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Abstract

:

Jatropha (Jatropha curcas L.) has been identified as a potential bioenergy feedstock in arid regions, but knowledge of the diversity of its chemical characteristics is limited. In this study, 61 Jatropha accessions growing in Botswana, where both severe drought and winter frosts frequently occur, were analyzed for their seed chemical properties. Histogram analyses and meta-analysis comparisons with seeds from other countries/continents showed that the median/mean dry seed weight, toxic compound phorbol esters, and C18:0 fatty acid levels in the Botswanan accessions were lower than those from other countries/continents. A clustered heat map analysis indicated five clades for the Botswanan accessions, and their physicochemical traits were also categorized into five groups. Many positive and negative correlations were observed among the chemical traits, including negative correlations between the C18:3 (linolenic acid) content and yield-related traits (lipid content and dry seed weight). Principal component analysis highlighted the existence of accessions with highly deviated seed chemical compositions, such as those enriched in C18:0/C18:1 and C16:0/C16:1/C18:3 fatty acids. Overall, the present study suggests considerable diversity in the seed chemical compositions of Botswanan Jatropha accessions. Various accessions could be useful as feedstock for specific industrial products, as well as for breeding materials for the fortification of specific chemical ingredients.
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1. Introduction


Jatropha curcas L. (Jatropha) is a seed oil-bearing deciduous shrub belonging to the Euphorbiaceae family. It is native to Latin America and has spread across the tropical and subtropical regions of the world [1,2]. Because of its impressive ability to survive under harsh environmental conditions, such as drought and extreme heat, Jatropha has received considerable attention as a feedstock material for bioenergy production in arid regions. Its cultivation has been encouraged as a measure of climate change mitigation, energy security, and rural development [2,3,4,5,6]. Its seeds contain various fatty acid moieties and are usually dominated by oleic acid (C18:1) and linoleic acid (C18:2) [1]. Fatty acid composition is an important chemical trait because it affects many aspects of biofuel quality, such as combustion kinetics and oxidative stability [1,7]. Moreover, Jatropha possesses a wide range of toxic compounds [8], and phorbol ester (PE) have drawn attention for their tumor-promoting activity [9]. Therefore, knowledge of the chemical traits of Jatropha is of critical importance from the perspective of environmental safety and health hazards. To increase the efficiency and sustainability of Jatropha biomass utilization, germplasm selection and breeding efforts have continued and progressed [10]. To further maximize the potential of this energy crop, a comprehensive investigation of the chemical properties of various Jatropha genetic resources is required.



A feasibility study was conducted in 2007 on the potential for the production and use of biofuels in Botswana. It suggested Jatropha as a potential feedstock in this country [11,12]. Since then, various studies have been undertaken on the development and assessment of Jatropha bioenergy in Botswana, including cultivation management [13,14,15,16], plant physiology [17,18,19], the assessment and utilization of seed oils and non-oil biomass feedstock [20,21,22], and environmental and socio-economic impacts [12,14,23,24]. The research also revealed dozens of unique Jatropha accessions in the drought- and frost-prone regions of Botswana, among which several potentially superior genotypes with high yields, insect pest tolerance, and environmental adaptations have been nominated [13,15,25]. Moreover, previous research reported variation in the seed lipid content and fatty acid compositions of Jatropha seeds harvested from four geographical locations in Botswana [22]. However, a comprehensive survey of the seed chemical properties of Botswanan Jatropha accessions has not been reported thus far.



As part of the investigation to characterize the Jatropha genetic resource in Botswana, a cultivation trial was initiated at an experimental farm in the southeast region of the country [13]. We anticipated that Jatropha collection from the drought- and frost-prone regions of Botswana may include genotype(s) with unique physiological, agronomical, and biochemical properties. Using seeds harvested from the experimental farm, the present study examined the characteristics and variation of seed chemical traits, such as lipid and PE contents and fatty acid composition, among various Botswanan Jatropha accessions.




2. Materials and Methods


2.1. Climate and Geography of Botswanan Jatropha Collection Sites


Data on the geographical coordinates of the Botswanan Jatropha accessions were obtained from previous research [13]. Information on geography and climate was obtained from the following datasets: an administrative area dataset in GADM [26], an inland water dataset in DIVA-GIS [27] supported by the Digital Chart of the World project [28], an altitude dataset from the NASA Shuttle Radar Topography Mission [29], and a dataset of bioclimatic variables from WorldClim 2.0 [30,31]. Regional precipitation, maximum temperature, and minimum temperature variables were extracted from BIO12 (annual precipitation), BIO5 (maximum temperature of the warmest month), and BIO6 (minimum temperature of the coldest month) of WorldClim, respectively. The bioclimatic variables were the monthly averages from 1970 to 2000 at a spatial resolution of approximately 1 km2. QGIS [32] was used to plot and extract geographical and environmental information. The raster data for these variables were reshaped along with a shapefile of Botswana according to the GADM dataset.




2.2. Plant Materials


The seeds of 61 Botswanan Jatropha accessions, including a candidate superior germline from Jackalas1 (No. 121207-1, hereafter referred to as JK) [13], together with one accession from Ghana (hereafter GA), were used in this study. They were planted in 2011 in an experimental field at the Department of Agricultural Research, Gaborone, Botswana, and grown for more than five years, as described previously [14]. Fully matured seeds were harvested in the 2016/2017 season, dried under ventilation, and stored in a freezer at −30 °C. The 5–15 seeds were randomly selected from each accession and thawed at room temperature of 25 ± 2 °C before measurement. The seeds were dried in a drying chamber at 60 °C for 3 days, and the dry weight (DW) of the seeds was individually measured using an electric balance. Three seeds, one with the median DW and two close to the median DW on either side, were selected, and their kernels and shells were manually separated to measure their kernel/seed gravimetric ratio (K/S). The kernels (n = 3 for each accession) were subsequently used for chemical analyses.




2.3. Lipid Extraction


Total lipids were extracted from the Jatropha kernels as described previously [33], with the following modifications. Individual kernels were ground finely using a pestle and mortar, and approximately 100 mg of the powder was placed in a 1.5 mL tube. Next, 400 µL of n-hexane and 2 µL of 0.01% butylated hydroxytoluene in n-hexane were added and the mixture was agitated vigorously for 30 min using a microtube mixer (MT-400, Tomy Seiko, Tokyo, Japan). The homogenate was centrifuged at 20,000× g for 2 min at room temperature, and the supernatant was transferred into a new tube. The pellet was extracted again using the same procedure, and the supernatants were combined. This process was repeated three times. The combined supernatant was evaporated under reduced pressure using a vacuum dryer centrifugal concentrator (CC-105, Tomy Seiko) equipped with a low-temperature trap (TU-055, Tomy Seiko) to obtain the total lipids. The total lipids derived from each individual kernel were weighed and stored in a freezer at −30 °C. The lipids were defrosted at 50 °C for 30 min before methyl derivatization.




2.4. Fatty Acid Analysis


An aliquot (2 µL) of the total lipid was derivatized to fatty acid methyl esters (FAMEs) using a methylation kit (Fatty Acid Methylation Kit, Nacalai Tesque, Kyoto, Japan), and the derivative was purified using a purification kit (Fatty Acid Purification Kit, Nacalai Tesque). The FAMEs were analyzed by gas chromatography (GC) using a GC 4000 (GL Sciences, Tokyo, Japan) equipped with a flame ionization detector at 230 °C and an InertCap WAX-HT capillary column (30 m, 0.25 mm i.d., 0.25 µm, GL Sciences). Helium was used as the carrier gas at a flow rate of 1.2 mL min−1. An aliquot of the FAME sample (1 µL) was injected into the GC using an auto-sampler (ASI 240, GL Sciences). The analysis was carried out with a temperature program consisting of an initial step at 40 °C for 1 min, followed by a ramping step with an increment of 10 °C min−1 to 240 °C, and then held for 15 min at 240 °C. Fatty acid analysis was performed three times for each accession, using independently extracted total lipids. Palmitic, palmitoleic, stearic, oleic, linoleic, and linolenic acid standards (Fujifilm Wako Pure Chemical, Osaka, Japan) were derivatized using the same method as mentioned above and used for peak validation. The iodine value (IV) was calculated according to the American Oil Chemists Society Cd 1c-85 [34], using the following formula:


IV = [C16:1] × 0.950 + [C18:1] × 0.860 + [C18:2] × 1.732 + [C18:3] × 2.616,








where [C16:1], [C18:1], [C18:2], and [C18:3] represent the weight fractions of palmitoleic, oleic, linoleic, and linolenic acids, respectively, when the total fatty acid content was set to 1.




2.5. Phorbol Ester Extraction


The PE fraction was prepared as described previously [35], with the following modifications. Kernel powder (15 mg) was placed in a 1.5 mL plastic tube, 400 µL of methanol was added, and the mixture was stirred with a microtube mixer for 30 min. After centrifugation at 20,000× g at room temperature for 2 min, the supernatant was transferred to a new tube. The pellet was extracted again with 400 µL of methanol and centrifuged, and the supernatant was combined. This extraction procedure was repeated three times. The supernatant was dried under reduced pressure using a centrifugal concentrator. Next, 600 µL of n-hexane was added to the dried extract and stirred vigorously using a vortex mixer. Acetonitrile (600 µL) was added, and the sample was vortexed again and centrifuged at 20,000× g at room temperature for 2 min. The lower acetonitrile layer was collected and filtered through a 0.20 µm PTFE filter (Millex-LG syringe-driven filter unit, Merck, Kenilworth, NJ, USA). The filtrate was dried using a vacuum dryer centrifugal concentrator, dissolved in 200 µL of acetonitrile, and used as a sample for LC/MS analysis, as described below.




2.6. PE Analysis


The PE content was analyzed as described previously [36,37], with the following modifications. The 3 µL of the extracted PE sample was injected into an Agilent 6420 triple-quadrupole LC/MS equipped with an electrospray (ESI) ionization source (Agilent, Santa Clara, CA, USA) and a Discovery HS F5 column (250 mm, 2.1 mm i.d., 5 µm) (Merck) at 40 °C. Gradient elution was carried out with A buffer (5 mM ammonium acetate in 0.1% formic acid) and B buffer (acetonitrile), at a total flow rate of 0.25 mL min−1. The initial mobile phase was 40% B buffer for 2 min, and then changed linearly to 95% B buffer over 25 min. It was held for 2 min, and then changed to 40% B buffer and held for 10 min to equilibrate the column. The mass spectrometry conditions were as follows: ESI positive mode, nitrogen gas at 350 °C at 10 L min−1, capillary voltage 2.5 kV, and fragmentor voltage 100 V. PE were detected using multiple reaction monitoring (MRM). The fragmentation pattern of 12-O-tetradecanoylphorbol 13-acetate (TPA) (Fujifilm Wako Pure Chemical) was used as a standard reference for PE, with a characteristic ion transition from 311 to 293 m/z [37,38]. The TPA calibration curve for quantification was prepared in the range of 0.15–60.00 µg (R2 = 0.9999).




2.7. Meta-Analysis of Jatropha Seed Chemical Composition


Published information regarding the DW, K/S, lipid content, PE content, and IV of worldwide Jatropha accessions was searched on Google Scholar [39] on 1 February 2021, using the keywords listed in Supplementary Table S1. The collected information was used for the meta-analysis when the following conditions were met: (i) The country of origin of the Jatropha accessions was described, (ii) dried seeds were used for the DW and K/S measurements, (iii) complete extraction of seed lipids was performed using organic solvents (such as n-hexane) and its content was examined on a weight percent per kernel basis, and (iv) the IV was examined following the recommended practice of the American Oil Chemists Society Cd 1c-85 [34]. The selected references used for the meta-analysis are listed in Supplementary Table S2, and the number of Jatropha accessions in each country used in the meta-analysis are shown in Supplementary Table S3. The values derived from the references are compiled in Supplementary Tables S4 (DW), S5 (K/S), S6 (lipid content), S7 (PE content), and S8 (IV), and their statistical summary is presented in Supplementary Table S9. The compiled data on fatty acid composition were cited from a meta-analysis of Jatropha accessions from 26 countries in a previous study [33].




2.8. Statistical Analysis


The R environment [40] was used to calculate and draw violin plots, heatmaps, dendrograms, and scatterplots of the principal component analysis (PCA). In the histogram analyses, bin widths were defined according to the Freedman-Diaconis rule [41] and calculated using Microsoft Excel, as shown in Supplementary Table S10. Multiple comparisons for the violin plots and the scatterplot matrix were calculated using the Wilcoxon signed-rank exact test. A multi-layer radar chart for the composition of fatty acids and PE was drawn using Microsoft Excel. The R function ‘diana’ in the ‘ComplexHeatmap’ package [42] (version 3.12) was used to compute divisive clustering and depict a heatmap. Half the height of each dendrogram was used as the threshold level for separating the accession and chemical trait groups. Spearman’s rank correlation coefficients among the measurement parameters were computed using the R function ‘ggpairs’, and the results were interpreted in a scatterplot matrix using the ‘ggplot2’ [43] and ‘GGally’ packages [44] in R. Linear regressions were computed using the R functions ‘lm’ and ‘geom_smooth’ in the ‘ggplot2’ package. All regression lines were accompanied by confidence bands (probability = 0.95). For the PCA, all seed trait variables were computed using the R function ‘prcomp’ in the ‘stats’ package (version 4.2.0) [40]. The number of principal components was defined by Horn’s parallel analysis using the R function ‘fa.parallel’ in the ‘psych’ package [45,46,47] (version 2.1.3). A biplot map of the PCA was plotted using Microsoft Excel. An error ellipse (probability of 0.90) was calculated using the R function ‘Ellipses’ in the ‘car’ package [48].





3. Results and Discussion


3.1. Geographical and Environmental Features of the Botswanan Jatropha Accession Collection Sites


Figure 1A shows a map of the collection sites of Jatropha accessions in Botswana [13,25]. The collection sites were located at altitudes ranging from 914–1303 m above sea level (Figure 1B). The average annual precipitation at these sites from 1970 to 2000 ranged from 318–534 mm yr−1 (Figure 1C), which is lower than the suggested optimum range (900–1500 mm yr−1) for Jatropha production worldwide [1,49,50]. The average daily maximum temperature in the hottest month at the Jatropha collection sites in Botswana ranged from 30.0–36.4 °C (Figure 1D), which is comparable to the reported total range (27.6–41.6 °C) of Jatropha plantation sites worldwide [51]. In contrast, the average daily minimum temperature in the coldest month at the Jatropha collection sites was 3.2–8.4 °C (Figure 1E), which corresponds with the lowest minimum temperature range (4.4–19.3 °C) of plantation sites worldwide [51]. In the present study, the Botswanan accessions were categorized into three geographic groups: the north (N), central (C), and southeast (S) groups (Figure 1A). The N group included 15 accessions from regions with higher temperatures throughout the year. The C and S groups had 26 and 19 accessions, respectively, from regions with relatively mild temperatures in summer and colder temperatures in winter.




3.2. Frequency Distribution of Seed Chemical Traits among Botswanan Accessions


The 60 Botswanan Jatropha accessions, together with a candidate superior Jatropha germplasm, JK, from Jackalas1 [13] in the north of Botswana, and an external accession from Ghana [14,25], were collectively grown on an experimental farm in Gaborone, Botswana [13,25]. Seeds harvested in the 2016/2017 season were subjected to chemical composition analyses. The distributions of the seed chemical traits, such as lipid and PE content, major fatty acid composition, IV, DW, and K/S are shown as histograms and cumulative frequency charts in Figure 2 and Table S10.



To evaluate the observed seed chemical traits in the Botswanan accessions, a meta-analytic comparison with external global accessions was performed. For this analysis, published literature on these traits was searched on Google Scholar using a set of keywords for seed chemical compositions and countries, as compiled in Supplementary Table S1. The obtained 40 studies (compiled in Supplementary Table S2) reported a total of 638 Jatropha accessions from 46 countries, which spanned the Jatropha cultivation zones in four continents (Supplementary Table S3). The DW (Supplementary Table S4), K/S (Table S5), lipid content (Table S6), PE (Table S7), and IV (Table S8) reported in these studies showed considerable variations among Jatropha accessions (Table S9).



The seed trait comparisons suggested several features of Botswanan Jatropha accessions which differed from external accessions (Figure 2, Supplementary Tables S9 and S10). Seed DW in the Botswanan population ranged from 0.25–0.71 g seed−1, and the accessions JK and GA had the mean values of 0.68 and 0.50 g seed−1, respectively. The median of Botswanan population was 0.50 g seed−1, which was markedly lower than the medians of the external accessions from four regions of the world (0.65–0.70 g seed−1). The factors responsible for the lower median of seed weights in the Botswanan accessions are currently unknown, but it could be at least partly attributable to the shorter growing season in Botswana owing to the cold winters [14]. The median values for the K/S gravimetric ratio and lipid content in the Botswanan population (63.9 and 55.5 wt%, respectively) were comparable to those in the external accessions (62.4–63.3 wt% and 54.5–58.5 wt%, respectively). The lipid content of accession GA (66.4 wt%) was the highest among the accessions used in the present study. The PE content in the Botswanan Jatropha accessions ranged from 0.48–2.11 mg g−1 with a median of 1.22 mg g−1. Notably, the candidate superior accession JK had a PE content of 0.53 mg g−1, which was among the lowest values in this study. Although the median PE value in Botswana was higher than that in Central America, which includes many non-toxic varieties [52,53,54,55,56,57], the value was markedly lower than those in other Asian, African, and Southern American countries (3.09–3.32 mg g−1), suggesting that the PE content in Botswanan Jatropha accessions is relatively low.



Among the major fatty acids in the Botswanan accessions, the C16:0 (palmitic acid) and C18:0 (stearic acid) saturated fatty acids showed ranges of 11.2–18.5 and 4.9–9.1 wt%, with means of 14.4 and 6.9 wt%, respectively (Figure 2E,F). These mean values were comparable to those reported for the global Jatropha accessions (13.6–15.4 and 8.0–8.6 wt%, respectively) (Figure 2E,F) [33]. It is noteworthy that one Botswanan accession (accession S15) had an exceptionally low C18:0 (stearic acid) content of only 4.9 wt%, which was the lowest value reported among all Jatropha accessions worldwide. The C18:1 (oleic acid) and C18:2 (linoleic acid) unsaturated fatty acid content in the Botswanan accessions ranged from 30.5–52.5 and 25.1–44.4 wt%, respectively, with means of 42.8% and 34.9% (Figure 2G,H). These values were generally similar to those in the external Jatropha accessions, while some Botswanan accessions had markedly higher C18:1 (>52.5 wt%, accession C23) and C18:2 (>44.4 wt%, accession S15) content values. Consequently, the IV, an index representing fatty acid desaturation, showed a range of 88.6–108.3 for the Botswanan accessions (Figure 2I); these values were lower than the upper limit (≤120) stipulated in EN 14214 [58] and were of sufficient quality for use as FAMEs for biodiesel. Lower level of IV, which is advantageous as feedstock for oxidation-resistant biodiesel, was observed in accessions N14 (IV of 88.6), S14 (89.2), S3 (89.2), and C25 (89.2). The candidate superior accession JK had modestly higher C18:2 content and IV than the medians of all accessions, while GA showed relatively lower values for these parameters. As fatty acid composition and desaturation define the lipid physicochemical properties that are relevant to industrial applications [59,60], the observed variation in the fatty acid composition in the Botswanan Jatropha accessions provide useful background information on germline selection for future industrial applications and selective breeding.




3.3. Regional Differences in the Seed Chemical Compositions of Botswanan Accessions


Subsequently, we evaluated whether the regional domestic origins (N, C, and S) of the Botswanan accessions affected their seed chemical composition. The violin/boxplots of the three regions show a broad and largely overlapped pattern for most of the physicochemical traits, and the total lipid, PE, C16:1, and C18:0 parameters showed no significant differences (p > 0.1) among the three regions in the Wilcoxon statistical tests (Figure 3). However, small but significant differences were observed in some physicochemical traits, such as the higher IVs in the N geographical group than in the C and S groups at p < 0.1, and p < 0.05, respectively (Figure 3E), and the higher C18:1 content in the S group than in the N or C groups at p < 0.05 and p < 0.1, respectively (Figure 3I). These observations suggest that regional differences in seed physicochemical properties were recognizable, but not markedly large in the Botswanan accessions.




3.4. Accessions with Unique Seed Chemical Compositions


Figure 4A depicts a multiple-layer radar chart showing the differences in fatty acid and PE content among the Botswanan accessions. The plot revealed that some accessions were outstandingly rich in specific chemical components, such as the high C16:0, C16:1, and C18:3 content in accession C15, high C18:1 content in accession C23, high C18:2 content in accession S15, and high PE content in accession S9. Regarding C16:0 and C18:1, the SD/mean ratio, an index that represents the homogeneity of chemical compositions among individual seeds in a given accession, was <0.1 in 93.5% of all 62 accessions, suggesting that these components were relatively homogeneous among different individual seeds. In contrast, the PE values tended to fluctuate among the individual seeds in a given accession, with 25.8% of the accessions showing an SD/mean ratio over 0.3.



Figure 4B shows the fatty acid composition of unique representative accessions. Accession N14 showed the lowest C18:2 (25.1 ± 2.3%) content among all the accessions, while the highest C18:2 value was observed in accession S15 (44.4 ± 2.9%). These observations were consistent with their lowest (88.6) and highest (108.3) IVs among the Botswanan accessions (Figure 2I and Supplementary Table S10). Accession C23 had the highest C18:1 content (52.5 ± 2.5%). Accession C15 had the highest C16:0, C16:1, and C18:3 content, which was 1.3-, 2.1-, and 3.9-fold higher than the averages of all the Botswanan accessions. Accession C15 was also characterized by the lowest PE content (0.48 ± 0.18 mg g−1) among all the Botswanan accessions (Figure 4C), and was also one of the lowest PE levels globally (Figure 2D). Other accessions showing the lowest level of PE in this study were accessions S6 (0.53 ± 0.14 mg g−1), JK (0.53 ± 0.03 mg g−1), and C18 (0.54 ± 0.16 mg g−1).




3.5. Categorization of Botswanan Accessions Based on Their Seed Chemical Traits


The relationship between individual Botswanan Jatropha accessions and their seed chemical traits was visualized using heatmap analysis (Figure 5). Based on a threshold level of half the height of the dendrograms, the Botswanan accessions were clustered into five clades, while the trait parameters were split into five groups. Clade I was the most distant and comprised only a single accession (accession C15), which was characterized by high values for the group E chemical traits (C16:0, C16:1, C18:3) and low values for yield-related traits, such as DW and lipid content. Clade II also comprised a single accession (N13), with the lowest C18:1 value. Clade III formed the largest group (38 accessions) which included the accession JK, representing 61% of all accessions. Clade IV was the second largest clade (16 accessions, 26%) and included the accession GA. It was characterized by low values for trait groups D (C18:2, IV, and DW) and E (C16:0, C16:1, and C18:3), and high values for trait group A (C18:0 and C18:1). Clade V comprised six accessions and was characterized by low values for trait group C (K/S and lipid content).




3.6. Correlations between Seed Chemical Traits


The correlations between the seed chemical traits of the Botswanan accessions were further examined using Spearman’s rank correlation analyses (Figure 6). Consequently, significant positive correlations were observed between specific combinations of traits, such as the IV and C18:2 content (correlation coefficient of 0.966), which both belonged to chemical trait group D in the heat map analysis in Figure 5. A significant positive correlation was observed between the lipid content and K/S ratio (0.405), both of which belonged to chemical trait group C. Positive correlations among DW, K/S, and lipid content have been reported previously [61,62]. Similarly, positive correlations were found between C16:0 and C16:1 (0.644, within trait group E) and C18:0 and C18:1 (0.537, within trait group A).



In contrast, significant negative correlations were observed between some combinations of groups A and D. For example, C18:1 and C18:2 had a strong negative correlation (−0.943), suggesting a trade-off relationship between these components, as previously reported in many plants, including Jatropha [63,64]. Genotypic variations in the C18:1/C18:2 ratio of seed fatty acids have been observed in many crops [63,65]. This variation has been attributed, at least in part, to the level of Δ12 desaturase (FAD2) activity, which is responsible for the desaturation of oleate to linoleate [66]. Moreover, the synthesis of C18:1 fatty acids occurs in proplastids in developing seeds, and the conversion of C18:1 to C18:2 and then to C18:3 occurs in the cytosol; thus, the conversion of C18:1 to C18:2 is potentially affected by the efficiency of C18:1 transport from the proplastids to the cytosol [65,66,67]. It is intriguing to observe that the C18:3 content showed significant negative correlations with yield-related traits, such as the K/S ratio (−0.527), lipid content (−0.434), and DW (−0.218); however, the molecular mechanisms underlying these negative correlations are currently unknown. The levels of the C16:1 and C18:1 monounsaturated fatty acids were significantly negatively correlated (−0.521), suggesting that fatty acid Δ9 desaturase isozymes with differential substrate specificities may affect the ratio of these monounsaturated fatty acids, as reported previously in cotton seeds [68].



It is noteworthy that the PE content did not show any significant correlations with other chemical traits (Figure 6), suggesting that seed PE levels may be regulated independently from yield traits and fatty acid metabolism. The biosynthetic pathway of PE in Jatropha is largely uncharacterized, but the conversion of geranyl diphosphate to casbene by terpene cyclase casbene synthase (CS) is suggested to be a key step in PE biosynthesis [69,70,71]. More than 10 CS gene homologs were found in the Jatropha genome [72,73], and a correlation between the protein abundance of these CS isozymes and PE levels among Jatropha genotypes was reported via targeted proteome analysis [74]. Unraveling the relationship between the variation in PE levels and the CS expression profiles of the Botswanan Jatropha accessions awaits further investigation in the future.




3.7. Principal Component Analysis


The characteristics of the Botswanan Jatropha population, in terms of seed chemical traits, were further evaluated using PCA. Horn’s parallel analysis indicated that the actual eigenvalues of the first two principal components (PCs) exceeded those of randomly generated simulated eigenvalues (Supplementary Table S11). Therefore, the first and second PCs were selected for score plot analysis (Figure 7, Supplementary Table S12), together explaining 65.9% of the information. The PCA map suggests that the Botswanan Jatropha accessions have a population structure comprising a loose core gathering close to the map origin, which included GA and the candidate superior accession JK, with several outlier accessions that have deviated from the core. The confidence ellipses for the N, C, and S geographical regions largely overlapped, but those of N and C were slightly larger than that of S, at least partly owing to the existence of deviated accessions such as C15, N13, and N14. These outlier accessions were associated with eigenvectors for specific chemical traits. For example, accession C15 was associated with the abundance of C16:0, C16:1, and C18:3, and accession N14 was associated with the levels of C18:1 and C18:0. These observations show that the Jatropha resources in Botswana contain several accessions with unique seed chemical properties.





4. Conclusions


This study suggests that Botswanan Jatropha accessions possess considerable diversity, in terms of seed chemical composition, which is characterized by variation in fatty acids, IVs, and PE levels. The Botswanan accessions contained several outlier germlines with strongly deviated seed chemical compositions, which could potentially be useful for industrial applications. The accessions with lower level of IV, such as accessions N14, S14, S3, and C25, could be advantageous as feedstock for oxidation-resistant biodiesel, while the accessions with lower levels of toxic PE, such as accessions C15, S6, JK, and C18, could be beneficial from a health or environmental perspective. The regional differences among the three geographical areas were relatively small, which suggests that these outlier accessions might have generated spontaneously in each geographical location. Further studies are needed to address the effects of the cultivation environment, associated genetic factors, and their combinations on the observed seed chemical diversity. Moreover, future investigations and exploitation of these Jatropha genetic resources, as materials for breeding and industrial applications, are anticipated.
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Figure 1. Geographic distribution of Jatropha accessions and environmental factors in Botswana. (A) The collection sites of Jatropha accessions analyzed in this study are indicated by orange dots, with their accession IDs, on a map of Botswana. Color legend for the three geographical areas (North, Central, and Southeast) adopted in this study is indicated in the bottom left corner. N.A. represents a region where Jatropha trees were not available. Inset in the top left corner denotes the location of Botswana on the African continent. (B) The altitude, (C) annual precipitation, (D) maximum temperature of the hottest month, and (E) minimum temperature of the coldest month in Botswana. 
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Figure 2. Frequency distribution histograms of seed physicochemical traits for the Botswanan accessions. The (A) dry seed weight (DW), (B) kernel/seed gravimetric ratio (K/S), (C) lipid, (D) phorbol ester (PE), (E) palmitic acid (C16:0), (F) stearic acid (C18:0), (G) oleic acid (C18:1), and (H) linoleic acid (C18:2) content, and (I) iodine values (IV) are shown. In each panel, the dark blue vertical bars corresponding to the left vertical axis scale and orange polygonal curves corresponding to the right vertical axis scale represent the frequency and cumulative relative frequency for the 60 Botswanan accessions, respectively. Their bin widths are compiled in Table S10. The values for each accession are the mean of three independent seeds (the one with the median DW and the two with the closest values on either side). Means of GA and JK accessions are shown as red and blue triangles, respectively, below the horizontal axes. The reported ranges in other regions of the world, collected in the meta-analysis, are indicated by horizontal bars below the x-axis, with their color codes and mean/median symbols shown at the top right corner. Detailed data on worldwide Jatropha seed traits for (A–D), and (I) are compiled in Supplementary Tables S4–S9. In (E–H), the minimum, maximum, mean, and SD data on the fatty acid compositions in each continent are adapted from published data in Osorio et al. (2014). N/A, data not available. 
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Figure 3. Violin/box plot analysis of the geographical diversity of seed chemical compositions among Botswanan Jatropha accessions. The three accession groups (North (N), Central (C), and Southeast (S)) defined in Figure 1 were used for the analysis. The estimated distributions of the populations are displayed as colored violin plots for the (A) DW, (B) K/S gravimetric ratio, (C) total lipid and (D) PE content, (E) IV, and the (F) C16:0, (G) palmitoleic acid (C16:1), (H) C18:0, (I) C18:1, (J) C18:2, and (K) α-linolenic acid (C18:3) content. The notched box-and-whisker plots represent the median, interquartile range, and variability, and their outliers are shown as crosses. The significance of the difference between groups was calculated using the Wilcoxon test, and their p values are provided above the brackets. Significant differences with p values below 0.10, 0.05, and 0.01 are expressed by *, **, and ***, respectively. 
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Figure 4. Variations of seed chemical traits in Botswanan Jatropha accessions. (A) A concentric circular plot showing the content of fatty acids and PE in each accession. The accession IDs are placed outside the radius, and the average content (n = 3) is normalized and shown as a line plot in each track, where the inner and outer perimeters represent the minimum and maximum values, respectively, among all the accessions. Values for the fatty acid and PE components are shown in different colors, as depicted in the legend in the top right corner. The circles around the points illustrate the SD/mean ratios in each accession, which are categorized into four groups according to their relative magnitudes (>30%, 20–30%, 10–20%, and <10%), and expressed as differently sized circles, as depicted in the legend in the bottom right corner. (B) The fatty acid compositions (wt%) of representative Jatropha accessions. The profiles of three independent seeds for accessions N8, N13, N14, C15, C23, S15, and the mean of all accessions are shown. The color legend for each fatty acid is shown at the bottom of the panel. (C) PE content of representative accessions. The accessions with the lowest (C15) and highest (S9) PE content are shown, with accession JK and the mean of all accessions for comparison. The values are the mean ± SD (n = 3). 
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Figure 5. A clustered heat map of seed chemical components among Botswanan accessions. Left vertical and bottom horizontal axes show chemical traits and accession IDs, respectively. The plotted colors represent metabolite levels and are based on the log2-transformed ratio of the measured metabolite concentration to the mean concentration of the metabolite across all accessions, as shown in the legend at the top right corner. Data for each metabolite is mean-centered, such that the average log2 across all samples is set as zero. The dendrograms for the accessions and chemical traits are shown at the top horizontal and right vertical axes, respectively. Half the height of the dendrogram was used as the threshold level for both clade and trait categorization, shown by the broken lines. The categorized accession clades and chemical trait groups are indicated using color codes along the axes. 
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Figure 6. Matrix of scatter plots and Spearman’s rank correlations for seed chemical components among the Botswanan Jatropha accessions. The chemical trait groups (A–E) conform with Figure 5. Scatter plots are presented in the bottom left half, where each accession is plotted as a black point. The red straight lines and surrounding pale red bands show the linear regression lines and their 95% confidence bands, respectively. The Spearman’s rank correlation coefficients are presented in the upper right half. The colors of the boxes represent positive or negative correlations according to a color scale on the top right vertical axis. The significance of the differences was calculated using the Wilcoxon test, and p values below 0.10, 0.05, and 0.01 are expressed as *, **, and ***, respectively. 
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Figure 7. PCA biplot illustrating the chemical trait diversity of Botswanan Jatropha accessions. Accessions from the North (N), Central (C), and Southeast (S) geographical groups are shown as green, yellow, and brown dots, respectively. The error ellipses of the same color show the probability range (p > 0.9) of the multivariate normal distribution for each geographical group. Vectors in gray indicate the direction and strength of the variable effects. 
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