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Abstract

:

Beans (Phaseolus vulgaris L.) originated on the American continent, specifically in the Mesoamerican zone, and their domestication took place independently in the Mesoamerican area and the Andean zone, giving rise to two well-differentiated genetic pools. It was also noted that the Andean wild populations originated from only a few thousand individuals from the Mesoamerican wild populations, which produced a great bottleneck in the formation of the Andean population. During centuries of cultivation in the Iberian Peninsula after its introduction in the 16th century, beans adapted to new environments, evolving numerous local landraces. Twenty-four local landraces of P. vulgaris from Spain were analyzed in the greenhouse during two consecutive seasons. From each genotype, five plants were grown and characterized for 17 quantitative and 15 qualitative traits using the International Board for Plant Genetic Resources (IBPGR) descriptors. Data were analyzed statistically by analysis of variance (ANOVA), principal component analysis (PCA), and cluster analysis. The results obtained indicate a high variability for most traits, especially those related to the yield and its components. The PCA and cluster analysis separated the landraces according to the color of the seed, the yield, and the pod and seed traits related to yield. Numerous traits exhibited interactions between the genotype and the environment. Most accessions reached higher yields in spring, in which solar radiation favors photosynthesis and, consequently, photoassimilation. The different response to the changing environment of the set of accessions studied in the present work is of great interest, and it can be exploited in breeding cultivars adapted to a broader range of environmental conditions.
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1. Introduction


Common bean (Phaseolus vulgaris L.) is one of the most important legume crops. The world production of beans in 2017 was 57,496,465 tons, cultivated on 38,229,984 hectares. Asia is the continent with the highest production at 38,045,186 tons, and Europe is the continent with the lowest production at 2,305,846 tons. In the European Union, the countries with the highest production are France, Lithuania, and Spain with 370,050, 230,112, and 183,324 tons, respectively. Castilla y León is the community with the largest area and production of beans in Spain, followed by Galicia and Asturias [1].



According to archeological, botanic, historical, and linguistic data, Gepts and Debouck [2] deduced that the common bean originated in the area between northern Mexico and northeastern Argentina. Due to the wide distribution of its wild ancestor through Mesoamerica and South America, the species was domesticated in two separate areas, the Mesoamerican and the South Andean. This resulted in two different gene pools based on differences in the phaseolin seed protein [3], molecular markers [4,5,6,7], and morphological traits [2,8]. The Mesoamerican gene pool extends from Mexico through Central America to northern Colombia, whereas the Andean one covers Peru, Chile, Bolivia, and northern Argentina. However, more recently, Bitochi et al. [9] conducted a study to solve the ongoing debate on the origins of the common bean, by investigating the nucleotide diversity at five gene loci of a large sample that represents the entire geographical distribution of the wild forms of this species. Their results clearly indicate a Mesoamerican origin of the common bean and the occurrence of a bottleneck during the formation of the Andean gene pool.



The first varieties of P. vulgaris, corresponding to small-grain Mesoamerican genotypes, were introduced in Spain and Portugal around 1506 [10] and from South America around 1532 [11,12]. Later on, gradually, Andean genotypes of large grain were also introduced as new territories were explored in the New World [11]. This germplasm spread throughout the Spanish territory and adapted to new environments, in terms of temperature and cropping systems, especially in the north and northwest of the Iberian Peninsula, which is the area where the greatest genetic variability was found [13]. On the other hand, the cultivation of germplasm of both genetic stocks occurred in proximal areas, in small farms, which favored the genetic flow between them, contrary to the genetic isolation that existed in America. This led to recombination between both genetic stocks, resulting in new genetically intermediate forms with both Mesoamerican and Andean phenotypes. The Iberian Peninsula can be considered as a secondary center of diversification of this species since beans were cultivated here for centuries in different agrosystems [14]. Although commercial varieties largely displaced landraces, there are still farmers who grow them for self-consumption and sale in local markets, especially in the north and northwest of Spain, where there is a marked tradition of this crop.



A huge number of accessions of this crop were collected and conserved in germplasm banks, and its genetic diversity was assessed in many different studies. Some of the most important collections are stored at the Center for Tropical Agriculture (CIAT, Cali, Colombia), the Western Regional Plant Introduction Station, Pullman (Washington, USA), Institut für Pflanzengenetik und Kulturpflanzenforschung (IPK, Gatersleban, Germany), and the Vavilov Institute of Plant Industry (VIR, Russian Federation) [15]. In Spain, there are several institutions conserving accessions of the genus Phaseolus. The most important one is maintained in the Spanish Center for Genetic Resources, (CRF, Alcalá de Henares, Madrid), followed by the Biological Mission of Galicia (MBG, Pontevedra), the Agricultural Technology Institute of Castilla y León (ITACyL, Valladolid), the Agrifood Research and Technology Center of Aragon (CITA, Zaragoza), and the Institute of Conservation and Improvement of the Valencian Agrodiversity (COMAV, Polytechnic University of Valencia).



Average yields of common beans, as for practically all major crops, are much below 20–50% of their record yields, mostly due to abiotic stress factors, such as drought, soil salinization, or extreme temperatures, among others [16]. The forecasted effects of global warming are mostly longer and more frequent periods of drought, heat waves, and irregular meteorological patterns. They are already noticed in large areas of the world, including the Mediterranean [17]. These factors, in combination with the shortage of water available for irrigation, will probably increase the losses in agricultural production. Commercial varieties, generally selected on criteria related to their yields or tolerance to pests and parasites, are generally sensitive to abiotic stress. One of the challenges of modern agriculture is the use of genotypes more tolerant to drought and salinity; therefore, the screening of neglected varieties and local landraces stored in germplasm banks acquires a special relevance [18]. Phenotyping common beans for adaptation to abiotic stress, and analysis of its physiological mechanisms of response to stress were the object of numerous studies in the last decade [19,20,21], among many others. Similar comparative studies were performed by our group on different species of Phaseolus [22,23,24]. In this work, we present an exhaustive morphological characterization of 24 accessions of common bean local landraces stored at the seed bank of COMAV; they were chosen, maximizing their geographical origin and their morphological diversity, for studying their adaptation to drought and salinity (manuscript in preparation). The study of the phenotypic traits is essential to know the agronomic potential of these landraces and their use in plant breeding. The high variability found for morphological and agronomic traits in the different types of bean studied is remarkable and makes this set of accessions of great interest for their use in breeding.




2. Materials and Methods


2.1. Seed Material


Twenty-four local landraces of P. vulgaris from Spain were characterized for two consecutive growing seasons, in autumn and spring. Accessions were collected in the 1990s directly from growers. The origin of the analyzed accessions with their reference codes is indicated in Figure 1.



Six seeds of each genotype were germinated in individual pots of 1.6 L. Once plants formed the first three trifoliate true leaves and reached a minimum of 20 cm in height, they were transplanted to pots of 7 L on a substrate with peat–perlite–vermiculite (2:1:1) in the greenhouse. The experimental design included five individuals from each accession in one plot, with sufficient separation between them. Watering was carried out by drip irrigation with Hoagland solution provided by the greenhouse. The average temperature during the trial carried out in autumn was 20.3 °C (ranging from 15.9 to 24.1 °C), the relative humidity was 86.85%, and the solar radiation was 38.4 W∙m2. In spring, the average temperature was 20.4 °C (15.3–24.1 °C), relative humidity was 84.41%, and radiation 85.5 W∙m2 (Figure 2).




2.2. Descriptors Used for the Agronomic Characterization


During the two cycles of growth, 17 quantitative and 15 qualitative traits related to vegetative characteristics, flowers, pods, and seeds were recorded (Table 1). The descriptors developed by the International Board for Plant Genetic Resources (IBPGR) were used [25]. This descriptor list was prepared by IBPGR in a standard format following the advice of crop experts throughout the world. Five plants, and five pods and ten seeds from each plant were analyzed for each genotype in each cycle. Pods were collected when they were completely ripe. Productivity was calculated by multiplying the number of pods per plant by the number of seeds per pod and by the average weight of one seed.




2.3. Data Analysis


A two-way analysis of variance (ANOVA) was performed for all quantitative traits to check the interaction between the genotype and the environment. Quantitative traits were summarized as mean, standard deviation, coefficient of variation, and minimum and maximum values. The qualitative characteristics were expressed on scales, as shown in Table 1, and then graphically represented in the shape of stacked bar charts. A principal component analysis (PCA) was used to examine the association between the analyzed traits and the similarity among accessions. PCA was performed with all quantitative traits and the seed color, which was categorized using increasing values for darker colors. Data were analyzed using the software Statgraphics Centurion v.16 (Statpoint Technologies, Warrenton, VA, USA).



Additionally, for the quantitative traits, a Euclidean distance matrix based on standardized data was computed for clustering analysis by using the UPGMA (unweighted pair group method with arithmetic mean) method [28,29]. Goodness of fit of the resulting dendrogram was evaluated with the cophenetic correlation coefficient by using the Mantel test [30]. This analysis was made using the NTSYSpc2.0 software package (Applied Biostatistics Inc., Setauket, NY, USA).





3. Results


The seed morphology of the accessions was very variable in shape, size, and color (Figure 3). Five accessions, BGV1165, BGV3618, BGV3941, BGV4161, and BGV15856, exhibited a determinate growth habit; therefore, their plant height and yield-related traits differed significantly from those with indeterminate growth. For this reason, these accessions were excluded from the PCA.



A two-way ANOVA was run to check the possible effect of the environment and the interaction between the genotype and the environment. The results indicated the existence of a significant effect of the environment and the interaction between the genotype and the environment for the majority of traits, especially those related to yield and its components (Table 2). For this reason, data of the two seasons were not merged and were analyzed separately in the PCA and basic statistics calculations.



3.1. Principal Component Analysis and Cluster Analysis


To find out which quantitative traits explained most of the variation in the set of accessions studied, a principal components analysis was carried out. The first three components explained 50.6% of the variation contained in the data (21.7%, 16.7%, and 12.7% for the first, second, and third components, respectively). The traits more positively correlated with the first PC component were those related to the yield (Yield) and its components (PodL, Pplant, SeedWh, SeedL, SeedW, SeedH) (Table 3, Figure 4).



The color of the seed coat (Scoatdc) and the apparent seed veining (Aseed) were negatively correlated. Traits related to the size of the leaves (LeafL and Wcshe) were best correlated with the second principal component. Some of the components of yield, pods per plant (Pplant), and seeds per pod (SeedP) also had high positive correlations, while the seed coat color (Scoatdc), seed weight (SeedWh), and seed shape (Shseed) were negatively correlated (Table 3, Figure 4).



The accessions analyzed were dispersed onto the two main components on the scatter plot of the PCA scores, indicating a large variability (Figure 5). It was also patent a separation of the accessions according to the size and color of their seeds. The accessions with black seeds were located at the top of the graph, mainly due to the seed coat color and to the larger size of their leaves, the greater number of seeds per pod, and the narrower shape of the seeds. On the left side of the graph, mostly cultivars with whitish seeds, lower yield, and without apparent seed veining were grouped. Within this group, there was also a remarkable separation according to the second PC, mainly related to the size of leaves and some components of yield. The accessions with brown seeds were also very dispersed, but with a predominance on the right side of the graph, due to their higher yield and larger number of seeds per pod of most cultivars of this type. There were three accessions with different seed coat color; one of them, BGV143, had yellow to greenish-yellow seeds. This accession had very low yield and was located in the lower part of the graphic. Contrarily, BGV1169, with maroon seed coat, was highly productive and grouped with the brown seeds. The accession BGV1185, with gray, brownish to greenish seed color, grouped with the whitish ones, with a very low yield (Figure 5).



Regarding the cluster analysis, in the dendrogram obtained with the morphological traits by the UPGMA method, two main clusters can be observed (I and II, Figure 6). Cluster I includes the accessions encircled in yellow in Figure 5 and cluster II includes the ones encircled in green color. As expected, the accessions in the cluster analysis were grouped according to the traits related to yield (Yield) and its components (PodL, Pplant, SeedWh, SeedL, SeedW, SeedH). These traits were the most positively correlated with the first PC component in the PCA. In fact, the average values for these traits in the group of accessions included in cluster I (PodL = 15.44; Pplant = 48.91; SeedWh = 54.00; SeedL = 14.16; SeedW = 6.28; SeedH = 8.18; and Yield = 151.52) were consistently higher than the ones for the accessions included in cluster II (PodL = 13.71; Pplant = 22.83; SeedWh = 40.56; SeedL = 11.45; SeedW = 5.63; SeedH = 7.31; and Yield = 41.25). Also, as in the PCA analysis, the color of the seed was another relevant trait which contributed to the separation of the accessions. Thus, in cluster I, 75% of the accessions had seeds of brown color, while 55% of the seeds included in cluster II were white. The cophenetic correlation coefficient of the phenogram obtained from the 20 descriptors used in the analysis had a value of 0.86.




3.2. Description of the Variability of the Whole Set of Accessions and of the Groups Established


For the description of the variability found in the set of accessions, we grouped them according to the seed coat color, establishing three groups: black, brown, and whitish. The three accessions with different colors, BGV143, BGV1169, and BGV1185, are described separately, as well as the five accessions of determinate growth habit.



3.2.1. Variability of the Whole Set of Accessions


The whole set of accessions exhibited a high variability for most of the traits evaluated (Table 4 and Table 5). Especially relevant was the variation for yield and number of pods per plant, which ranged from 2.8 to 242.8 g per plant and from five to 72, respectively. The coefficient of variation for these traits was very high, 82.4 for yield and 59.4 for pods per plant. There was also a great variability for all traits related to inflorescence and some of the components of yield, with coefficient of variation (CV) values that ranged from 31.7 to 40.4. The traits that showed lower variation were those related to vegetative characteristics and the height and width of the seeds; in these cases, the CV values ranged from 15.5 to 29. This trend was similar in the two trials performed. Regarding the qualitative traits recorded, there was little variation for pod cross-section, which was predominately pear-shaped, with pod curvature being straight in general, pod beak position being downward in most cases, and apparent seed veining being absent in general. For the other traits, there was high variation (Figure 7 and Figure 8).




3.2.2. Description of the Three Accessions with Black-Colored Seeds


Accessions with black seeds were the most leafy, with a higher mean value of central leaflet length and width, long inflorescences and peduncles, and a high number of pods per plant (Pplant) (on average 43.47 in the first cycle and 44.40 in the second, compared with the mean values for the whole set of accessions that were 29.15 and 30.14, respectively). These cultivars had the smallest seeds and, therefore, more seeds per pod than those from other groups (Table 4 and Table 5). The average yield was high (92 in the first cycle, and 108 in the second), with a high coefficient of variation, as the yield ranged from 34 to 193 in the first cycle and from 33 to 239 in the second cycle. Qualitative traits (Figure 7 and Figure 8) showed only a relatively smaller variation in comparison to the other group of cultivars, without any seed coat patterns or apparent seed veining, with seeds either matte or medium brilliant, and only two shapes, either oval or cuboid. No variation was registered for the trait pod beak position (marginal in all cultivars), pod beak orientation (upward), or pod cross-section (pear-shaped).




3.2.3. Description of the Six Accessions with Brown-Colored Seeds


Accessions with brown seeds included the most robust plants, with plant height ranging from 1.75 to 2.95 m in the first cycle, and from 1.6 to 2.98 m in the second one, with a larger stem diameter (Table 4 and Table 5). The highest average yield was found for this group; the coefficient of variation for this characteristic was very high, 46% in both cycles, mainly due to the large variation in the number of pods per plant, ranging from five to 65 and from four to 65, respectively. The group had the largest seeds, most notable in the weight of seeds (100 seeds weighed 60 g in the first cycle and 54 g in the second one). Among the qualitative characteristics (Figure 7 and Figure 8), the seed coat pattern was outstanding and the most variable in comparison to the other groups. Furthermore, high variability was registered for the shape of seeds (including cultivars with ovoid, cuboid, and kidney-shaped seeds), the brilliance of seeds (medium and shiny), variable pod beak orientation (upward, straight, downward), and pod suture string (from stingless to very stringy). No variation was found for apparent seed veining, being absent in all cases.




3.2.4. Description of the Seven Accessions with White-Colored Seeds


Accessions with whitish seeds had generally smaller plants, with fewer pods per plant (26 in both cycles), smaller seeds, with a weight of 39 g for 100 seeds (in both cycles). The number of seeds per pod was also generally smaller and, therefore, the mean yield was much lower in comparison to the other accessions (54 g per plant in the first cycle and 51 in the second one), representing less than half of that registered for the group with brown seeds (Table 4 and Table 5). However, the coefficient of variation of this trait was high, as some cultivars were much more productive than the others (e.g., BGV 3176 with 132 g per plant). Among the qualitative traits, the seed shape was more variable than in other groups; most of the cultivars had kidney-shaped seeds, but there were also some with cuboid, round, and oval seeds (Figure 8). Seeds coat patterns were absent, but seed brilliance varied from matte to shiny, and an apparent seed veining was detected only in this group.




3.2.5. Description of the Accessions with Different Seed Colors and of the Accessions with a Determinate Growth Habit


There were three accessions with seed coat color different from the ones described above. The accession BGV1169 had maroon seeds, BGV1185 exhibited gray, brownish-greenish seeds, and BGV143 had yellow to greenish-yellow-colored seeds. The three accessions differed in many traits. For vegetative traits, BGV1169 developed bigger leaves, both in length and width, and a short period from flowering to the harvest of the pods (59 days). It was also the most productive, with 182 g per plant, with higher values for the components of yield. In contrast, the accession BGV1185 was the one with the lowest yield (20.8 g per plant) and with the most prolonged period from flowering to harvest (120 days). The accession BGV143 had intermediate values for all traits, as well as outstanding inflorescence length and pedicel length; it showed the shortest period from flowering to harvest (52 days). The behavior of the three accessions was similar in both cycles. The growth habit of BGV143, BGV1169, and BGV1185 was climbing indeterminate. The color of the pod was light green for the cultivars BGV143 and BGV1185 and normal green for BGV1169. The cross-section and curvature of the pod were pear-shaped and slightly curved for all cultivars. BGV1169 did not present ventral suture in the sheaths, while the rest were very fibrous. The pods of the cultivars BGV1169 and BGV1185 at physiological maturity were yellow and pale yellow for BGV143 with colored mottling or stripes. The position of the pods in the plant was combined for BGV143 and BGV1185, while for BGV1169 the pods were concentrated in the center. The position and orientation of the apex of the pods were marginal and downward (downward). The dry pod color was golden or deep yellow (BGV1169) and carmine red (BGV143 and BGV1185). The seed coat patterns were absent for the three cultivars, and the seed brilliance was medium for BGV1169 and BGV143 and shiny in BGV1185. The seed shape was kidney-shaped (BGV1169 and BGV1185) and kidney pronged (BGV143). In all three cultivars, no ribs were observed in the seeds.



Regarding the accessions with determinate growth habit, there were two with brown seeds and three with whitish seeds. All of them had small plants, less than 0.5 m in height with narrow leaves. Accessions with brown seeds were very early and showed a short period from flowering to harvest (46 days). All accessions exhibited a high number of flower buds per inflorescence and low numbers of pods per plant and seeds per pod, giving rise to a low yield. Accessions with brown seeds were more productive than those with whitish seeds, because of their higher pod length, number of seeds per pod, and length and width of the seeds.






4. Discussion


Analysis of the complete set of accessions highlighted the great variability for most of the 32 characteristics evaluated. A high diversity was also reported in previous works on bean collections of Spanish origin [31,32]. It is also evident the diversity of types in terms of size, color, and shape of seeds, as well as for other characteristics related to the main differences between the two gene pools, the Mesoamerican and the Andean; they include the size and shape of the terminal trifoliolate leaflet, flower bracteoles, the presence or absence of stripes at the outer base of the flower standard, and the pod beak position. Our findings support results obtained by other authors who demonstrated that, in the Iberian Peninsula, after centuries of joint cultivation, a mixture of the two pools of germplasm occurred. This was already revealed, based on morphological studies, phaseolin protein patterns, and molecular markers [32,33]. The existence of both pools represents an added value to the Spanish germplasm. This high variability of Spanish accessions is of great value for their adaptation to the environmental conditions of both areas of domestication of this crop. Additionally, they may be used as a bridge for the transfer of genes between accessions belonging to both gene pools, as already suggested by Rodiño et al. [32].



The cluster and PCA analyses were congruent, and they clearly separated the accessions for their yield and yield components, mainly those related to pods and seeds, as well as their seed color. These characteristics are much more important in explaining the diversity of bean types in Spain, in contrast to other traits related to plant growth and earliness. The lack of grouping of accessions of different origin reflects a lack of regional differentiation, probably caused by transport by humans and seed exchange between farmers.



The high number of traits exhibiting interactions between the genotype and the environment, when cultivated in spring and autumn, is in agreement with previous reports [34,35]. Also, Nienhuis et al. [36] and Sills et al. [37] reported environmental effects in the expression of quantitative traits in different types of beans. This means that the best genotype for one environment may not be the best for another one and, therefore, specific types of beans must be developed for cultivation in different environments [38]. In our trial, the main differential environmental factor between the two growing seasons, autumn and spring, was the solar radiation, as shown in Figure 2, while the temperature and relative humidity were controlled in the greenhouse. Approximately 50% of the accessions did not show a great variation in yield when comparing the two seasons. However, the other accessions showed variation, most reaching higher yields in spring, in which solar radiation favors photosynthesis and, consequently, photoassimilation, regardless of the geographic origin of the accessions. The different response to the changing environment of the set of accessions studied in the present work is of great interest, and it can be exploited in breeding cultivars adapted to a broader range of environmental conditions.



The standard deviation values for seed weight, seed length, and seed width were higher than those reported by Escribano et al. [39], who studied a set of 66 landraces collected in Galicia (Spain). The same occurred for traits related to vegetative characteristics, such as length (LeafL) and width of the leaflet (Wcshe), and other traits of the pods and seeds. The range of variation for these traits was also higher in the set of accessions studied in the present work than in the germplasm studied by Rodiño et al. [32], which consisted of a group of 388 cultivars collected in the major production regions of the Iberian Peninsula and a core collection of 52 accessions constructed from the set of 388 cultivars.



The coefficient of variation compares the relative amount of variability between crop traits, and it is an excellent indicator of the exploitable variability for breeders. It is remarkable that high values were found in this work for many traits, especially those related to the yield and its components, as well as for other traits related to flowering and earliness. This high source of variability can be employed to develop varieties with very different characteristics, adapted to different environments, and also tailored to market preferences, in both groups of cultivars, with whitish and brown seeds, which are the most economically interesting groups. The accessions studied in this work were tested for their adaptation to abiotic stresses. Some of them showed good behavior under stress conditions. The results are being analyzed, and a manuscript is in preparation. Those data, together with the morphological description reported here, will help breeders select the most promising accessions to be used in breeding programs. The germplasm employed in this work is available upon request in the vegetable gene bank of the COMAV of the Polytechnic University of Valencia.
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Figure 1. Geographic origin of the 24 Phaseolus vulgaris cultivars. 
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Figure 2. Solar radiation registered in the greenhouse during the autumn (a) and spring trials (b). 
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Figure 3. Seed morphology of the 24 P. vulgaris accessions. 
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Figure 4. Loading plot of the principal component analysis (PCA) conducted with the quantitative traits analyzed in 24 accessions of P. vulgaris. Abbreviations are as in Table 1. 
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Figure 5. Scatter plot of the PCA scores. In red, scores of spring trial; in blue, autumn trial. Yellow to greenish-yellow seeds (−), maroon seeds (◊), grey, brownish to greenish seeds (-), black seeds (□), brown, pale to dark seeds (Δ), whitish seeds (O). Accessions included in the yellow and green areas correspond to the ones included in the two main clusters in Figure 6. 
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Figure 6. UPGMA (unweighted pair group method with arithmetic mean) phenogram of the 19 accessions of Phaseolus cultivated in two consecutive seasons based on 17 quantitative descriptors. Phenetic relationships were based on Euclidean pairwise distances estimates. I and II represent the two main clusters obtained. In red, scores of spring season; in blue, autumn season. 
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Figure 7. Pod traits of the 24 P. vulgaris accessions evaluated. 
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Figure 8. Seed traits of the 24 P. vulgaris accessions evaluated. 
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Table 1. Quantitative and qualitative traits in the 24 Phaseolus vulgaris accessions. IBPGR—International Board for Plant Genetic Resources.
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Descriptor IBPGR [25]

	
Acronym

	
Unit/Scores






	
Quantitative




	
Vegetative




	
4.1.1. Leaflet length

	
(LeafL)

	
Measured on the terminal leaflet of third trifoliate leaf from pulvinus to leaf tip (cm)




	
Width of the central sheet ***

	
(Wcshe)

	
Measured on the terminal leaflet of the third trifoliate leaf (cm)




	
6.1.1. Hypocotyl length

	
(HypL)

	
Average length in cm, from 5 plants. Measured when primary leaves were fully expanded




	
6.1.9. Plant height

	
(PlantH)

	
Average height, in cm, at maturity, from 5 plants. Measured from cotyledon scar to tip of the plant




	
6.1.10. Stem diameter

	
(StemD)

	
Measured in mm at maturity for plants at crop density




	
Inflorescence and pod




	
4.2.2. Days to flowering

	
(Dflow)

	
Number of days from emergence to the stage where 50% of plants have set flowers




	
4.2.3. Flower buds per inflorescence

	
(FlowBI)

	
Average number of flower buds from 5 plants, examining one inflorescence from each plant




	
4.2.7. Pod length

	
(PodL)

	
Average length, in cm, of the largest fully expanded immature pod




	
6.2.9. Inflorescence length

	
(InfloL)

	
Average length, in cm, from 5 plants




	
6.2.10. Pedicel length

	
(PedL)

	
Average length, in cm, of older flower from 5 plants, examining one inflorescence from each plant




	
6.2.18. Pods per plant

	
(PPlant)

	
Average from 5 plants at crop density




	
Days to harvest ***

	
(Dharv)

	
Time period between seed sowing and mature pods sampling




	
Seed




	
6.3.1. Seeds per pod

	
(SeedP)

	
Average number of seeds from one pod, selected from 5 plants




	
6.3.3. Seed weight

	
(SeedWh)

	
Weight of 100 seeds, in grams




	
6.3.5.1. Length

	
(SeedL)

	
Measured parallel to the hilum (mm)




	
6.3.5.2. Width

	
(SeedW)

	
mm




	
6.3.5.3. Height

	
(SeedH)

	
Height, measured from hilum to opposite side (mm)




	
Qualitative




	
Vegetative




	
Plant type **

	
(Planty)

	
I. determinate bush, II. indeterminate straight, III. indeterminate crawling, IV. indeterminate climbing.




	
Inflorescence and Pod




	
4.2.6. Pod color (from the fully expanded immature pod)

	
(Pcol)

	
Dark purple (1), carmine red (2), purple stripe on green (3), carmine tripe on green (4), pale red stripe on green (5), dark pink (6), normal green (7), shiny green (8), dull green to silver gray (9), golden or yellow (10), pale yellow to white (11), other (12)




	
4.2.8. Pod cross-section

	
(Pcross)

	
Very flat (1), pear-shaped (2), round elliptic (3), figure of eight (4), other (5)




	
4.2.9. Pod curvature (of the fully expanded immature pod)

	
(Pcurv)

	
Straight (3), slightly curved (5), curved (7), recurving (9)




	
4.2.10. Pod suture string

	
(Psuts)

	
Stringless (0), few strings (3), moderately stringy (5), very stringy (7)




	
4.2.11. Pod color at physiological maturity

	
(Pcmat)

	
Dark purple (1), red (2), pink (3), yellow (4), pale yellow with colored mottling or stripes (5), persistent white (6)




	
6.2.12. Position of pods

	
(PosP)

	
Base (1), center (2), top (3), combination of 1, 2, and 3 (4), other (5)




	
6.2.15. Pod beak position

	
(Pbeakp)

	
Marginal (1), non-marginal (2)




	
6.2.15. Pod beak orientation

	
(Pbeako)

	
Upward (3), straight (5), downward (7)




	
6.2.17.2 Dry pod color

	
(Dpcol)

	
Dark purple (1), carmine red (2), purple stripe on green (3), carmine stripe on green (4), pale red stripe on green (5), dark pink (6), normal green (7), shiny green (8), dull green to silver gray (9), golden or deep yellow (10), pale yellow to white (11), other (12)




	
Seed




	
4.3.1. Seed coat patterns

	
(Scoatp)

	
Absent (0), constant mottled (1), striped (2), rhomboid spotted (3), speckled (4), circular mottling (5), marginal color pattern (6), broad-striped (7), bicolor (8), spotted bicolor (9), pattern around hilum (10), other (11)




	
4.3.2. Seed coat color

	
(Scoatdc)

	
Black (1), brown, pale to dark (2), maroon (3), gray, brownish to greenish (4), yellow to greenish yellow (5), pale-cream to buff (6), pure white (7), whitish (8), white, purple-tinged (9), chlorophyll green (10). green to olive (11), red (12), pink (13), purple (14), other (15)




	
4.3.4. Brilliance of seed

	
(BSeed)

	
Matte (3), medium (5), shiny (7)




	
4.3.5. Seed shape