showed) and plant material (roots and leaves) was harvested and subjected to further analyses.



The plant morphological changes were analyzed after the 15 days of treatment by measuring the fresh (FW) and dry biomass (DW) of different organs, together with the relative water content (RWC) and the photosynthetic pigments. In detail, the leaf and root FW was immediately measured after harvesting. Then, each organ was incubated in the dark in deionized water for 4 h and weighed to determine the turgid weight (TW). These samples were, successively, dried at 80 °C for 48 h and the DW was recorded. The RWC was calculated using the formula reported in Smart [52]: [(FW − DW)/(TW − DW)]·100. All the morpho-physiological measurements were performed on four plants and expressed as mean ± standard error.



The total chlorophyll (Chl), Chl A/Chl B ratio, and carotenoid contents were assessed following the spectrophotometric procedure described in Polzella et al. [53] and expressed as µg·mg−1 (mean ± standard error of triplicate measurements).



The plant stress response was evaluated in the roots and leaves of different landraces by analyzing the proline and sugar content and estimating the lipid peroxidation. In detail, the proline content and lipid peroxidation were evaluated as reported by Falcione et al. [47].



Briefly, the proline concentration was spectrophotometrically determined at 520 nm as the mean ± standard error of triplicate measurements using a standard curve and expressed as µmol·g−1 using the equation reported by Carillo and Gibon [54]. The lipid peroxidation, expressed as the malondialdehyde (MDA) content, was measured by using the thiobarbituric acid (TBA) method according to Abdallah et al. [55] as the mean ± standard error of triplicate measurements and was expressed as nmol·mL−1 (molar extinction coefficient reported by Hodges et al. [56]).



The total carbohydrate content was measured by using the Total Carbohydrate Assay Kit (MAK104, Sigma-Aldrich, St. Louis, MO, USA) according to the manufacturer’s instructions, with some modifications. In detail, plant material (50 mg) was homogenized in 200 µL of ice-cold Assay Buffer and the samples were centrifuged at 13,000× g for 5 min. Next, 150 µL of sulfuric acid (H2SO4) was added to 30 µL of supernatant and the mixture was heated at 90 °C for 15 min in the dark. Then, 30 µL of Developer were added to each sample and mixed well using a horizontal shaker for 5 min. Successively, H2O MilliQ was added to each sample and the absorbance was read at 490 nm with a spectrophotometer (Bio-Rad, South Granville, NSW, Australia). The amount of total carbohydrates present in the samples was determined from a standard curve made by dilutions of 2 mg·mL−1 D-Glucose standard and expressed as mg·g¯1 of fresh weight and as the mean ± standard error of triplicate measurements.




2.6. Statistical Analysis


The statistical analysis of the genetic and seed morpho-colorimetric data was conducted using Past Version 4.03 software (https://past.en.lo4d.com/windows, accessed on 1 October 2023). In detail, Principal Component Analysis (PCA) was carried out to define the role of each morphological trait in the grouping of accessions and cluster analysis was performed by unweighted pair group methods using arithmetic averages (UPGMA) with the Euclidean distance index to create a dendrogram. Principal Coordinate Analysis (PCoA) was carried out to estimate the overall genetic relationship among populations and UPGMA clustering was used with Jaccard’s similarity index to create a dendrogram.



The 1H NMR qualitative data were imported into MetaboAnalyst 5.0 (https://www.metaboanalyst.ca/, accessed on 15 October 2023) and PCA and Partial Least Squares Discriminant Analysis (PLS-DA) were performed. The quality of the PLS-DA model was evaluated using the correlation coefficient R2 and a cross-validation correlation coefficient Q2. Furthermore, the Variables Importance in Projection (VIPs) score (value > 1) for the PLS-DA was selected. Student’s t-test was performed to determine significant quantitative differences in the metabolite levels among populations (p ≤ 0.05).



Analysis of the anti-proliferative activity of the seed aqueous extracts on the Caco-2 cell line was performed by using two-way ANOVA followed by a Bonferroni post-test (p ≤ 0.05) on GraphPad Prism 5 (GraphPad, La Jolla, CA, USA) for Windows.



Differences between the control and treated samples in terms of the germination behavior and plant morpho-physiological (biomass, RWC and photosynthetic pigment content) and biochemical (proline, lipid peroxidation and total carbohydrate contents) parameters were determined through a Student’s t-test (p ≤ 0.05).





3. Results


3.1. Seed Morphological Traits and Genetic Data


The results of the seed morpho-colorimetric analysis are shown in Supplementary Table S2. The Principal Component Analysis (PCA) of the 14 seed morpho-colorimetric descriptors noted differences among the populations. In detail, in the PCA scatter plot (Figure 1a), along Principal Component 1 (PC 1), CV and SMR both appeared in negative coordinates values, while FDA projected in the positive coordinates. On the other hand, on the Principal Component 2 (PC 2), CV showed positive values, while FDA and SMR were placed along negative values. These differences were mainly related to the seed volume, seed weight, and seed coat colorimetric parameters (max gray value, modal gray value, and median values of the pixels in the selected image), accounting for 95.57% and 4.43% of the total variance, on the PC1 and PC 2, respectively (Supplementary Figure S3). The dendrogram, resulting from the unweighted pair group method with arithmetic mean (UPGMA) clustering, revealed two main clusters: cluster 1 was characterized by only FDA (Euclidean distance ≈ 160), and cluster 2 contained both CV and SMR (Euclidean distance ≈ 40) (Figure 1b).



The genetic relationships among the autochthonous common bean populations were analyzed by using eight inter-simple sequence repeat (ISSR) markers. The PCoA analysis of the amplified products resulted in a scatter plot with PCo 1 and PCo 2 scores that accounted for 87.14% and 12.86% of the total variance, respectively (Figure 1c). Regarding PCo 1, on the one hand, CV and SMR both showed negative coordinates values; on the other hand, FDA was distributed in positive coordinates (Figure 1c). Along PCo 2, only SMR was placed in positive values, while FDA and CV displayed negative values (Figure 1c). In the corresponding dendrogram, constructed using the UPGMA clustering, two main clusters were identified: FDA was assigned to cluster 1 (Jaccard similarity index ≈ 0.38); CV and SMR were grouped in cluster 2 (Jaccard similarity index ≈ 0.84) (Figure 1d).



The phaseolin pattern analysis [PCR amplification of sequence-characterized amplified region (SCAR) marker of the phaseolin (Phs) locus] allowed the assignment of the three common bean populations to the Andean gene pool. However, as also shown in Falcione et al. [47], the CV profile consisted of two fragments of 249 and 275 bp, typical of S-, B-, or H-type phaseolins, while both SMR and FDA contained three fragments of 249, 275 and 290 bp, characteristic of T-, C-, or A-type phaseolin profiles (Figure 1e).




3.2. NMR Metabolomic Profiling Data


The 1H NMR spectra of the common bean seed aqueous and lipophilic extracts showed a similar chemical profile among the populations. In detail, the 1H NMR spectrum of the aqueous extract revealed a total of 25 metabolites, which ranged from 0.90 to 10 ppm: 3 sugars, 13 amino acids, 5 organic acids, and 4 other miscellaneous compounds (Figure 2). The 1H and 13C NMR chemical shifts (Figure 2a) were assigned based on the 2D-NMR experiments (COSY, HSQC, and HMBC) and comparison with published data in the HMDB (Human Metabolome Database) (https://hmdb.ca/, accessed on 20 May 2023).



In detail, in the first region of the 1H NMR spectra (from 0.9 to 3.0 ppm), the signals of several amino acids (leucine, isoleucine, valine, threonine, alanine, proline, methionine, GABA, aspartate and asparagine) and organic acids (lactic acid, pipecolic acid, malic acid and citric acid) were detected (Figure 2b). The second region (from 3.0 to 4.5 ppm) was characterized by the presence of organic acids (pipecolic acid and malic acid), sugars (sucrose, raffinose, fructose, galactose, stachyose), and other miscellaneous compounds (choline and trigonelline) (Figure 2c). In the third region (from 4.5 to 5.9 ppm), several various sugars, such as stachyose, raffinose and sucrose, were observed (Figure 2d). The fourth region (from 5.9 to 7.9 ppm) was characterized by the signals of aromatic groups from amino acids (tyrosine, phenylalanine and tryptophan) and other compounds, such as uridine (Figure 2e). Finally, in the fifth region (from 7.9 to 9.2 ppm), evident signals of trigonelline and formic acid were found (Figure 2f).



The analysis of the 1H NMR spectrum of the seed lipophilic extracts, obtained from the three common bean populations, showed the presence of different metabolite classes: fatty acids in the first region, which ranged from 0.9 to 3.0 ppm, and glycerol and polyunsaturated fatty acids (PUFA), in the second one, which ranged from 3.0 to 6.0 ppm (Supplementary Figure S4). The assignments of the 1H NMR chemical shifts of the compounds were performed as described for the aqueous extract.



The data of the 1H NMR spectra of the aqueous seed extracts were imported for the construction of the PCA and Partial Least Squares Discriminant Analysis (PLS-DA) (Figure 3).



In the PCA score plot, PC1 and PC2 accounted for 39.6% and 26.4% of the total variance, respectively. Three separate groups, related to CV, SMR and FDA populations, can be observed. In detail, in PC1, FDA and CV were displayed along negative coordinates, with an outlier point of CV placed in positive values, while SMR was positioned in positive coordinates. The three populations can also be discriminated by PC2: FDA and SMR were placed in positive values, while CV was displayed along negative PC2 values (Figure 3a). The corresponding PCA loadings plot is reported in Supplementary Figure S5a.



PLS-DA was then applied to improve the group separation and to deeply investigate the sample classification according to the metabolic profiles expressed by the three different populations. The PLS-DA regression (R2 = 0.98; Q2 = 0.95) showed a good group separation along all the components in the score plot (PC1 = 33.5%; PC2 = 20.7%). In particular, CV and FDA were projected in negative PC1 coordinates, while SMR displayed along positive PC1 values. Regarding PC2, FDA and CV were placed in positive and negative values, respectively; conversely, SMR appeared in both positive and negative values (from 5 to −10) (Figure 3b). From the corresponding loadings plot (Supplementary Figure S5b), the metabolites responsible for data clustering in the PLS-DA, with a Variables Importance in Projection (VIPs) score > 1, were selected. The 10 most discriminant metabolites are illustrated in the VIPs plot in Supplementary Figure S6.




3.3. Quantification of Metabolites in Aqueous Common Bean Seed Extracts


Among all the metabolic profiles, the most intense and distinct signals of the 1H NMR spectra have been quantified. The dominant compounds, detected in the three bean populations, turned out to be sugars (sucrose and stachyose) and organic acids (citric and pipecolic acid) (Figure 4).



Sucrose and stachyose showed high contents in all three bean populations (sucrose: 0.0016–0.0021 mg·g−1 DW; stachyose: 0.0015–0.0019 mg·g−1 DW), with no significant variation in the sucrose content among the populations. In contrast, for stachyose, on the one hand, the amount present in CV showed no significant differences compared with SMR and FDA; on the other hand, the sugar concentration in SMR was significantly higher than that in FDA (Figure 4).



The three bean populations also contained substantial levels of organic acids (lactic acid: 5.40 × 10−6–1.35·10−5 mg × g−1 DW; pipecolic acid: 0.0004–0.0007 mg·g−1 DW; citric acid: 0.0010–0.0017 mg·g−1 DW), with the highest content detected for citric acid, followed by pipecolic and lactic acid (Figure 4). Regarding citric acid, SMR had the highest amount compared to CV and FDA; the latter showed no significant differences between them. In addition, SMR and FDA showed no significant differences in the pipecolic acid content, but these concentrations were higher than those observed in CV. Lastly, the highest lactic acid content was found in FDA, followed by SMR and CV (Figure 4).



Regarding amino acids, leucine, valine and alanine showed lower concentrations (leucine: 1.91 × 10−5–2.51 × 10−5 mg·g−1 DW; alanine: 7.15 × 10−6–3.35 × 10−5 mg·g−1 DW; valine: 6.42 × 10−6–9.05 × 10−6 mg·g−1 DW) than methionine (7.33 × 10−6–1.78 × 10−4 mg·g−1 DW). The methionine concentrations in CV and SMR were not significantly different but were higher than the content in FDA. For leucine, equivalent contents were found in CV and SMR, which were found to be higher than in FDA. SMR showed no differences in the valine concentrations compared with CV and FDA; however, the valine content in FDA was higher than in CV. Finally, SMR reported the highest alanine amount compared with CV and FDA (Figure 4).



Other compounds, such as trigonelline and choline, showed quite low content (trigonelline: 5.83 × 10−5–8.37 × 10−5 mg·g−1 DW; choline: 4.22 × 10−5–5.75 × 10−5 mg·g−1 DW). In detail, an increased trigonelline content was observed in FDA compared to CV and SMR. CV showed no differences with respect to SMR and FDA for choline, but FDA had a higher choline amount than SMR (Figure 4).




3.4. Anti-Proliferative Activity of Bean Aqueous Extracts on Caco-2 Cell Line


The aqueous bean extracts had different effects on the cell growth of the Caco-2 line (Figure 5). Specifically, after 96 h, the Caco-2 cell proliferation was significantly reduced following the administration of all three concentrations of CV extracts (Figure 5a). On the other hand, the increasing doses of SMR extracts induced no change in cell growth compared with the control (Figure 5b). Conversely, interestingly, all three concentrations of FDA extracts increased the number of Caco-2 cells compared to the vehicle-treated cells (Figure 5c).




3.5. Effects of Salt Stress on Germination and Plant Morpho-Physiological and Biochemical Responses


3.5.1. Germination Behavior


Seeds of the CV bean population that received no stress treatment had a final germination capacity of 90%. In comparison, a 37% final germination capacity was observed under salt stress treatment after 8 days (Figure 6a). Furthermore, the germination speed was also negatively affected by salinity stress, as indicated by the higher T50 value under salinity stress (T50 = 6.4) compared to control (T50 = 3.7) (Figure 6b). No difference was observed between the control and the stress condition during the first three days, while from the fourth day (4d) to the eighth day (8d), salinity stress induced a reduction in the germination rate. In detail, the salt stress condition decreased the germination capacity by five times at the fourth day with respect to the control (53%) until two times at the eighth day compared to the control condition (90%) (Figure 6c).



The SMR bean population reached 100% final germination capacity under controlled conditions, while a final germination percentage of 73% was observed under salinity stress (Figure 6a). A slight delay in the germination speed was reported under salinity stress (T50 = 2.2) with respect to the controlled conditions (T50 = 1.7) (Figure 6b). Salt treatment had little impact on the germination rate and only at the 2 d, 3 d, 4 d, and 8 d. More specifically, under salt stress conditions, the germination capacity was 2-fold lower (2 d) and 1-fold lower (3 d, 4 d and 8 d) than the control (2 d: 70%, 3 d: 93%, 4 d: 97%, 8 d: 100%) (Figure 6d).



The FDA untreated seeds reached the final germination of 93% at the 8 d, while the salt-treated showed a final germination capacity of 27% (Figure 6a). A slight decrease in the germination speed was also reported under salinity stress (T50 = 4.0) compared to the untreated seeds (T50 = 3.5) (Figure 6b). In detail, no significant differences were reported between the germination rates under controlled and salinity stress conditions during the first 2 days, whilst from the 3rd d to the end of germination test (8 d), the germination percentage was 0% (3 d, 4 d and 5 d), 20% (6 d and 7 d) and 27% (8 d) under salt stress, compared to control (3 d–5 d = 40%, 6 d–7 d = 80%, 8 d = 93%) (Figure 6e).




3.5.2. Plant Morpho-Physiological Data


The analysis of the biomass allocation showed that the fresh (FWroot) and dry (DWroot) root biomass did not change significantly in the SMR plants, while they were negatively affected by salinity stress in CV and FDA (Figure 7a,d). More specifically, salinity stress reduced the FWroot by 44% in CV and 56% in FDA, and it decreased the DWroot by 69% in CV and by 58% in FDA, compared with the control plants (Figure 7a,d). A decline in both the fresh and dry weight was observed in CV and FDA leaves under salt stress treatment: the leaf fresh weight (FWleaf) was reduced by 89% in CV and by 90% in FDA, while the leaf dry weight (DWleaf) declined by 44% and by 56% in CV and FDA, respectively. Conversely, salinity stress led to a reduction in the SMR FWleaf by 86%, while the SMR DWleaf was not affected by salt stress compared to the control (Figure 7b,e).



The root relative water content (RWCroot) was not influenced by the salt treatment. However, a decline in the leaf relative water content (RWCleaf) was shown in all three bean populations under salinity stress compared to the control. More specifically, the CV, SMR and FDA RWCleaf were reduced by 63%, 76%, and 78%, respectively (Figure 7g,h).



The analysis of the photosynthetic pigments revealed that salt stress induced an increase in the total chlorophylls in only CV (220%) and FDA (28%), whilst no significant change was found in SMR, compared to the control (Figure 7c). On the other hand, the Chl A/B ratio was decreased by 31% in CV, by 72% in SMR and by 45% in FDA under salinity stress (Figure 7f). Finally, salt stress caused an increase in the carotenoid content in all three populations compared to untreated plants: by 234% in CV, 22% in SMR, and 145% in FDA (Figure 7i).




3.5.3. Plant Biochemical Data


Salt stress led to increased proline in the roots and leaves of the bean populations (Figure 8a,d). In detail, proline increased in the roots of CV (116%) and SMR (38%), while no change was found in the FDA roots, compared to the control plants (Figure 8a). The leaf proline level was found to be sharply increased by salinity stress in all three bean populations: CV (1091%), SMR (823%), and FDA (1197%) (Figure 8d).



Salt stress differently affected the total carbohydrate content in the common bean roots and leaves (Figure 8b,e). Specifically, salt stress led to a decline in the root total carbohydrates in CV, SMR and FDA by 36%, 45% and 40%, respectively (Figure 8b). On the contrary, a significant total carbohydrate content increase was observed in the leaves of the three bean populations: CV (116%), SMR (123%) and FDA (1791%) (Figure 8e).



The analysis of the MDA content, directly related to oxidative damage, indicated a decrease in the lipid peroxidation levels in the SMR (by 44%) and FDA (by 34%) roots under salt stress treatment, whilst CV showed unchanged root MDA levels, compared with the control (Figure 8c). In the leaves, salt stress led to an increase in the MDA levels in all the bean populations: the MDA level in CV was increased by 1359%, in SMR by 871%, and in FDA by 462% (Figure 8f).






4. Discussion


In the present work, for the first time, the combined use of morphological, biochemical, molecular, and metabolomic data allowed for the differentiation of three Apennines landraces of Phaseolus vulgaris called “Ciliegino”, “Fagiolo D’Acqua”, and “San Michele Rosso”. In detail, despite CV and SMR sharing similar seed colorimetric features, CV seeds are bigger and more rounded compared to SMR. Indeed, besides these red-colored seed populations (CV and SMR) being grouped together and well separated from FDA in the genetic and morphological dendrograms, they were well differentiated along the PCA and PCoA. However, the diversity assessment could not be unequivocally performed when studies deal with few accessions [57], considering that a higher genetic distance between CV and SMR populations was observed in our previous work [47].



Their diversity also emerged by analyzing the phaseolin type: despite all the three common bean populations belonging to the Andean gene pool, SMR and FDA showed three typical bands of phaseolin, while the CV profile was characterized by two bands, as also reported in Falcione et al. [47]. This result matches with other studies reporting a higher frequency of the Andean gene pool among common bean germplasm dispersed in Italy, the Iberian Peninsula, and the Balkan area [10,35]. This suggests that most of the common bean landraces were brought to Italy more likely through Spain rather than directly from America—between the 16th and 17th centuries many Italian regions, including Molise, were under Spanish control. However, a certain extent of admixture in the phaseolin diversity also indicated the occurrence of past (or recurring) hybridization events among gene pools [58], in combination with adaptation to different environments [59]. Thus, the CV population, subjected to different domestication flux, could be as putative hybrids between the two Mesoamerican and Andean gene pools. Our research, carried out by collecting the historical memories of the elderly inhabitants of Vastogirardi village, suggested that CV seeds could have arrived in Molise territory between the late 1800s and the early 1900s through Italian emigrants to the United States and their return to Italy. The CV could originate from an old local bean landrace, recently discovered by some farmers and seed collectors, showing the same small, round and red coat seeds; it is named “True Red Cranberry Bean”, which used to be cultivated by the ancient native American tribe “Abenaki” in the northeastern areas of the United States, primarily in the region of Maine [60,61].



Alongside some similarities in the metabolomic profile, mainly due to amino acids, sugars, organic acids, nucleosides, and other miscellaneous compounds [62,63], specific metabolites also varied quantitatively among the landraces.



In detail, lactic acid, trigonelline and choline, as well as other molecules and micronutrients, highly enriched in the FDA seed aqueous extract, might play a role in FDA’s ability to stimulate the cell proliferation of colon cancer cells [64,65] as evaluated in this work. Excess lactic acid has been shown to promote tumor growth: it acts as an energy source, signaling molecule and key tumor immunosuppressive factor [66]. Trigonelline is an alkaloid formed from nicotinic acid that, even at very low concentrations, may act as a phytoestrogen able to elicit cell growth of estrogen receptor (ER)-expressing cells [67]. Since Caco-2 cells express ERβ and are responsive to the proliferative effects induced by estrogens [68], it is possible to speculate that trigonelline promotes Caco-2 cell growth by acting as an endocrine disruptor. Furthermore, it has recently been shown that, in vitro, choline not only promotes cell proliferation but is also linked to malignant transformation and cancer progression [69].



In contrast to what was observed in FDA, the low amounts of lactic acid and pipecolic acid found in the CV seed extracts may have played a suppressive role in cancer cell proliferation, causing the decrease in the number of Caco-2 cells at all the doses here tested. A recent study showed that silencing pyrroline-5-carboxylate reductase 1 (PYCR1), a biosynthetic enzyme that converts Δ1-piperidine-6-carboxylate to pipecolic acid, induced apoptosis and cell cycle arrest in prostate and hepatocellular carcinoma [70]. A similar effect could be hypothesized in colon cancer. However, some other classes of metabolites, such as phenolic compounds, generally contained in red-skinned beans may be responsible for the observed antiproliferative effects on colon cancer cells rather than lactic and pipecolic acid alone [71,72].



Other metabolites could be actively involved in the different abilities of the three common bean landraces to counteract salinity stress. Several studies reported that salinity hampers seed germination, inhibiting many seed enzymatic activities and cellular processes, directly inactivating proteins, producing reactive oxygen species (ROS) or interfering with mineral nutrition [73]. Furthermore, seed hydration, one of the crucial steps in the germination process, is inhibited by salinity-induced osmotic stress; this prevents or delays the germination process [74].



Compared to CV and FDA, effective SMR seed adaptive mechanisms seem to be able to cope with the adverse effects of salinity stress. The high amounts of citric acid and some amino acids, such as alanine, leucine and methionine, detected by the 1H–NMR spectra analysis, could play a protective role against salinity stress. Citric acid, acting as an antioxidative defense molecule, was probably involved in the recovery from ROS generated during stress conditions [75]. Free amino acids, such as alanine and leucine, in addition to serving as substrates for protein synthesis, also act as osmoprotectants under several abiotic stress conditions [76]. Methionine plays a key role in the synthesis of brassinosteroids, cytokinins and auxins to regulate/enhance plant growth, also functioning as a cofactor of antioxidants, vitamins, and polyamines [77]. Pipecolic acid acts as a critical regulator of plant immunity induced in response to biotic and abiotic stresses [78]. Thus, all these compounds might have played a role as compatible osmolytes, providing for: (i) osmotic adjustments; (ii) maintenance of cellular turgor; and/or (iii) alleviation of salt stress injury.



The SMR landrace also showed better performance than CV and FDA at the plant stage. Indeed, salt stress applied for 15 days had a negligible impact on the biomass accumulation in the roots and leaves of SMR plants, despite leading to a reduction in the leaf relative water content, an important indicator of plant water status [79]. It is argued that, under salinity stress conditions, plants decrease the hydraulic conductance of their roots to retain water and prevent its loss to salty soil. This mechanism could reduce the supply of (saline) water to the shoots, leading to reduced water potential in the SMR leaves [80].



As reported in several stress-sensitive grain legumes, including P. vulgaris [79,81,82], the growth retardation observed in CV and FDA could be attributed to the adverse effects of salinity on cell division and elongation: the excessive accumulation of salts around the root zone affects the water and nutrient uptake by the bean plantlets.



The combined results of the complex interactions among different molecular and biochemical features, such as the photosynthetic pigment content, lipid peroxidation and osmolyte accumulation (sugars and proline), generally contribute to the description of the observed diversity among landraces [83,84], but not in this case. Indeed, despite the low accumulation of sugars (and high proline) in all three landraces, the roots of SMR and FDA seemed to respond better than CV and the leaf counterpart, as demonstrated by the decrease in the amount of malondialdehyde (MDA) in this lower organ.



MDA, one of the end products of polyunsaturated fatty acid peroxidation in cells, is often used as a marker of oxidative damage [81]; on the other hand, it is known that proline, sugars, and carotenoids are all compounds that may alleviate oxidative stress damage [85].



Several studies have reported that the carbon translocation patterns from source (leaves) to sink (roots, stems, fruits, and seeds) are altered by salinity stress, leading to a consequent accumulation of sugars in the mature leaves to the detriment of the roots [86,87]. Similar results were also described in the studies conducted by Moles et al. [88], where soluble sugars were concentrated in tomato leaves to a greater extent than in the roots under salinity stress conditions.



In the leaves of all three common bean populations, salt stress induced a reduction in the ChlA/ChlB ratio and an increase in the amount of carotenoids. However, the total chlorophyll only increased in the CV and FDA leaves, while no change occurred in SMR due to the strong reduction in the ChlA content being counterbalanced by the increase in ChlB. Moreover, the proline, total sugars, and MDA content increased in the leaves of all three populations subjected to salt stress. Thus, besides the general role of the above-mentioned antioxidant molecules in alleviating oxidative stress and in osmoprotection [85], the structural reorganization in the main pigment–protein complexes may have contributed to maximizing the light harvesting and increasing the photosynthesis efficiency in SMR plants under stress conditions [89].



In some plant species, including P. vulgaris, the proline levels were higher in salt stress-sensitive cultivars compared to salt stress-tolerant examples as a consequence of disturbance in cell homeostasis, reflecting damage in the response to salt stress, thus a symptom of injury rather than an indicator of salinity resistance [47]. Furthermore, it is reported that prolonged salinity stress induces substantial proline accumulation to minimize salinity stress-related detrimental effects on plants [90]. This finding could explain the observed proline increase in all the populations, both the decreasing (CV and FDA) and unchanging (SMR) biomass accumulation, and the different ability of the CV and SMR populations to counteract mid- and long-term stress imposition, showing opposite behavior after 8 and 15 days of salt stress [47].



Taken together, the collected results led us to hypothesize the involvement/modulation of other enzymatic and non-enzymatic ROS detoxification systems that act differently in roots and leaves [91]. Although there are universal antioxidant defense mechanisms for all tissues, each organ uses the mechanisms that are most efficient for it and in harmony with its other metabolic networks, at a particular point of its age, to cope with salinity and the resulting oxidative stress [92].



Moreover, as recently demonstrated by Hernandez-Guerrero et al. [43], considering that common bean cultivars show analogous metabolomic profiles in the seeds and leaves, we can speculate an equivalent role of some detected compounds in the two organs. The high amount of citric acid, together with some free amino acids, such as alanine, leucine and methionine, could be able to counteract the salinity stress in the leaves of SMR when compared to CV and FDA and could represent climate-smart distinctive features of these dynamic landraces.




5. Conclusions


The complementary characterization approach performed in this study allows us to recognize three Apennines common bean landraces as a unique source of morphological/genetic diversity and bioactive chemical features. Although the use of neutral molecular markers, together with the analysis of genetic pool and morphological descriptors, can provide insights into the patterns and amounts of diversity found among landrace populations, they cannot be essential to translating landraces into competitive products. Conversely, NMR-based metabolomics results in a fast and reliable analytical tool to estimate similarities and differences in valuable bioactive compounds as potential resources to meet some contemporary societal challenges—plant biodiversity preservation/sustainable development under climate change and human well-being. The collected data also highlighted that plants undergo specific spatial and temporal physiological and biochemical reprogramming to adapt/balance growth and respond to stressful conditions. A mass spectrometry-based metabolomics approach should be used to decipher all the actors involved in the response of both above and below ground plant organs.



Further studies should be devoted to the investigation of the anti- and pro-tumoral mechanisms of common bean extracts in colon cancer cells, performing different typologies of assays aimed at evaluating the effects of total extracts or purified metabolites on apoptosis, senescence and autophagy processes.



Overall, this information, besides supporting the conservation strategies for this endangered locally adapted germplasm, could also act as a driving force for the development and promotion of the inland marginal areas, where these resources are generally confined.
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Figure 1. Analysis of common bean morpho-colorimetric and genetic diversity. Scatter plot of the PCA computed among three populations of common bean (Phaseolus vulgaris L.) using fourteen morpho-colorimetric features (a) and dendrogram resulting from a cluster analysis using the unweighted pair group method with arithmetic mean (UPGMA) with the Euclidean distance index (b). Scatter plot of the PCoA computed on the three bean populations, using eight inter-simple sequence repeat (ISSR) primers (c) and dendrogram resulting from UPGMA clustering (Jaccard similarity index) (d). Phaseolin (Phs) SCAR marker banding patterns. The ladder range is 200–300 base pairs (ApplyChem GmbH, Darmstadt, Germany) (e). CV: Ciliegino; SMR: San Michele Rosso; FDA: Fagiolo d’Acqua. 
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Figure 2. 1H NMR metabolomic profile of common bean seed aqueous extracts. 1H and 13C chemical shift assignment (δ, ppm) of the 25 metabolites detected in the seed aqueous extract of the common bean population (a). Expanded 1H NMR spectrum of the San Michele Rosso common bean landrace from: 0.9 to 3.0 ppm (b); 3.0 to 4.5 ppm (c); 4.5 to 5.9 ppm (d); 5.9 to 7.9 ppm (e); 7.9 to 9.2 ppm (f). d: doublet, dd: double doublet; m: multiplet; s: singlet, t: triplet; tp: triple doublet. 
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Figure 3. Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis (PLS-DA) computed on NMR qualitative data of common bean aqueous seed extracts. Score plot of the PCA (a) and score plot of the PLS-DA (b). CV: Ciliegino; SMR: San Michele Rosso; FDA: Fagiolo d’Acqua. 
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Figure 4. Quantification (mg·g−1DW) of metabolites in aqueous seed extracts of three common bean landraces. The most intense and distinct metabolite signals of the 1H NMR spectra have been quantified. Data are expressed as the mean ± standard error and calculated using four replicates. Student’s t-test was performed to determine significant differences (p ≤ 0.05) in the metabolite levels in the common bean populations. Mean values marked with the same letter are not statistically different. CV: Ciliegino; SMR: San Michele Rosso; FDA: Fagiolo d’Acqua. 
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Figure 5. Effects of aqueous bean extract administration on cell growth in the Caco-2 cell line. Cell proliferation was assessed in Caco-2 cells treated with vehicle (DMSO, CTR) and CV (a), SMR (b) and FDA (c) aqueous extracts at the doses of 0.1 µg·mL−1, 1 µg·mL−1, 100 µg·mL−1. n = 3 independent experiments. Data represent the means ± standard deviation. Statistical analysis was carried out by using two-way ANOVA, followed by a Bonferroni post hoc test. ** p < 0.01; *** p < 0.001. 
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Figure 6. Seed germination under control and salinity stress conditions. Final germination capacity reached by seeds of common bean populations on the last day (8th) of the germination test (a). Germination speed, expressed as T50, of each common bean population under control and salinity stress conditions (b). Germination capacity of Ciliegino (c), San Michele Rosso (d) and Fagiolo d’Acqua (e) under both experimental conditions. Data represent the mean (n = 10) ± standard error. Mean values, marked with the asterisk, are statistically different. Student’s t-test was applied to weigh the effects of different treatments (p ≤ 0.05). Mean values marked with the same letter are not statistically different. CV: Ciliegino; SMR: San Michele Rosso; FDA: Fagiolo d’Acqua. 
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Figure 7. Morpho-physiological parameters analyzed in the three common bean landrace populations. Fresh biomass (FW; (a,b)), dry biomass (DW; (d,e)), relative water content (RWC; (g,h)) of roots and leaves and total chlorophyll content (Chl; (c)), chlorophyll A and B ratio (Chl A/Chl B; (f)) and carotenoid content (i) of leaves of the three common populations, grown under controlled and salt stress conditions, were analyzed. Data represent the mean (FW, DW and RWC n = 4; total Chl, Chl A/Chl B, carotenoids n = 3) ± standard error. A Student’s t-test was conducted to weigh the effects of the different growth conditions (p ≤ 0.05). Mean values marked with the same letter are not statistically different. CV: Ciliegino; SMR: San Michele Rosso; FDA: Fagiolo d’Acqua. 
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Figure 8. Biochemical parameters analyzed in the three common bean landrace populations. Proline (a,d), total carbohydrates (b,e) and malondialdehyde (MDA; (c,f)) contents were measured in the roots and leaves of the three common populations, grown under controlled and salt stress conditions. Data represent the mean (n = 3) ± standard error. A Student’s t-test was conducted to weigh the effects of the different growth conditions (p ≤ 0.05). Mean values marked with the same letter are not statistically different. CV: Ciliegino; SMR: San Michele Rosso; FDA: Fagiolo d’Acqua. 
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Metabolite Assignment  d'H dBC
1 Alanine (Ala) B-CHs 1.48(d, 7) 16
. . 286(dd, 7.3, -
2 Asparagine (Asn)  (3,p’-CHz 16.§3) 295 337
284(dd, 438,
3 Aspartate (Asp) (,p-CHz 17.3)
27
s y-aminobutyrate a-CH, 231(t,7.3) 344
(GABA) y-CH; 3.00(t,7.3) 358
” 5 Isoleucine (Ile) v-CHs; 1.01(d,7) 152
o : . 6-CHs 093(d,7) 223
g 6 Leucine Lew o i 090(d7) 206
= y-CH 217 266
[=1 - - 1 2
2 7 Methionine (Met) S CHs 2135 146
< : 2,6-CH 7.58 m -
8 Phenylalanine (Phe) 35-CH ~33m )
9 Proline (Pro) v-CH> 2.00m -
10 Threonine (Thr) y-CHs 133(d,6.7) 195
. 2,6-CH 6.9
11 Tyrosine (Tyr) 35.-CH 657 )
) 8-CH 7.54(d, 8.0)
12 Tryptophan(rp) g oy 774(q,80)
- . y-CHs 099(d,7) 163
13 Valine(Vab o, 105d,7) 178
CH-1(Glc) 542(d,4) 927
CH-4(Glc) 347 (t, 10) 69
14 Sucrose CH-3'(Fru) 423(d,9) 763
CH-4' (Fru) 4.05 (t) 74
CHj-1'(Fru) 3.68 61.6
CH-1(Glc) 542(d,4) 927
4 . CH-1(Gal) 5.00(d,4) 982
3 15 Raffinose -1y 3 Fru)  422(d,9) 741
N CH-3 (Glc) 3.77(t) 72.6
CH-1(Glc) 544(d, 4) 92
CH-1 (Gal-T -
5. 3
, and Gal-I) >00m 8
16 Stachyose (o113 (Fru)
CHa-1(Fru) 421(d,9) 763
3.68 61.6
17 Citricacid @V CH  259(d,17.5) 44
ay-CH 271(d,17.5)
18 Formic acid -CH 844s -
” 19 Lactic acid CHs 125(d,7) 228
© . a-CH 430(dd) 703
g 20 Malicacld g oy 235(ad) 338
2 CH-345 222-167m
b CH-3"4"5 173-187m
-
O CH-6 300(d, 455
21 Pipecolic acid 125,3.2)
CH-0¢’ 341 dd
CH-2 359(dd) 589
N-H 217 m
22 Choline -N(CH,),* 320s 53.6
n 23 Guanosine CH-8 592
° - o
S 2 Uridine  CH-6 >91d
= 7.87 d
=9
g H-2 913s 1457
5 H-4,6 §83m 1455
= 25 Trigonelline
o H-5 8.09 m 127.7
-N-CH3 444s 48.2
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