Effect of nitrogen and potassium fertilization on the
production and quality of oil in Jatropha curcas L. under
the dry and warm climate conditions of Colombia
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ABSTRACT

This study was conducted to assess fruit and seed yield, oil
content and oil composition of Jatropha curcas fertilized with
different doses of nitrogen and potassium in Espinal (Tolima,
Colombia). The yields ranged from 4,570 to 8,800 kg ha™ of
fruits and from 2,430 to 4,746 kg ha of seeds. These yields
showed that the fertilizer dose of 150 kg ha” N + 120 kg ha™
K increased fruit production by 92% and seed production by
95%, which represents an increase of about 100% in oil produc-
tion, which increased from 947 to 1,900 kg ha™. The total oil
content in the seeds ranged from 38.7 to 40.1% (w/w), with a
high content of the unsaturated fatty acids oleic (> 47%) and
linoleic acid (> 29%). The highest content of oleic acid in the
seed oil was from the unfertilized control plants and plants
with an application of 100 kg ha™ of N and 60 kg ha" of K,
with an average of 48%. The lowest content of oleic acid was
registered when a low dose of nitrogen and a high level of
potassium were applied at a ratio of 1:2.4 and doses of 50 kg
ha' N+ 120 kg ha'K, respectively. Low contents of the saturated
fatty acids palmitic (13.4%) and stearic (7.26%) were obtained,
making this oil suitable for biodiesel production. The nitrogen
was a more important nutrient for the production and quality
of oil in J. curcas than potassium under the studied conditions
of soil and climate.

Key words: vegetable oils, fatty acids, biodiesel, Euphorbiaceae,
fertilization.

Este estudio se realizd para evaluar la respuesta a la fertilizacion
con N y K en la produccion de frutos, semillas, contenido y
composicion de aceite de Jatropha curcas, en El Espinal (Tolima,
Colombia). Las producciones oscilaron entre 4.570 y 8.800 kg
ha' de frutos y las semillas entre 2.430 y 4.746 kg ha™. Estos
rendimientos mostraron que la fertilizacion con dosis de 150 kg
ha'deN + 120kgha' de K, increment6 la produccidn de frutos
en 92% y la de semillas en 95%, lo cual representa un aumento
del 100% en la produccion de aceite, desde 947 a 1,900 kg ha™.
Las semillas presentaron un contenido de aceite entre el 38,7 al
40,1% (w/w), con altos contenidos de acidos grasos insaturados
oléico (>47%) y linoléico (>29%). Los mayores contenidos de
acido graso oleico se obtuvieron en los aceites de las semillas
provenientes de plantas testigo sin fertilizacion y en plantas
con la aplicacién de 100 kg ha' de N y 60 kg ha™ de K, con
promedio del 48%. El menor nivel del acido oleico se presentd
cuando se aplicé un nivel bajo de nitrégeno y alto de potasio,
enrelacion 1:2,4, con dosis de 50 kgha' de N + 120 kgha' de K.
Los contenidos de acidos grasos saturados palmitico y estedrico
fueron bajos, con 13,4 y 7,26%, respectivamente, lo que indica
que el aceite obtenido resulta adecuado para la produccién de
biodiesel. El nitrégeno resulté mas importante en la produccion
y calidad de aceite que el potasio, en las condiciones de clima
y suelos estudiados.

Palabras clave: aceites vegetales, dcidos grasos, biodiesel,
Euphorbiaceae, fertilizacion.

Introduction

Global energy consumption depends on fossil fuel sources,
especially from the petrochemical industry, coal, and
natural gas, in addition to the sources provided by hydro-
and nuclear power plants. In recent decades, emissions of
greenhouse gases have caused great concern due to their
impact on the environment, thus, increasing the search for
renewable energy sources. The production of biodiesel from
vegetable oils is one of the possible options for reducing
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environmental pollution and decreasing dependency on
fossil fuels (Verrastro and Ladislaw, 2007; Achten et al.,
2008). The use of plants as a source of energy to replace fuel
is an important economical alternative; however, it is highly
controversial because it can affect the food security of a
country due to the substitution of food crops in some areas
(Harinder and Becker, 2009). In order to avoid competition
with food crops, non-food crops used as sources for biofuels
must be adapted to marginal and non-productive lands.
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The oils extracted from seeds or fruits of non-edible crops
serve as raw materials for biodiesel production; among the
non-edible oilseed species used for biodiesel production are
crops such as Jatropha curcas, Pongamia pinnata, Madhuca
indica, Ricinus communis and Cynara cardunculus (Sengo
et al., 2010; Bankovi¢-Ili¢ et al., 2012). In recent decades,
the cultivation of J. curcas. has generated great interest
since it can serve as raw material for the production of
oils for biodiesel (Brittaine and Lutaladio, 2010). J. curcas
(Euphorbiaceae) is a perennial shrub that reaches a height
of up to 5 m and grows well in tropical and subtropical
climates in areas of low precipitation and poor soils, and
has a productive period that may exceed 30 years. This plant
is native to Central America and was extended to Asia and
Africa by Portuguese traders in the 16™ century through
the islands of Cape Verde and Guinea-Bissau as a medici-
nal plant (Brittaine and Lutaladio, 2010); currently, it has
widespread exploitation in many tropical and subtropical
regions of the world.

J. curcas produces flowers in inflorescences; the fruits are
ovoid to ellipsoidal in shape, yellow when ripe and usu-
ally contain three black seeds, about 2 cm long and 1 cm
wide. The black seed coat protects the endosperm which
contains between 27 and 43% non-edible oil. The first
commercial uses of J. curcas oil were reported in Lisbon
as the artisanal production of soap and fuel for oil lamps,
having been brought from Cape Verde industries (Kumar
and Sharma, 2008). Currently, J. curcas is used as a com-
mercial crop for the production of biodiesel or as a cover
crop for soil protection and soil recovery. J. curcas oil can
be easily converted into biodiesel through a process of
trans-esterification, generating a biofuel that meets US and
European Union standards of quality (Azam et al., 2005;
Achten et al., 2008).

J. curcas has been reported as a drought-resistant species,
well adapted to arid and semi-arid climates, capable of
maintaining and restoring soil fertility in regions with
degraded soils and, therefore, is a promising crop for
preventing desertification and improving socio-economic
development in poor areas of rural economy (Foidl et al.,
1996; Francis et al., 2005; Zahawi, 2005). The production
of J. curcas seeds can range from 0.4 to 12 t ha per year
(Achten et al., 2008). Although the plant survives under
soil and climate conditions with severe limitations and is
well adapted to marginal areas, its productivity is greatly
increased if planted in well-drained soils of medium fertil-
ity, under more favorable climatic conditions and suitable
agronomic management (Achten et al., 2010). Also, the
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control of pests and diseases is not currently considered as
alimitation to achieve acceptable yields (Openshaw, 2000).

J. curcas has low competition with traditional crops for
production areas. As many species of the Euphorbiaceae
family, this plant contains phytotoxins, mainly terpenoids
and alkaloids (Sauerwein et al., 1993; Makkar and Becker,
2009). All products, including oil, seed cake, leaves, and
stems are toxic for humans and animals. Although seed
cake from J. curcas contains 50-62% proteins, it is not
suitable for animal consumption due to the presence of
glycoprotein curcin or jatrophin, a toxin that inhibits
protein synthesis (Pal et al., 2012). J. curcas contains two
types of curcin (curcin and curcin-L) which were detected
in all plant parts including leaves, seed cotyledons, stems,
and roots (Pal et al., 2012). However, several studies have
shown that the main responsible agents for the toxicity of
J. curcas are phorbol esters that are tetracyclic diterpenoids
found in the seeds at high concentrations, products that are
potentially harmful to health due to their ability of tumor
promoting activity (Goel et al., 2007; Abhilash et al., 2011).
Also, the seeds and seed cake contain toxic and antinutri-
tional compounds, including flavonoids vitexin, isovitexin,
and 12-deoxyl-16-hydroxyphorbol (Aregheore et al., 2003).
To detoxify seed cake for usage as a livestock feed, several
biological, thermal, and chemical treatments have been
proposed (Aregheore et al., 2003; Phasukarratchai et al.,
2012; Phengnuam and Suntornsuk, 2013). However, seed
detoxification is not a simple process and is unlikely to be
economically viable on a small scale.

In Colombia, studies on this crop are still scarce and pre-
liminary; however, there has been an expansion of cultiva-
tion of J. curcas in Colombia, attaining a high presence in
the areas of Guajira, Llanos Orientales and some areas in
the warm valleys of the upper Magdalena (Campuzano,
2008). This increase in the cultivated area has generated a
demand for information on the fertilizer needs of this plant
for macro- and micronutrients; however, this information
is currently absent in Colombia.

The fertilizer recommendations of a crop depend on the
nutritional demands of the plants in the phases of vegetative
and reproductive development, the efficient use of the ap-
plied fertilizers, and the nutrients supplied by the soil (ICA,
1992). Therefore, the aim of this study was to determine
the response in the production of fruits and seeds, seed oil
content and oil quality of the J. curcas M-3 genotype fertil-
ized with different doses of nitrogen and potassium in the
soil and climate conditions of Espinal, Tolima, Colombia.
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Materials and methods

Experimental site conditions

The study was established at the Nataima Research Center
of Corpoica (Espinal, department of Tolima, Colombia)
located at 4°11’14” N and 74°57°22” W, with an altitude of
371 m, average temperature of 28°C, relative air humidity
of 70%, and annual precipitation of 1,270 mm; according
to Holdridge (1967), this area is classified as tropical dry
forest (bs-T).

During the establishment of the experiment in the field
in May, June, and July of 2012, an average temperature of
27.8°C and relative air humidity above 75% were registered;
the transplanting in the field was carried out in May 2012
taking into consideration the start of the rainy season.
Comparing the average rainfall for the region in this
period with the averages of the last 30 years, the rainfall
was slightly lower in the season of crop establishment, ac-
centuating the dry period between the months of June and
September 2012 (Tab. 1). However, this factor might not be
considered limiting for normal crop development because
the experimental area had supplemental irrigation and the
application of two surface irrigations was necessary, with
each one equivalent to 35 mm of precipitation. During the

first half of 2013, rainfall higher than the historical aver-
age occurred in March, April and May; during this period,
the plants had an increased production of new vegetative
and reproductive structures. For the second half of 2013,
rainfall below historical averages was recorded during the
months of September and October (Tab. 1).

The soil, where the plants were established, had an arable
depth that exceeded 1 m, sandy loam texture, with good
external drainage. The content of total soil nitrogen was
low, with nitric and ammonia contents that corresponded
to 2.26 and 2.03 mg kg, respectively. The main properties
of the soil are presented in Tab. 2.

Plant growth and fertilization treatments

The study started in February 2012 with plant establish-
ment in the nursery. The seeds of the elite M-3 genotype
used for the experiment were obtained through the bre-
eding program of J. curcas developed by the Corpoica in
2006. The seedlings grew in 32 x 12 cm black plastic bags
with a capacity of 4 kg of substrate under shade cloth,
ensuring 60% shade. One seed was planted per bag with a
total of 1,500 planted bags. The substrate was prepared with
sandy loam soil, burned rice husks, and organic compost
mixed at a 2:1:1 ratio (w/w), respectively, and had a 5.5 pH,
4.1% organic matter, 67.7 mg kg™ of available phosphorus,

TABLE 1. Climatic variables in the area of Espinal (Colombia) during the establishment and growth of J. curcas plants (years 2012 and 2013) and
historical values of average precipitation for the region recorded in the last 30 years.

Relative air humidity (%)

Temperature (°C)

Monthly precipitation (mm)

Month
2012 2013 2012 2013 2012 2013 19%‘32210

January 68.60 71.02 28.40 27.81 45.2 50.1 73.23
February 73.70 7515 28.90 27.99 73.8 80.5 89.41
March 76.20 75.39 27.20 28.16 94.8 182.3 116.8
April 68.23 69.31 27.74 28.06 143.8 140.1 132.9
May 78.68 84.57 27.81 28.02 167.8 215.7 186.3
June 74.54 7183 27.99 27.87 5.1 103.6 74.6
July 76.84 73.85 28.63 2754 86.6 577 615
August 68.82 7119 28.01 2777 57.9 80.6 52.8
September 83.74 76.02 27.02 28.95 89.5 54.0 125.5
October 75.45 76.67 27.92 2760 128.5 127 1518
November 68.07 79.04 27.02 27.80 1935 148.9 118.4
December 7119 74.82 28.16 26.90 96.3 87.8 83.2

TABLE 2. Chemical properties and texture of soil horizons in the experimental area where J. curcas L. plants were established at the Nataima experi-

mental center (Corpoica) in Espinal (Colombia).

EC om Ca Mg K

Na P S Fe Cu Mn Zn B

Horizon Texture pH (dS m) (%) (cmol, kg)

(mg kg)

Ap SL 6.3 0.27 1.21 47 112 0.24
By SL 6.7 0.18 1.03 5.5 2.10 0.28
Bw, SL 6.4 017 1.00 3.4 0.82 0.18

013 39.8 2,6 35 1.27 2.5 0.14 0.2
0.1 44.2 1.2 23 2.76 1.5 110 0.4
0.08 37.8 1.4 19 1.35 2.1 0.18 0.1

Ap: 0-18 cm, Bw1: 18-35 ¢m, Bw2: 35-70 cm. SL, sandy loam; EC, Electric conductivity; OM, organic matter.
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and 0.55 cmol kg of available potassium. The irrigation
was applied 2 times per week. Eight days after germination,
the cloth shade was removed and the seedlings were given
free sun exposure. Weed control was done manually and
phytosanitary controls for pests and/or diseases were not
required.

The transplanting to soil in the field was done when the
plants reached an average height of 30 cm and developed
5-6 true leaves (40-45 d after sowing) and at a distance of
2 m between the rows and 3 m between the plants.

Twelve fertilization treatments with different doses of
nitrogen and potassium fertilizers were evaluated under
a randomized complete block design with four replicates
and 24 plants per plot and one edge row, for a total of 1,666
plants/ha, with 1,184 plants used for variable evaluation.
The fertilizer treatments were combined in a factorial ma-
trix design (3°) and included control treatments for each
potassium or nitrogen dose and an absolute control (Tab. 3).

The nitrogen and potassium fertilizer doses were es-
tablished taking into account the results of the studies
performed by Kalannavar (2009), who reported that ap-
plications of 100 kg N, 100 kg P,O; and 150 kg K,O ha™
per year in poor soils significantly increased seed yields of
Jatropha up to 3,937 kg ha™. Patil and Parameshwarappa
(2007) reported significant increases in plant height, stem
base diameter, number of branches, and seed yield up to
1,475 kg ha™ year with the application of 80:80:80 kg ha™
N:P,0;:K,0. Considering these references as estimates for
J. curcas demands for N and potassium and using nutri-
ent availability from the soil (Tab. 2), fertilizer doses for
N between 50 and 150 kg ha™ and for potassium between
60 and 180 kg ha" were established. The N and K were ap-
plied as urea and potassium chloride, respectively, in the
ring matter across the root zone at a distance between 30
and 40 cm from the trunk and covered with soil. Other
mineral nutrients (P, Ca, Mg, S, and micronutrients) were
applied prior to the transplanting by mixing them with the
soil removed from the hole with the same dose for all the
treatments, which were calculated taking into account the
results of soil analysis (ICA, 1992).

The total dose of fertilizers was fractioned in each treatment
and the fertilization was performed every three months
starting one month after seedling transplanting to the
field. Weed control at the early stages (first 6 months) of
the field experiment was performed manually around the
plants between the rows. No pest control was performed
during the course of the experiment. Mature fruits were
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TABLE 3. Fertilization treatments consisting of combinations of N and
potassium doses for the first 18 months of growth of J. curcas in the
soil of the Nataima Research Center (Corpoica) in Espinal (Colombia).

Nitrogen Potassium

Treatment (kg )

50N;60K 50 60
50N;120K 50 120
50N;180K 50 180
100N;60K 100 60
100N;120K 100 120
100N;180K 100 180
150N;60K 150 60
150N;120K 150 120
150N;180K 150 180
Nitrogen control 0 120
Potassium control 100 0
Absolute control 0 0

harvested periodically on a monthly basis for 9 months
starting from December 2012 to August 2013.

Variables evaluated

Fruit and seed yield, total oil contents in seeds

To evaluate the fruit and seed production, five plants of
each of the 48 experimental units were assessed monthly.
After the harvest, the fruits were weighed and air dried
in shade, the seeds were removed, weighed and dried to
14% moisture and packed in paper bags and preserved at
a temperature of 17°C. To evaluate the total oil content
in the seeds, whole seeds were air dried and subjected to
dryingin an oven at 70°C for 72 h to constant weight, then
ground with a mill for particles smaller than 2 mm. The
oil content was determined according to Nielsen (2003),
taking approximately 20 g of seeds placed in cellulose
thimbles (filters No. 84). Then, the thimbles with samples
were placed in a Soxhlet extraction device for 6 h continu-
ous, using 250 mL of benzine as a solvent with a density
of 0.640-0.655, fixed residue of 0.002%, maximum 0.02%
water content and boiling point of 55-75°C. Extracted
fatty acids were collected and stripped of the solvent by
evaporation using rotary evaporation equipment (digital
rotovapor Heidolph-4011, Heidolph Instruments GmbH
& Co, Germany) at 60°C to eliminate the excess solvent
present in the samples. The oil extracted from the seeds
was weighed and stored in amber glass jars at 18°C. The
amount of oil in the seeds was calculated on a seed dry
basis (kg of oil dry matter per 100 kg of seeds).

0il contents in seeds through mechanical extraction

Air dried whole seeds were subjected to drying in an oven
at 70°C for 72 h to constant weight. The oil content was
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determined in a sample of approximately 150 g placed in
canvas filter bags cf-16 and extracted using a hydraulic press
(PR-M-A-40 cm, C-Genpar) with a capacity of 10 t pressure
and resistance to heating at 90°C, pressing time of 10 and 5
min of re-pressing. The extracted oil was collected in amber
glass jars. The amount of oil in the seeds was calculated on
a dry basis (kg of oil dry matter per 100 kg of seeds). These
samples were stored at 17°C for subsequent analysis of the
percentage and composition of fatty acids.

Fatty acid profile in seeds

The samples obtained from physical extraction were used
and the analysis was performed by the official method of
the European Commission (1991) for determining the fatty
acid methyl esters (FAME) using gas chromatography:
Perkin Elmer Auto system 9000 (GC) equipped with FID
and a capillary column of fused silica SPTM-2380 (60 m x
0.25 mm x 0.2 m thick film). The detector and the injector
temperatures were 260 and 250°C, respectively. The carrier
gas was hydrogen. The column was programmed to a tem-
perature of 165°C for 45 min, followed by a rate of 7.5°C
per min to 230°C, an isotherm for 15 min, a second rate of
10°C per min up to 250°C, and a final isotherm of 20 min.
The identification of the different fatty acids was performed
by comparison of retention times of FAME standards
(GLC-10-1891 FAME mix 1AMP, Sigma-Aldrich) analyzed
under the same conditions. The results were expressed as
the percentage of each peak area relative to total area. The
samples were analyzed for each of the 12 treatments with
three replicates for each fertilization treatment.

Statistical analysis

Analysis of variance (ANOVA) was performed using the
SAS v. 6. The means comparisons were obtained using a
Tukey test at a probability level P<0.01.

Results and discussion

Fruit and seed yields

Significant differences in fruit and seed production of the
J. curcas plants with different fertilization treatments were
observed (Tab. 4), with the highest fruit production, 8,805.8
kg ha', and seed yield of 4,764 kg ha" obtained with the
application of nitrogen 150 kg ha” + 120 kg ha of K. The
lowest yield was observed with 120 kg ha” of K and no
nitrogen application (nitrogen control) and corresponded
to 4,571 kg ha™ of fruit and 2,430 kg ha™ of seed yields. In
nitrogen control, the fruit production was only 51% of the
fruit yield obtained in 150N;120K, whereas the fruit yields
in nitrogen control were similar to the yields in the absolute
control without fertilization (absolute control). The low

yields in nitrogen control can be explained by a deficiency
of nitrogen and indicate a high demand of J. curcas for
nitrogen for seed/fruit production. Nitrogen deficiency
could also impose a low demand of plants for other nu-
trients, suchas P, K, S, Caand Mg, since the organs limited
in nitrogen may not provide high sink strength (Mengel
and Kirkby, 1987; Akbarian et al., 2010). Furthermore, in
nitrogen control (no nitrogen application), a calcium and/
or magnesium deficiency in the plants might have been
induced by the application of potassium. Although the
calcium and magnesium contents in J. curcas plants were
not measured in this experiment, the absorption rate of
these minerals can be greatly restricted by competition
with other cations, such as potassium (Marschner, 1997).

The low yields in absolute control (Tab. 4) were related to
the low nitrogen contents in the soil determined at the time
of establishment of the experiment, indicating a marked
deficiency of this element and a misbalance in the relations
between the macronutrients available in the soil. The J. cur-
cas plants in the absolute control were smaller as compared
to the plants in the other treatments and developed visual
symptoms of nitrogen deficiency in the leaves. The absence
of nitrogen in soil can severely reduce plant height, stem
diameter, and leaf formation in J. curcas, resulting in visible
symptoms of nitrogen deficiency (Marrone, 2009); accord-
ing to Furoc-Paelmo et al. (2012), plant height in J. curcas is
positively correlated with the contents of nitrogen in soil.

The trend that could be observed in Tab. 4 indicates that
high yields occurred in treatments with higher doses of N.
The treatment 150N;120K, with the highest fruit yield, was
obtained with a N:K ratio in the fertilizer equal to 1:0.8,
suggesting that, in the vegetative stage and at the early
stages of reproductive development, J. curcas absorbed a
higher amount of N than K. This is consistent with the as-
sertions of Malavolta (1987) that trees/shrubs can absorb a
large amount of nitrogen at the stage of vegetative growth
because leaves and branches act as sinks for carbohydrates
that are further re-translocated to fruits in the production
stage.

It is worth mentioning that the results in our study were
obtained with J. curcas plants that did not reach their
maximum production stage. At the same time, the ratio
between the elements extracted by the plants depends on
different factors and varied with the plant age. In woody
plants, trunk and branch biomass increases with age, so
potassium extraction increases and the ratio between the
extracted N and K by the tree could be changed towards
the high accumulation of potassium (Taiz and Zeiger,
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TABLE 4. Fruit and seed yields of J. curcas at different levels of nitrogen and potassium fertilization.

Treatment Doses of nitrogen and potassium

Fruit production Seed production

(N+K, kg ha™ (kg ha) (kg ha™)
150N;120K 150 + 120 8805.8a 4746.0a
100N;120K 100 + 120 7718.0 ab 4198.8 ab
150N;180K 150 + 180 7649.3 ab 4100.3 ab
150N;60K 150 + 60 7503.3 ab 4061.5ab
50N;60K 50 + 60 7271.5ab 3880.0 ab
Potassium control 100 + 0 7262.0 ab 3823.0ab
100N;60K 100 + 60 7044.3b 3781.8b
100N;180K 100 + 180 6962.5b 3751.5b
50N;180K 50 + 180 6693.5 be 3636.0 be
50N;120K 50 + 120 6601.0 be 3542.5 bc
Absolute control 0+0 5155.5 cd 2765.3 cd
Nitrogen control 0+ 120 4571.8 cd 2430.3 d

Means with different letters indicate significant differences according to Tukey test (P<0.01).

2006). Additionally, J. curcas is a deciduous species, and
the demands of N and K in these plants could depend,
among other factors, on defoliation rates and rates of new
leaf formation, contents of N and K in abscised leaves, and
patterns of N and K recycling from old leaves (Millard and
Grelet, 2010).

Total oil content in seeds

No statistically significant differences in the percentages
of seed oil contents were observed among the treatments
(Tab. 5). The percentages of seed oil, oscillating between
37.2 and 40.1%, were consistent with those obtained in the
studies in other regions of the world. Islam et al. (2012)
assessed the content of J. curcas seed oil in 21 accessions co-
llected in Malaysia, Borneo, India, Indonesia, Cape Verde,
South Africa, Philippines, Vietnam, and Thailand, where
contents varied from 40.0% in materials from Malaysia to
48.4% in Vietnam. In another study on the variability of
82 accessions of J. curcas in five zones of peninsular India,

the oil content ranged from 31.5 to 45.5% and the level of
unsaturated fatty acids in oils ranged from 75.5 to 85%
(Bhagat et al., 2011). A higher oil content of 61 to 64% in J.
curcas seeds was reported by Emil et al. (2010) in materials
from Malaysia, Indonesia, and Thailand.

The highest oil yield, 1,903.3 kgha’, in this experiment was
obtained in 150N;120K, corresponding to the application
of 150 kg ha™ of N + 120 kg ha of K; the lowest oil yield,
947.6 kgha' , was observed in nitrogen control, correspond-
ing to the application of 120 kg ha™ K without a nitrogen
application; the last treatment had an oil yield lower than
that obtained in the unfertilized control (Tab. 5). This could
be explained as a result of low nitrogen absorption by the
plants since they did not receive nitrogen fertilizer. Also, an
application of potassium fertilizer might only have induced
a deficiency of calcium and/or magnesium since these
elements are antagonistic during absorption by the roots.

TABLE 5. Total oil content in the seeds of J. curcas at different levels of nitrogen and potassium fertilization.

Doses of nitrogen and potassium

Treatment (N-+K, kg ha) 0Oil contents in seeds (%) Production of oil (kg ha™)
150N;120K 150 + 120 4012 1903.3a
100N;120K 100 + 120 38.6a 1622.4 ab
150N;180K 150 + 180 38.5a 1578.3ab
150N;60K 150 + 60 39.7a 1608.0 ab
50N;60K 50 + 60 38.0a 1457.2 be
Potassium control 100 +0 38.8a 15041 Db
100N;60K 100 + 60 379a 1447.3 be
100N;180K 100 + 180 372a 1396.7 be
50N;180K 50 + 180 38.4a 1398.8 be
50N;120K 50 + 120 399a 1416.7 be
Absolute control 040 38.8a 1073.8 cd
Nitrogen control 0+ 120 38.7a 947.6 d

Means with different letters indicate significant differences according to Tukey test (P<0.01).
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The accumulation of nutrients in different organs (stems,
leaves, flowers, and fruits) and tissues provides an impor-
tant background to estimate the nutritional needs of plants
and serves as a basis to determine the amount of nutrients
to be supplied to plants through fertilization (Laviola and
Dias, 2008). In this experiment, the treatment that resulted
in the highest oil yield was obtained with a N:K ratio in the
fertilizer equal to 1.0:0.8, indicating a higher demand of J.
curcas plants for nitrogen than for potassium. Nitrogen is
an element that is linked to the formation of amino acids,
amides, peptides and amines and its assimilation is closely
related to the formation of seeds (Mengel and Kirkby,
1987). These photoassimilates are translocated to fruits
and constitute part of proteins and fatty acids accumulated
in seeds. According to Laviola and Dias (2008), N:K ratios
in J. curcas plants are equal to 2.3:1 in leaves and 1.4:1 in
fruits, which indicates that, in the production stage, the
plants have an increased demand for potassium. At the

same time, the accumulation of nitrogen in J. curcas seeds
is superior to that of other macronutrients since the seed
cake of J. curcas contains about 4.6-6.0% N, 2.6-3.0% P,
1.0-1.4% K, 1.3% Mg, and 0.7% Ca (Lieth, 1975; Chikpah
and Demuyakor, 2013).

Fatty acid composition

The content of saturated and unsaturated fatty acids in
the J. curcas seeds is presented in Tab. 6, expressed as
a percentage in weight by weight ratio (w/w). The seed
oil had a high proportion of unsaturated fatty acids of
78.07%, while saturated fatty acids were present in smaller
amounts of 21.48% (Tab. 6). Oleic fatty acid (C 18:1), with
an average content of 47.54%, and linoleic acid (C 18:2),
with 29.91%, were the principal ones in the composition
of the fatty acids, while saturated fatty acids had lower
contents, with palmitic (C 16:0) and stearic (C 18:0) acids
being the more representative ones with 13.39 and 7.26%,

TABLE 6. Fatty acid composition (%) of seed oil of J. curcas ecotype M-3 at different levels of nitrogen and potassium fertilization at the Nataima

Experimental Center (Corpoica) in Espinal (Colombia).

Fatty acid 50N;60K 50N;120K 50N;180K 100N;60K 100N;120K 100N;180K
Saturated (C-0) 21.01 21.04 2116 21.08 21.09 2115
Myristic (14-0) <01 <0.1 <01 <01 <0.1 <01
Palmitic (16-0) 13.46 13.45 13.51 13.54 13.48 13.5
Margaric (17-0) 0.11 0.1 0.1 0.1 0.1 0.1
Stearic (18-0) 7.23 7.26 7.34 7.24 7.23 7.27
Araquidic (20-0) 0.21 0.2 0.21 0.2 0.2 0.21
Behenic (22-0) <0.1 <01 <01 <0.1 <01 <01
Lignoceric (24-0) <0.1 <01 <0.1 <0.1 <0.1 <0.1
Monounsaturated (C-1) 47.92 47.84 4811 48.8 48.33 47.46
Palmitoleic (16-1) 0.8 0.8 0.8 0.81 0.8 0.78
Oleic (18-1) 4712 47.04 47.31 47.99 4753 47.66
Eicosenoic (20-1) <01 <01 <01 <01 <01 <01
Polyunsaturated (C-2) 30.34 30.46 30.17 30.16 30.62 30.23
Linoleic (18-2) 3013 30.25 29.96 29.94 30.41 30.02
Linolenic (18-3) 0.21 0.21 0.21 0.22 0.21 0.21
Fatty acid 150N;60K 150N;120K 150N;180K Nitrogen control Potassium control Absolute control
Saturated (C-0) 21 20.99 20.94 20.79 20.78 20.75
Myristic (14-0) <0.1 <01 <01 <0.1 <01 <01
Palmitic (16-0) 13.4 13.43 13.3 13.25 13.23 13.2
Margaric (17-0) 0.1 0.11 0.11 011 0.1 0.11
Stearic (18-0) 7.27 7.25 7.32 7.23 7.26 7.23
Araquidic (20-0) 0.22 0.2 0.21 0.2 0.2 0.21
Behenic (22-0) <01 <01 <01 <01 <01 <01
Lignoceric (24-0) <01 <01 <01 <01 <01 <01
Monounsaturated (C-1) 47.2 48.46 48.22 48.23 48.43 48.94
Palmitoleic (16-1) 0.76 0.76 0.76 0.76 0.76 0.77
Oleic (18-1) 474 477 4746 47.47 47.67 4817
Eicosenoic (20-1) <01 <01 <0.1 <01 <01 <0.1
Polyunsaturated (C-2) 304 30.32 30.11 29.48 29.87 29.37
Linoleic (18-2) 30.2 30.11 29.9 29.26 29.66 2917
Linolenic (18-3) 0.21 0.21 0.21 0.22 0.21 0.2
See abbreviations in Tab. 3.
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respectively. Therefore, J. curcas seed oil can be classified
as oleic-linoleic, which agrees with the results obtained by
Akbar et al. (2009) and Rodrigues et al. (2013), who also
confirmed that unsaturated oleic and linoleic fatty acids
predominate in J. curcas oil. Likewise, Emil et al. (2010)
reported that J. curcas seed oil contains a high percentage of
the unsaturated fatty acids oleic (42.4 to 48.8%) and linoleic
(28.8 to 34.6%) and a low percentage of the saturated fatty
acids palmitic (13.2 to 14.5%) and stearic (7.0 to 7.7%) in
materials obtained from Malaysia, Indonesia, and Thai-
land. The accessions of J. curcas grown in Nepal contained
approximately 80% unsaturated fatty acids with 46% oleic
and 32% linoleic acids (Chhetri et al., 2008). This infor-
mation differs from the results reported by Pedraza and
Cayon (2010) who demonstrated that linoleic acid had the
highest content reaching 42.7% on average and that oleic
acid only reached 33.7%. The oil content in seeds and its
composition are influenced by the accession or ecotype and
the conditions of climate and soil where the crop is grown
(Pedraza and Cayon, 2010; Rodrigues et al., 2013). Stress
conditions, such as low temperatures, drought or nutrient
deficiencies could increase the contents of saturated fatty
acids in plant oils (Taiz and Zeiger, 2006; Upchurch, 2008).

According to European Standard EN 14214, a quality bio-
diesel, among other characteristics, includes a linolenic
acid content in the oil lower than 12% and a cetane num-
ber higher than 51 (Ramos et al., 2009). Cetane number
is employed as a parameter of diesel fuel quality related
to the ignition delay time and combustion quality; a high
cetane number ensures good fuel ignition properties and
lowers the formation of smoke (Ramos et al., 2009). The
cetane number in J. curcas seed oil is 40-45 (Kumar and
Sharma, 2008) and linearly increases with an increase in
the contents of unsaturated fatty acids (Ramos et al., 2009).
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The high contents of unsaturated fatty acids provide a
higher quality J. curcas oil for processing into biodiesel
through the process of trans-esterification as it requires
lower temperatures for the process, but may present higher
oxidation in the short-term (Pedraza and Cayon, 2010).
Likewise, J. curcas oil, as compared with palm oil, (Elaeis
guineensis) has advantages because palm oil contains about
50% unsaturated fatty acids, being less effective in the
trans-esterification process (Habib, 2000).

For all fatty acids measured in the J. curcas seed oil in this
experiment, no statistically significant differences in the
application of different levels of nitrogen and potassium
fertilization were found. The higher contents of oleic fatty
acid were found in the seed oil of the control plants without
fertilization (absolute control) and 100 kg ha™ of N and 60
kg ha' of K (100N;60K), which averaged 48.17 and 47.99%
oil, respectively; these values were slightly higher than the
amounts obtained with the other fertilizer treatments. The
content of oleic fatty acid obtained in 50 kg ha™” of nitrogen
+120 kg ha™ K (50N;120K), was 47.04%, the lowest percent-
age in comparison with other treatments (Fig. 1A).

The plants that received fertilization corresponding
to the application of 100 kg ha™ of N + 120 kg ha” of K
(100N;120K) had the highest average content of linoleic
acid, 30.41%, slightly higher than the amounts of linoleic
acid obtained with the other fertilization treatments. At
the same time, the plants that received no fertilizer had
the lowest percentage (29.17%) of this fatty acid (Fig. 1B).

In relation to saturated fatty acids, the higher levels of
palmitic acid were registered for plants receiving applica-
tions of 100 kg ha” of N and 60 kg ha of K (100N;60K);
13.54% was slightly higher than the amounts obtained
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FIGURE 1. Percentages of the fatty acids oleic (A) and linoleic (B) in the seeds of J. curcas ecotype M-3 treated with different levels of nitrogen and
potassium fertilizers. Doses of nitrogen and potassium (N+K, kg ha™): 1, 150 + 120; 2, 100 + 120; 3, 150 + 180; 4, 150 + 60; 5, 50 + 60; 6,
100 + 0; 7,100 + 60; 8, 100 + 180; 9, 50 + 180; 10, 50 + 120; 11,0 + 0; 12, 0 + 120.
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FIGURE 2. Percentages of the fatty acids palmitic (A) and stearic (B) in the seeds of J. curcas ecotype M-3 treated with different levels of nitrogen
and potassium fertilizers. Doses of nitrogen and potassium (N+K, kg ha™): 1, 150 + 120; 2, 100 + 120; 3, 150 + 180; 4, 150 + 60; 5, 50 +
60; 6, 100 + 0; 7,100 + 60; 8, 100 + 180; 9, 50 + 180; 10, 50 + 120; 11,0 + 0; 12, 0 + 120.

with the other fertilizer treatments. The lowest percentage
(13.2%) of this fatty acid was obtained in the seed oil from
the unfertilized control plants (absolute control) (Fig. 2A).

The highest content of stearic acid was found in the seed
oil from the plants receiving 50N;180K and 150N;180K,
with averages of 7.34 and 7.33%, respectively, which were
statistically equal but slightly higher than the percent-
ages obtained in the other fertilization treatments. The
percentage of stearic fatty acid in the seed oil from the
control plants without fertilization (absolute control) was
7.23%, the lowest percentage compared to the ones in the
fertilization treatments (Fig. 2B).

Conclusions

The fertilization of J. curcas plants with nitrogen and po-
tassium at a dose of 150 + 120 kg ha™ increased fruit and
seed production by more than 90%, as compared with the
unfertilized control, and represents an almost two-fold

increase in oil production that rose from 947 up to 1,900
kg ha'.

Fertilization with N and K improved the yield of vegetable
oil in J. curcas, increasing the total number of fruits and
seeds produced per plant, but did not affect the oil content
in the seeds, which presented oil contents ranging from 38.7
to 40.1% (w/w) without presenting statistically significant
differences due to the effect of fertilizations. These oils
were rich in unsaturated fatty acids such as oleic acid (=
47%) and linoleic acid (= 29%). A high level of oleic fatty
acid was present in the oils of seeds from the unfertilized
control plants and plants with applications of 100 kg ha™
of N and 60 kg ha' of K, averaging about 48%. The lowest

level oleic fatty acid content occurred when a low nitrogen
and potassium ratio 1:2.4 was applied respective to the
doses of 50 kg ha™ of N + 120 kg ha™ of K. The content
of the saturated fatty acids palmitic and stearic were low,
ranging from 13.4 to 7.26%, respectively, making these oils
profitable for biodiesel production.
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