

  sustainability-11-05823




sustainability-11-05823







Sustainability 2019, 11(20), 5823; doi:10.3390/su11205823




Article



The Sustainable Cultivation of Mexican Nontoxic Jatropha Curcas to Produce Biodiesel and Food in Marginal Rural Lands



Guadalupe Pérez 1, Jorge Islas 2,*, Mirna Guevara 2 and Raúl Suárez 2





1



Posgrado en Ingeniería de la Universidad Nacional Autónoma de México, Instituto de Energías Renovables, Privada Xochicalco S/N, Col. Centro, Temixco, Morelos 62580, México






2



Instituto de Energías Renovables, Universidad Nacional Autónoma de México, Privada Xochicalco S/N, Col. Centro, Temixco, Morelos 62580, México









*



Correspondence: jis@ier.unam.mx; Tel.: +52-777-362-0090 (ext. 29719)







Received: 17 September 2019 / Accepted: 12 October 2019 / Published: 20 October 2019



Abstract

:

The objective of this study is to identify Mexican nontoxic ecotypes of Jatropha curcas with potential for a sustainable agriculture practice to produce biodiesel and food products through a methodology and criteria of sustainability. In a rural region of Morelos state in central México, nine Mexican ecotypes of Jatropha curcas were evaluated in an experimental plantation with minimal water resources and fertilization. The experimental trial was assessed in terms of (1) toxicity, (2) growth and survival of the plants, (3) yield of seed, (4) residual biomass production, (5) oil characteristics for biodiesel production, (6) nutrimental properties of the seeds, and (7) changes in the chemical properties of the soil. Finally, two outstanding nontoxic ecotypes were identified as the most suitable for the establishment of Jatropha curcas crops to produce biodiesel and, at the same time, for food products using the de-oiled endosperm cake, for energy production from the residual biomass and for improvement of soil properties in marginal lands of rural regions of Morelos state.
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1. Introduction


The use of Jatropha curcas as a raw material to produce biodiesel has been extensively studied in the last decade [1,2]. The reason why Jatropha plants have attracted attention as energy crop is because it is a fast-growing, easy-to-spread, drought-resistant shrub that grows in arid lands [3,4]. These characteristics are beneficial because they avoid competition for land and/or resources for food crops [5], can rehabilitate degraded lands by fixing carbon and improving physical-chemical properties in the soil [6], prevention of erosion [7], as well as providing diverse ecosystem services [8].



However, successful production of Jatropha curcas crops has been limited due to low seed production, making commercial plantations unfeasible [9,10,11]. This is despite that most of the production systems show a positive balance of emissions and energy [12,13].



In order to obtain an added value of the Jatropha curcas crops, in addition to the production of biodiesel, the use of the biomass of the plant for energy production purposes has been explored, where the de-oiled seed cake, that is, the pericarp (fruit husks), the tegument (seed husk), and endosperm (core of the seeds) are used for combustion, pyrolysis, gasification and biogas processes [14,15,16,17].



On the other hand, the endosperm can be used for food purposes, providing additional value to Jatropha curcas crops. Some studies [18,19,20] reported that the chemical composition of the endosperm has high levels of crude protein content (40–60%) and essential amino acids; in this way, the alimentary use in humans and/or animals may be appropriate.



It should be noted that these food benefits have been limited since the plantations of Jatropha curcas have been based on seed varieties with high levels of phorbol esters. These varieties are called “toxic” because phorbol esters are found in concentration ranges of 0.35–2.34 mg g−1 of oil [21] and 0.60–5.15 mg g−1 of seed weight [22,23]. Indeed, several studies have demonstrated that phorbol esters are toxic organic compounds due to their strong activity promoting different illness in humans or animals. Although the presence of another substances also influence in the negative nutritional features of the Jatropha curcas cakes, the authors consider that phorbol esters are the main toxic compounds [24,25,26].



For this reason, the toxic seed varieties cannot be used for human and animal consumption; unless the seeds are subjected to a detoxification treatment to remove or inactivate phorbol esters. However, these treatments are currently under development and their scaling, in some cases, is difficult to control [27,28] and fail to reduce the levels of phorbol esters in the seed to acceptable levels for consumption [29,30]. In addition, it has been reported that even at very low concentration levels of phorbol esters in the seed, from 0.4–0.09 mg g−1, negative effects in animals have been detected [27].



Mexico is considered the center of origin of Jatropha curcas according to Pecina-Qintero et al. [31], Mexican seed varieties have been classified as” nontoxic” because they do not contain phorbol esters or they are present at a very low concentration (i.e., not detectable at –0.02 mg g−1 of seed) [21,22,32]. These varieties are located in the states of Veracruz, Hidalgo, Puebla, Yucatán and Quintana Roo where domestication took place by the Mayan and Olmec pre-Hispanic cultures [31]. In some provinces of Quintana Roo and Veracruz the seeds are used in the preparation of traditional dishes [32].



Likewise, the existence of nontoxic varieties has been reported in the state of Morelos in Cuautla and Yautepec municipalities [23,33]. However, these varieties are also distributed in other areas of the state that have not been studied.



Nontoxic Jatropha curcas can be consumed by humans and/or animals [18,34], in this way, nontoxic varieties would allow the possibility to obtain food products from de-oiled endosperm in addition to obtaining the oil to produce biodiesel, as well as, to obtain energy from residual biomass and benefits from others sustainable properties of the Jatropha curcas crop, such as, soil rehabilitation and the use of marginal lands that not compete with food production. It is important to point out that nontoxic varieties have not been used in commercial plantations nor have been the object of breeding programs, these varieties are only found in natural populations.



Currently, the yield of seed and oil are mainly the most important characteristics that are taken into account to develop strategies to improve Jatropha curcas [35,36,37]. Nevertheless, as discussed in this article, the selection of nontoxic varieties of Jatropha curcas could be another important aspect for the formulation of improvement programs and the development of production technology packages, so that Jatropha curcas crops can be more comprehensive and sustainable.



According to this vision, the main objective of this study is to identify Mexican nontoxic ecotypes of Jatropha curcas with the best potential to establish crops in marginal lands to produce biodiesel and food products in a more integral and sustainable way.



Nine Jatropha curcas ecotypes were evaluated in an experimental plantation in marginal soils and a scenario of minimum resources to know the development of these plants in lands that are no used for growing food. These ecotypes were analyzed to determine the phorbol ester content in their seeds in order to determine their toxicity and thus be able to select nontoxic ecotypes (see Nontoxicity Test section).



The aspects evaluated in the selected nontoxic ecotypes were the following: (1) morphological growth and survival plants, (2) yield of seed production, (3) yield of residual biomass and (4) oil content. The physicochemical properties of the oil of those ecotypes that showed better growth characteristics and a higher yield in seed and oil were analyzed to determine if its quality was suitable for the biodiesel production.



Moreover, these ecotypes were subjected to a bromatological analysis of the endosperm of the seed to know if the nutritional value was suitable for food purposes. Finally, changes in the soil were analyzed in order to know if there was an improvement of the soil chemical properties where the selected ecotypes were grown.




2. Materials and Methods


2.1. Study Site and Plant Material


An experimental Jatropha curcas plantation was established in Miacatlan, a rural municipality from Morelos state, Mexico (latitude 18° 47′43.3″ N, longitude 99° 21′0.40″ W) at 1000 m a.s.l., as shown in the map in Figure 1.



The climate of the site is hot-humid with rainy season in summer. For a period of nine years (2009–2018), an average temperature of 23.7 °C was recorded, reaching the maximum temperature of 36.2 °C in May and minimum temperature of 13.1 °C in January. The annual average rainfall was 1020.8 mm, with the highest value between the months of June–October with 908.9 mm and the regime with the highest amount of evaporation in the March–May period, as shown in Figure 2.



The plantation was developed on a marginal land that was previously used for agricultural activities. The soil properties, prior to the planting of the ecotypes, showed a medium level of organic matter and low levels of nutrients availability with slightly alkaline clay soil texture with pH = 7.6.



In the experimental plot, 569 plants of nine Jatropha curcas ecotypes distributed in nine microparcels were planted, having at least 60 plants for each ecotype.



The field methodology involved a selection of seeds from the Mexican states of Michoacán, Morelos and Oaxaca to obtain germplasm of Jatropha curcas by generative propagation, direct seeding.



Seed germination was carried out under controlled laboratory conditions and the obtained seedlings remained in the nursery for three months. Subsequently, transplanting of the seedlings was made at the experimental plot in pits of 0.4 m × 0.4 m × 0.4 m and spacing of 2 m × 2.8 m, keeping the spacing between plant to plant constant, resulting in a crop density of 1250 plants per hectare.



Each ecotype was identified with an alphanumeric ID code for recognizing the location at the experimental plot—E1M, E2M, E3M, E4M, E5M, E6O, E7O, E8O and E9C—.



The cultivation system established was of minimum resources with low intensity of management. Fertilizers were used only once during the transplant process by adding a compost mix to each pit. The irrigation of the plantation was carried out though natural rain. The auxiliary irrigation was used only for three months, after having performed the transplant, pouring 20 L of water per plant every fortnight. For the control of pests and diseases, no insecticides or fungicides were used.



Under the described conditions, the selection of ecotypes was carried out following the methodology in Figure 3.




2.2. Nontoxicity Test


The identification of toxic and nontoxic ecotypes was accomplished by estimating the concentration of phorbol esters in the oil.



HPLC analysis was carried out—LC/MS instrument 1100, Agilent—based on the modified method of Haas et al. [38]. For each ecotype of Jatropha curcas, 1.5 g of oil was weighted on an electronic balance and diluted with 5 mL of ether. Samples were treated with a solid phase extraction device. The silica column was activated and conditioned with ether. The samples were poured and washed with 5 mL of ether and 3.5 mL of acetone, to eliminate the column interferences or contaminants. The final step was the phorbol esters elution performed with 5 mL of methanol and 5 mL of ethanol. Methanol and ethanol were evaporated and the sample was diluted with 2 mL of acetonitrile for HPLC analysis. The quantitative analysis was performed following the same method, but with the addition of 40 μL of phorbol 12-myristate 13-acetate (SIGMA) of known concentration—0.005 mg μL−1 as the reference standard.



The samples were collected from the reverse phase column Agilent Eclipse XDB C18 (5 μm × 4.6 mm). The separation conditions were: flow rate of 1 mL min−1, mobile phase 75/25 acetonitrile–water, and isocratic mode.



The ecotypes in which the presence of phorbol esters was not detected were selected to evaluate their performance according to the data obtained from the experimental plantation.




2.3. Growth and Plants Survival


Once the plantation was established, the growth parameters of the Jatropha curcas ecotype were permanently monitored. The measurements of basic biophysical parameters included the plant height or vertical distance from the ground level to the highest green plant, the stem base diameter (the cross-section of the stem at the apex height), and the maximum and minimum diameter of the plant coverage. With these parameters, the canopy area was calculated assuming an ellipsoidal shape as the best approximation to the shape of the plants.



Measurements were collected at the experimental plantation on an annual basis starting in July 2009 through July 2013 and the last measurement was carried out in July 2018, when the plants were nine years old. All data were recorded systematically in a database [39] for its subsequent processing.



Finally, the plant account was registered and the plant survival rate under the site environmental conditions was calculated using the number of plants surviving at the end of July for the years of 2009, 2011, 2012, 2013 and 2018.




2.4. Seed, Biomass and Oil Production


The yield in seed production of the nontoxic ecotypes was analyzed in the 8th and 9th years of age of the plants.



The fruits in mature state were collected individually of each plant in the months of August and September for the years 2017 and 2018. The weight of the fruits collected was registered to estimate the yield of fruit production.



Afterwards, the fruits were driedutdoors and cleaned manually by separating the pericarp and the seeds at a humidity of 14.1% for the pericarp and 8.1% in the seeds. The percentage of composition of the seeds and the pericarp with respect to the weight of the fruit was calculated to estimate the yield per hectare of seed and biomass of the pericarp.



Finally, ten samples of 100 g of seed were prepared by ecotype. The tegument and the endosperm were manually separated from the seed. The composition percentage of the endosperm and tegument with respect to the weight of the seeds was calculated to estimate first the yield of endosperm later the tegument biomass per hectare. In this way, the yields of the pericarp and tegument biomass were added to obtain the total yield of residual biomass per hectare.



In addition to the above, the oils were extracted directly from endosperm by means of a mechanical cold pressing process, using a hydraulic press specially designed for this study. The oil was extracted from the endosperm samples at a humidity of 6.1%, separated from the solid particles of the oil and subsequently filtered. The yield of oil content was calculated as:


  %   o f   o i l   =   W e i g h t   o f   o i l   e x t r a c t e d    ( g )    W e i g h t   o f   t h e   s e e d   s a m p l e    ( g )    × 100  



(1)







The oil obtained was collected and stored in the laboratory for further analysis. With the percentage of oil extraction and the seed production potential, the potential for oil production per hectare was estimated.



The endosperm cake—the extruded endosperm resulting from oil extraction—was weighed to calculate the endosperm cake yield in the following way:


  %   o f   e n d o s p e r m   c a k e   =   W e i g h t   o f   t h e   e x t r u d e d   e n d o s p e r m    ( g )    W e i g h t   o f   t h e   s e e d   s a m p l e    ( g )    × 100 .    



(2)







In the same way as oil, the endosperm cake production potential per hectare was estimated.




2.5. Statistical Analysis


The data was analyzed using a statistical approach. Some statistical tests were applied in order to find patterns, identify similarities or differences among the nontoxic Jatropha curcas ecotypes selected for this study. The methodology involved (i) a comprehensive review of all data collected in the field to avoid data entry mistake; (ii) plotting of histograms to see whether data were normally distributed; (iii) analysis of outliers for identifying discordant outliers, and (iv) application of ANOVA and Tukey HSD (Honestly-significant-difference) significance tests to compare core trend parameters against the set of normal data. The tests for outliers and the significance tests were all applied at 95% confidence level and a 0.05 significance level.




2.6. Endosperm and Oil Characterization


The nontoxic ecotypes with the best results in growth, survival and yield of seed and oil were selected to analyze the physical–chemical properties of oil and endosperm.



Regarding the oil, the physical properties analyzed were: (a) the density of the oil (at 15 °C), determined with an Anton Paar DMA 500 densimeter; (b) the viscosity (at 40 °C), determined with a Brookfield AMETEK MINIVIS II viscometer; and (c) the calorific valued obtained by means of a 6400 Automatic Isoperibol Calorimeter from Parr Instruments Company. The composition of fatty acids was the only chemical property analyzed; this was determined by means of gas chromatography using the AOAC (Association of Official Agricultural Chemists) methodology (2005) for preparation of the fatty acid methyl esters (969.33) and their separation, by gas chromatography (963.22).



As for the endosperm, this was subjected to a bromatological analysis to determine the content of proteins, crude fiber, available carbohydrates, total reducing sugars, ash and energy content, using the methodology of national standards NMX-NORMEX (Mexican Standard of Mexican Society of Standardization and Certification) and NOM (Mexican Official Standards), under the specific AOAC regulations for cereal-seeds-oleaginous.




2.7. Soil Analysis


To monitor changes in soil physical–chemical properties, two measurements of soil fertility of the experimental plot were carried out: (1) prior to the planting of the Jatropha curcas seedling (year 2008); and (2) at nine years of the plants (year 2018).



The soil analysis was performed according to the official Mexican standard NOM-021-SEMARNAT-2000. Soil samples were collected in the cultivation area; each soil sample was obtained from five random points of the cultivation area at 0.3 m depth. The proportional part of organic matter was determined by the Walkley and Black methodology. Inorganic nitrogen was determined by steam drag using the Kejeldahl method; the phosphorus concentration was established by the Olsen method and the potassium concentration was determined by flame emission spectrophotometry.





3. Results and discussion


3.1. Growth and Survival of Non-Toxic Ecotypes


Table 1 shows the names and provenance of the ecotypes, as well as the results of the phorbol ester concentration determination. In the ecotypes E1M, E2M, E3M, E4M and E5M, the presence of phorbol esters was not detected. For this reason, these varieties of Jatropha curcas are identified as nontoxic.



These results agree with previous reports of seeds of genotypes of Jatropha curcas from the southeastern part of the country where phorbol esters are not detected and seeds are consumed by people [22,23].



On the contrary, the remaining ecotypes: E6O, E7O, E8O and E9C are identified as toxic since they presented a concentration of phorbol esters at levels of 0.6–1.6 mg g−1 of oil, typical value of Jatropha curcas genotypes toxicities reported by the authors of [21].



Consequently, these nontoxic ecotypes of Jatropha curcas in addition to obtain the oil, the residual endosperm cake from the extraction of the oil could be a second valuable product that can generate additional economic benefits.



The measurements of biophysical parameters of nontoxic ecotypes E1M, E2M, E3M, E4M and E5M, are presented in Figure 4. All ecotypes showed a similar growth trend throughout the study. The plants of the E1M and E2M ecotypes showed good growth during their first months of life in the experimental plot and continued with this tendency at the end of the study, reaching the plants with the highest growth.



Table S1 displays the measurement of average growth and standard deviation in plant height, stem diameter and canopy area of the nontoxic ecotypes. Likewise, significant statistical differences are present according to the ANOVA test (p ≤ 0.05): (A) the highest growth; (AB) high growth; (B) average growth; (BC) low growth; and (C) the lowest growth.



According to Figure 4 and Table S1, an increase in the height dimensions of the plant is observed during the measurements made in July of the years 2009 and 2010 while the increase was lower in subsequent measurements made in the years 2011, 2012, 2013 and 2018.



In the first measurements made in July 2009, all ecotypes showed significant differences in plant height, the E2M ecotype recorded the highest growth while the E4M and E5M ecotype showed the lowest growth. Subsequently, in the measures recorded in July 2010, 2011 and 2012, all the ecotypes maintained similar plant growth without significant differences between them. In the measurements made in July 2013, the E2M again obtained the highest growth showing significant differences with respect to the remaining ecotypes. In the last measurements made in July 2018, the E1M plants presented an increase in plant height ending at a similar height to the E2M plants. At the end of the study, the E1M and E2M ecotypes showed the greatest growth in plant height.



With respect to stem diameter growth, the dimensions showed a constant increase throughout the monitoring period. The measurements from July 2009–July 2011 showed similar growths in all the ecotypes without presenting significant differences. From the measurements made in July 2012 until 2018 there were significant differences between the ecotypes, the E2M plants were those with the highest average growth followed by the E1M plants.



The differences in the average growth of the ecotypes were more evident in the parameter of canopy area, since throughout the study there were significant differences in all the ecotypes. In the same way as in the parameters of plant height and stem diameter, the dimensions of plant coverage showed marked increases from the measurements of July 2010–July 2018. Throughout the study, E2M also showed the highest growth in this parameter.



At the end of the monitored period, the average value of all the data obtained in plant height was 162.5 ± 16.9–203.5 ± 28.9 cm, stem diameter 11.0 ± 1.2–14.3 ± 2.3 cm and canopy area at 18,804.7 ± 5526.6–39,072.9 ± 10,521.0 cm2.



In summary, the plant height growth by ecotype in ascending order was: E4M > E5M > E3M > E2M > E1M; for stem diameter is: E4M > E3M > E5M > E1M > E2M; and for the canopy area is: E4M > E3M > E5M > E1M > E2M. As can be seen, the E1M ecotype presented the highest growth in plant height and the E2M presented the highest growth in stem diameter and canopy area.



Regarding the survival of the plants, Figure 5 shows the survival tendency of the ecotypes.



All the ecotypes maintained 100% survival of plants in the first months after the plants were planted until the first measurements made in May 2009, indicating a good adaptation to the conditions of the experimental plantation. However, in the second measurement carried out in July 2009, at four months of age of the plants in the experimental site, the loss of plants was almost 10% for the E2M and E5M ecotypes and 13% for the E4M ecotype.



In the measurements made in July 2012, at the third year of age of the plants, the greatest loss of plant occurred due to the presence of the borer pest (Diatraea saccharalis), mainly affecting the EM4 and E5M ecotypes.



Finally, among the measurements made in July 2013 and 2018, the loss of plants was minimal for the E1M, E2M and E5M ecotypes, while the E3M and E4M ecotypes showed a higher percentage of plant loss. However, in the last monitoring year, July 2018, the E3M ecotype showed the highest survival percentage with 87% followed by the E2M and E1M ecotypes with 85% and 83%, respectively, while the E4M and E5M ecotypes presented the lowest percentage of 65% and 73%, respectively.




3.2. Yield in the Production of Seeds, Biomass and Oil Content


Table 2 presents the production of seeds and biomass; two harvests of Jatropha curcas fruits were analyzed to estimate seed production. The first harvest of ripe fruit was made at 8 years of age of the plants, in the months of August and September in the year 2017. The highest fruit production was presented in the ecotypes E1M and E2M, for this reason the second harvest of fruit of the year 2018 was made only in these ecotypes.



The production of ripe fruits was varied. According to the ANOVA and Tukey test (p ≤ 0.05), two groups with significant differences were shown. In the first group, the E2M and E1M ecotypes with the highest fruit production per plant were identified, the E2M ecotype with a yield of 0.81-kg plant and the E1M ecotype with 0.75-kg plant (see Table 2, column 2, letter A). In the second group, the ecotypes with the lowest productions were shown, E5M with 0.37-kg plant, E3M with 0.24-kg plant and E4M with 0.10-kg plant (see Table 2, column 2, letter B).



Consequently, the E2M and E1M ecotypes showed the highest fruit production per hectare with a potential of 1021 kg ha−1 for the E2M ecotype 946 kg ha−1 for the E1M ecotype considering the cultivation density of 1250 plants per hectare as is shown in Table 2, column 2.



It is important to mention that the amount of seeds contained in the fruit of Jatropha curcas varies between 3 and 4 units. The weight of the seeds represented between 64.1% and 70.3%, while the weight of the pericarp (fruit husk) represented between 29.7% and 35.9%, of the total weight of the fruits (see Table 2, columns 3 and 40.



In this way, the yield of seeds per plant in the ecotypes with the highest fruit production was 0.56 kg for the E2M ecotype and 0.49 kg for the E1M ecotype with a seed yield per hectare of 700 kg and 618 kg, respectively. The E5M, E3M and E4M ecotype presented the lowest yield of seeds per plant with yield of 0.25 kg, 0.17 kg and 0.06 kg, as well as the production potential per hectare of 318 kg, 213 kg and 74 kg, respectively (see Table 2 column 5).



Under a production scenario without irrigation and without the application of fertilizer and in conditions of precipitation and temperature similar to those presented in this study, the authors of [40] reported an elite variety of Jatropha curcas native to India that recorded yields of between 858.3 kg ha−1 and 922 kg ha−1, in the city of Bhavnagar, and between 69.4 kg ha−1 and 58.6 kg ha−1, in the city of Hyderabad, both plantations with a spacing of 2.5 m × 2.5 m.



The seed production per plant of the ecotypes identified as the most productive, E2M and E1M, is higher than the production reported Naresh et al. [41] in the city of Hyderabad, where its four best varieties produced between 0.24-kg plant and 0.39-kg plant.



So, if the nontoxic property is taken into account in terms of the seed yields of E1M and E2M ecotypes, these are attractive to promote programs of crop improvement in order to increase their seed production to produce biodiesel and benefit of the nontoxicity of these ecotypes to have the possibility to produce food products.



Regarding other features of the Jatropha curcas production, the endosperm represents 55.8–60.5% of the weight of the seed, as is shown in Table 2, column 7. According to the ANOVA and Tukey tests (p ≤ 0.05), there are significant differences between the ecotypes with higher and lower percentage of endosperm. The weight percentage of the endosperm is higher in the E1M with 60.5% of the weight of the seed than for the E2M with 58.8% of the weight of the seed and its potential for endosperm production per hectare is 411 kg ha−1 for E2M and 376 kg ha−1 for the E1M.



The pericarp and tegument are biomass that covers the seed and the endosperm, respectively; they are not considered a relevant product. However, the weight of both biomasses represents 60% of the weight of fruit production so this percentage suggests that it is important to consider this biomass as another valuable product of Jatropha curcas crops. According to the authors of [2], the pericarp and tegument biomass could be appropriate supply for pyrolysis and gasification to generate heat and/or power.



In the most productive ecotypes, E2M and E1M, they present a pericarp and tegument biomass yield of 612 kg ha−1 and 570 kg ha−1 respectively (see Table 2, column 9).



The Table 3 shows the oil yields obtained by mechanical extraction and the average oil content was 44.8–52.2% with respect to the weight of the endosperm of the seed and from 26.1–31.5% with respect to the total weight of the seed (weight of tegument and endosperm).



According to the ANOVA and Tukey tests (p ≤ 0.05), there were significant differences between the ecotypes with higher and lower percentage of oil extraction. The E1M presented the highest percentage of oil extraction with 52.2% with respect to the weight of the endosperm and 31.5% with respect to the weight of the seed, while E2M presented a low yield of 46.5% with respect to the weight of the endosperm and 27.3% with respect to the weight of the seed, as is shown in Table 3, column 2.



This way, the oil extraction yields obtained in these ecotypes are in the range of the percentages reported for different varies of Jatropha curcas; from 45–70% by weight of oil with respect to the weight of the endosperm and 20–50% as a function of the seed weight [2]. In the same way as in the oil extraction yield, the E1M ecotype has the highest oil yield of 196 kg ha−1 followed by the E2M ecotype with 191 kg ha−1.



On the other hand, the residual endosperm cake—the extruded endosperm resulting from the oil extraction—is higher for the E2M ecotype, with 53.5% of the endosperm weight with an endosperm cake yield of 220 kg ha−1; and in the E1M ecotype the endosperm cake represent 47.8% of the weight of the endosperm and a potential of 180 kg ha−1 (see Table 3, column 3). The endosperm cake percentage is similar to the reported by Naresh et al. [41], which is between 49–58%.



As can be seen, the endosperm cake percentage of these ecotypes is a high amount of waste that could be used to produce food products especially in nontoxic Jatropha curcas varieties.



Finally, since the E1M and E2M ecotypes showed the best growth result of biophysical parameters, productivity and seed yield, an analysis of the physicochemical properties of the oil and endosperm of these ecotypes was carried out to determine if they are a suitable raw material to produce biodiesel in the case of oil, and the possible use for food in the case of the endosperm.




3.3. Oil Physicochemical Properties


The physicochemical features of the fatty acids from E1M and E2M ecotypes are presented in Table 4. For the two ecotypes, the density and the specific gravity of the oil, at 15 °C, the value is 0.91 g cm−13. Indeed, the oil should have a low density for the biodiesel production. In case of the oil obtained from E1M and E2M, the density is slightly higher considering the result of 0.90 g cm−13 as reported by Coutinho et al. and Helwani et al. [42,43]. However, our results are similar to those reported by Kamel et al. [44].



Certainly, the viscosity of the oil of the ecotypes E1M and E2M at 40 °C is similar in both samples, 31.88 cst and 31.66 cst, respectively. These results indicate that the oil from these ecotypes has good quality considering the recommendation of 34–42.88 cst by the authors [41,42,44], due to a low oil viscosity is preferable to obtain suitable properties in the biodiesel for it use in engines.



The oil of both ecotypes also shows values of calorific power desirable to produce biodiesel. The calorific power of both ecotypes of 39.4 MJ kg−1, is higher than the values reported in [45,46] of 37.1 MJ kg−1 and 38.5 MJ kg−1.



The composition of the oil is similar among the ecotypes, presenting a high proportion of unsaturated fatty acid, 80.1% and 80.3%, respectively. Oleic acid is the most predominant with 42.1% and 40.1% followed by linoleic acid with 36.7% and 39.3%, respectively.



The composition of saturated fatty acids is 19.7% and 19.4% with a higher proportion of palmitic acid 10.2% and 11.2%, followed by stearic acid 8.9% and 7.4%, respectively. These results are in accordance with the scientific literature where oleic, linoleic, palmitic and stearic fatty acids are the most abundant in Jatropha curcas oil, with oleic acid the highest proportion [47,48]. This composition is also presented in other varieties studied in Mexico by Martínez-Herrera et al. and Sánchez-Arreola et al. [20,33].



Indeed, it is expected that the high content of monounsaturated fatty acids provides quality to biodiesel; according to author of [48] these compounds allows improving the number of cetane in biodiesel and can offer a strong effect on oxidation stability and the shelf life of oil and biodiesel.




3.4. Endosperm Chemical Properties


The chemical composition of the endosperm is presented in Table 4; the crude protein content is higher in the E2M ecotype with 26.0% of crude protein while for the ecotype E1M the crude protein content was 21.7%.



The crude protein composition of the E2M ecotype is within the range of 23.7–27.2%, reported for varieties from different parts of the world [49], as well as, that reported for Mexican varieties, from 23.2–31.9% [23,32,50].



Although the crude protein content of the E2M and E1M ecotypes is lower than that reported for the Morelos state varieties; 32.1% for the municipality of Yautepec and 29.7% for the municipality of Cuautla [23,33], it is comparable with the crude protein content of other food such as rapeseed (19%), karanja (22%), sesame (25.2%), squash (26.5%), sunflower (23%) and peanut (26%).



Regarding total fats the percentage for the ecotypes E2M is 63.3% and for the ecotype E1M it is 60.9%; these percentages are higher than those of other varieties in different parts of the world that are between 42.9–59.0% [49] and in relation to the Mexican varieties that are in the range of 51.1–64.5% [23,32,33]. The content of total fats is also higher than the values reported in the varieties of the municipalities of Yautepec (55.3%) and Cuautla (58.7%), in the state of Morelos.



The crude fiber content is higher in E1M with 10.7% and 4% for E2M. The crude fiber content of the E1M is higher than other varieties of the world of 3.8–6.1% [49] and in relation to the Mexican varieties that have percentages of 2.8–5.3% [23,33].



The fiber content of E2M is similar to that reported in the Cuautla, Morelos variety with a value of 4% and higher than the value reported in Yautepec, Morelos variety of 3.1%.



The ecotypes had a high content of dietary fiber; of 34% for the E2M ecotype and 36.2% for the E1M ecotype. These contents have not been reported in other studies.



The ash content was similar for both ecotypes; 2.9% for E2M ecotype and 2.8% for E1M ecotype. These values are below than reported range for varieties from different parts of the world ranging from 3.4–5.0% [49] and from Mexican varieties from 3.6–5.8% [23,32,33].



The gross energy content in the endosperm is greater in the E2M ecotype (28.7 MJ kg−1) than in the E1M ecotype (27.3 MJ kg−1). The energy content provided by these ecotypes is slightly lower than those reported for varieties from different parts of the world that are between 28.9–31.2 MJ kg−1 [49], although they are among the values reported in Mexican varieties from 26.5–31.6 MJ kg−1 [23,33].



In summary, the levels of crude protein, crude fiber, lipids and energy suggest that the endosperm of the seeds of the E1M and E2M ecotypes have adequate characteristics to be a good source of protein for human or animal consumption. In this way, the extruded endosperm from oil extraction can be a product with a significant economic value.




3.5. Changes in the Chemical Properties of the Soil


A poor soil in organic matter cannot support a healthy growth of any plant life. For this reason, increasing the organic matter in the soil composition certainly improves the quality and the availability of plant nutrients. Otherwise, the presence of organic matter in the soil is an important factor for a higher and better productivity of Jatropha curcas.



The changes in the physicochemical properties of the soil of the experimental plot are reported in Table 5. In all the monitored years, the percentage of clay was dominant in the texture of the soil, followed by silt and, in a lower percentage, sand. Being a clay soil, this was beneficial for Jatropha curcas plants, because clay soil can retain water and nutrients.



In relation to the pH of the soil, initially, the pH was 7.6 and at the end of the study it was 7.9 in such a way that, according to the reference values of NOM-021-SEMARNAT-2000, the pH of the soil maintained slightly alkaline values throughout the study period.



In the same way, the electrical conductivity (CE) maintained values of low salinity; starting at 0.5 ds m−1 and ending at 0.4 ds m−1, so that the decrease of C.E was not substantial.



In the composition of organic matter (OM) an increase was observed in the monitored years. In the first measurement of the year 2008 the value of OM was 2.8%, increasing by 20% for the last year of study, to finish with 3.5% of OM. The increase in the content of organic matter is influenced by plant residues of the leaves of the Jatropha curcas plants that fell to the ground during the dormancy period as well as the grass and grass residues that grew in the experimental plot.



The OM composition of the experimental plot soil was maintained in medium range of %OM, from 1.6–3.5%, according to the reference values of NOM-021-SEMARNAT-2000. However, the percentage of MO at the end of the study was placed at the limit value to move to the high %OM classification, 3.6–6.0%.



The macronutrients showed increases throughout the study, nitrogen (N) and potassium (K) showed a considerable increase between the first and second measurement, going from 6.0 mg kg−1 to 9.1 mg kg−1 of N and 216 mg kg−1 to 364 mg kg−1 of K. According to the reference value of NOM-021-SEMARNAT-2000, the concentration of N remained at the very low level. However, the final concentration is higher than in the first measurement.



The changes in K concentration were from medium to high level between the first and the second measurement. In the case of phosphorus (P), it presented an increase of 7.0 mg kg−1 to 10.7 mg kg−1 but remained at medium level to the reference values.



The aforementioned increases in the content of organic matter and nutrients may be related to the interaction of Jatropha curcas plant with fauna, such as insects, pollinators, rodents and birds, flora and various organisms that came to be established along the years in which the plantation has been maintained. In this way, these results coincide with the study carried out by the authors of [8] that identified that Jatropha plantations provide eco-systemic services that support the soil nutrient cycle.



The results obtained suggest that the cultivation of the E1M and E2M ecotypes of Jatropha curcas can maintain and increase the organic matter of the soil as well as favor the reserve of nutritious elements promoting soil improvement. All these results are relevant in terms of rehabilitation of rural marginal soils as is the case of our experimental plantation in Morelos.



The features of nontoxic Jatropha curcas could be used as an additional benefit to the use of oil, endosperm cake and residual biomass.





4. Conclusions


According to the results of this study, two nontoxic ecotypes of Jatropha curcas (E1M and E2M) were identified as the best sustainable raw materials with the highest potential for the production of biodiesel in the Mexican Morelos state. The secondary products from the seed residues, after oil extraction, increase the value of the crops: the production of energy from residual biomass (pericarp and tegument) is an added value; the production of food products from the endosperm cake; and the improvement of the chemical properties of the soil during the cultivation process in marginal soils that have been abandoned in Morelos state.



Future studies of concerning life cycle assessment are required to establish the environmental impact of Jatropha curcas farming, oil extraction processes, and biomass residue usages. Additionally, the whole production process should be evaluated for developing a comprehensive technological and economic package of sustainable feasibility for the cultivation of the selected ecotypes.
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Figure 1. Location of the Jatropha curcas experimental plot in Morelos, Mexico. 
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Figure 2. Monthly averages of climatic parameters at the experimental plot for period of study (2009–2018). 
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Figure 3. Methodology evaluation of nine ecotypes of Jatropha curcas in the experimental plot. 
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Figure 4. Measurements of biophysical parameters for plant growth in the study site along nine years (2009–2018). (A) Height of plant, (B) stem diameter, (C) canopy area. 
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Figure 5. Plant survival rate by ecotype in the studied site. 
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Table 1. Codes, origin of Jatropha curcas ecotypes provenances and level of phorbol ester in seed oil.
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	Ecotypes
	Origin States
	Phorbol Ester Content 1 (mg mL−1)





	E1M
	Morelos
	Not-detected



	E2M
	Morelos
	Not-detected



	E3M
	Morelos
	Not-detected



	E4M
	Morelos
	Not-detected



	E5M
	Morelos
	Not-detected



	E6O
	Oaxaca
	1.5



	E7O
	Oaxaca
	0.9



	E8O
	Oaxaca
	1.3



	E9C
	Michoacán
	0.6







1 Phorbol ester concentration in oil was assessed according method of Haas et al. 2002.
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