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Lipid profiling of developing Jatropha curcas L. seeds using 1H NMR spectroscopy

Sanjay Annarao a,1, O.P. Sidhu b,1, Raja Roy a, Rakesh Tuli b, C.L. Khetrapal a,*

a Centre of Biomedical Magnetic Resonance, Sanjay Gandhi Post-graduate Institute of Medical Sciences, Raebareli Road, Lucknow 226 014, India
b National Botanical Research Institute, Rana Partap Marg, Lucknow 226 001, India

a r t i c l e i n f o
Article history:
Received 2 January 2008
Received in revised form 5 April 2008
Accepted 8 April 2008
Available online 4 June 2008

Keywords:
Jatropha curcas
1H NMR
Sterols
Developing seed
0960-8524/$ - see front matter � 2008 Elsevier Ltd. A
doi:10.1016/j.biortech.2008.04.023

* Corresponding author. Tel./fax: +91 522 2668215
E-mail address: clkhetrapal@hotmail.com (C.L. Khe

1 Authors have contributed equally.
a b s t r a c t

Seed development in Jatropha curcas L. was studied with respect to phenology, oil content, lipid profile
and concentration of sterols. Seeds were collected at various stages of development starting from one
week after fertilization and in an interval of five days thereafter till maturity. These were classified as
stage I to stage VII. Moisture content of the seeds ranged from 8.8 to 90.3%; the lowest in mature seeds
in stage VII and highest in stage I. The seed area increased as the seed grew from stage I to stage VI (0.2–
10.2 mm2 per seed), however, the seed area shrunk at stage VII. Increase in seed area corresponded to
increase in fresh weight of the seeds. 1H NMR spectroscopy of hexane extracts made at different stages
of seed development revealed the presence of free fatty acids (FFA), methyl esters of fatty acids (FAME)
and triglycerol esters (TAG), along with small quantity of sterols. The young seeds synthesized predom-
inantly polar lipids. Lipid synthesis was noticed nearly three weeks after fertilization. From the fourth
week the seeds actively synthesized TAG. Stage III is a turning point in seed development since at this
stage, the concentration of sterols decreased to negligible, there was very little FAME formation, accumu-
lation of TAG increased substantially, and there was a sudden decrease in FFA concentration. The findings
can be helpful in understanding the biosynthesis and in efforts to improve biosynthesis of TAG and
reduce FFA content in the mature seeds.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Jatropha curcas L. (Euphorbiaceae) has attained significant eco-
nomic importance due to its industrial uses (Openshaw, 2000)
and as a very promising source of non-edible oil that can be used
as feedstock for production of bio-diesel. Currently, soybean, sun-
flower, rapeseed and cotton seed oils are being used for production
of bio-diesel (Chang et al., 1996; Karmee et al., 2004). However, J.
curcas and Pongamia pinnata are preferred in tropical countries
over other feedstock since these are hardy species and can be cul-
tivated on non-agricultural land and do not compete with land for
the production of food. J. curcas has a promise in meeting the chal-
lenge of shortage of non-edible oil for biodiesel. There is a large
variability in different accessions of J. curcas from diverse agro cli-
matic regions (Kaushik et al., 2007). Augustus et al. (2002) have re-
ported that J. curcas seeds contain around 20–40% oil. Its oil
fraction consists of both saturated (14.1% palmitic acid and 6.7%
stearic acid) and unsaturated fatty acids (47% oleic acid and 31.6
of linoleic acid). Recently, there is a report (Martinez-Herrera
et al., 2006) reported that the major fatty acids found in the oil
samples were oleic (41.5–48.8%), linoleic (34.6–44.4%), palmitic
ll rights reserved.
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trapal).
(10.5–13.0%), and stearic (2.3–2.8%) acids. Triacylglycerol is the
dominant lipid species, while the major triacylglycerol was 1,2-
dioleoyl-3linoleoyl-rac-glycerol. Linoleic acid was reported to be
the dominant fatty acid in Jatropha oil (Adebowale and Adedire,
2006). NMR a relatively fast technique for the qualitative determi-
nation of oil content in the seeds (Lakshminarayana et al., 1984)
was employed to evaluate oil content in different stages of seed
development in sunflower and groundnut. The present study fo-
cuses on the lipid profiling in developing seeds using high resolu-
tion NMR. The study will be useful for understanding of lipid
biosynthesis pathway and genetic improvement of J. curcas.

2. Methods

2.1. Materials

J. curcas plants were grown at the research station of the
National Botanical Research Institute, Lucknow, India. Developing
embryos were collected 7 days after fertilization and thereafter
at an interval of 5 days till seed maturation. Six such stages (stage
I–VI) were thus collected during 32 days after fertilization. The sev-
enth lot (stage VII) was collected when the fruits matured and
were nearly dry. Three such sets of seeds separated from fruits as
three replications were processed. Seed area was measured using
area meter and moisture content of the seeds was determined by
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drying the seeds till constant weight. Dried samples were extracted
thrice with hexane using tissue homogenizer. Combined extracts
were filtered and concentrated under reduced pressure. Oil content
at all the stages was calculated on the basis of dry weight of the
seeds.

2.2. NMR spectroscopy

1H NMR spectra of hexane extracts of all the 21 samples were
obtained on Bruker Biospin Avance 400 MHz NMR spectrometer
using a 5 mm broad band inverse probe head, equipped with
shielded z-gradient accessories. To facilitate the assignment of
the peaks due to individual acids, the proton NMR spectra of pure
stearic, palmitic, oleic, linoleic and linolenic acids were recorded.
One-dimensional 1H NMR experiments of extracts were obtained
by using one-pulse sequence. Samples were dissolved in 600 ll
deuterated chloroform and transferred to the 5-mm NMR tube.
The deuterated chloroform chemical shift peak at 7.26 ppm was ta-
ken as internal reference. Typical parameters used were: spectral
width: 4,800 Hz; time domain data points: 32 K; flip angle: 90�;
relaxation delay: 5 s; spectrum size: 32 K points; and line broaden-
ing for exponential window function: 0.3 Hz. One-dimensional 1H
NMR experiments were also performed with homonuclear decou-
pling to olefinic CH@CH proton by using a single pulse sequence
with relaxation delay of 5 s.
3. Results

3.1. Oil content

Seeds from various stages of development (stages I–VII) were
examined for phenological traits, moisture and oil content (Table
1). Fresh weight of young seeds ranged from 32.4 mg to 1061 mg
in nearly 27 days (stage I–V). Percentage moisture decreased as
the seeds matured. Increase in fresh weight from stage I to III
Table 1
Fresh weight, area, moisture, % of oil and sterola in different developmental stages of J.
curcas seeds

Seed
development
stages

Fresh wt.
mg/seed

Seed area
(mm2)

Moisture
(%)

Oil (%) % Of sterol
w.r.t lipid

I 32.6 ± 0.9 0.2 ± 0.0 90.3 ± 2.8 0.3 ± 0.0 20.0 ± 0.8
II 121.1 ± 0.8 1.9 ± 0.1 82.3 ± 1.9 1.4 ± 0.1 25.6 ± 0.8
III 317.5 ± 1.8 5.6 ± 0.2 73.1 ± 1.8 3.3 ± 0.1 32.7 ± 0.9
IV 554.8 ± 1.8 7.3 ± 0.7 57.1 ± 1.2 15.5 ± 0.3 2.9 ± 0.4
V 1061.4 ± 2.6 9.3 ± 0.8 50.6 ± 1.7 18.3 ± 0.8 1.5 ± 0.2
VI 1026.9 ± 2.7 10.2 ± 0.9 41.1 ± 81.6 24.9 ± 0.2 0.8 ± 0.1
VII 644.9 ± 1.5 7.8 ± 0.1 8.8 ± 0.2 24.4 ± 0.2 0.6 ± 0.0

a Values are mean ± standard deviation of triplicate determinations.

Table 2
Percentage (%)a contribution of FFA, TAG, FAME, SFA, USFA, MUFA and PUFA in different d

Seed development stages FFA TAG FAME

I 63.4 ± 0.8 33.9 ± 0.9 2.7 ± 0.1
II 66.6 ± 0.6 31.8 ± 0.6 1.6 ± 0.1
III 74.2 ± 0.7 24.8 ± 0.6 1.0 ± 0.1
IV 7.3 ± 0.4 92.8 ± 0.6 ND
V 2.9 ± 0.4 97.1 ± 0.4 ND
VI 2.4 ± 0.4 97.6 ± 0.6 ND
VII 2.8 ± 0.8 97.2 ± 0.1 ND

ND = not detected.
a Values are mean ± standard deviation of triplicate determinations.
was nearly ten times (32.4–317 mg) while it was only three times
from stage III (317 mg) to stage V (1061 mg). It subsequently de-
creased at stages VI and VII (1026 and 644 mg) when fruits ripen
and turn yellowish in colour. Seed area increased from young stage
I (0.2 mm2 per seed) to stage VI (10.2 mm2 per seed), however, it
shrank considerably at stage VII. Changes in seed area corre-
sponded to its moisture content (Table 1).

Percent oil content (hexane soluble) in seed samples ranged
from 0.3% to 24.9% (on seed dry weight basis), lowest being at stage
I, and highest at stage VI (Table 1). There was a slight decrease in
oil percentage in dry mature seeds at stage VII, it was 24.4 as com-
pared to 24.9% at stage VI.

3.2. Estimation of total fatty acids

1H NMR spectra were evaluated for determination of percent-
age concentration of triglycerol esters (TAG), methyl ester of fatty
acids (FAME) and free fatty acids (FFA) at various stages of seed
development (Table 1) using standard methods (Lakshminarayana
et al., 1984; Gunstone and Shukla, 1995). The area for protons was
determined by integration of respective peaks. An integral value of
each signal was taken thrice and average value was considered for
calculation of percentage ratio of fatty acids present in the hexane
extracts. Signal of the a-methylene protons in the chain were used
as reference (Gunstone and Shukla, 1995). Integral values of sn1

and sn3 of TAG at 4.30 ppm (dd, triglycerol esters) was used for
the estimation of TAG, while integral value of the resonance at
3.66 ppm (s, –OCH3 of methyl ester of fatty acids) was used for
FAME. The FFA values were extrapolated using percentage contri-
bution of TAG and FAME.

The 1H NMR spectra revealed presence of small quantity of
FAME in very young seeds (stages I–III). Their concentration de-
creased substantially from stage I (2.7%) to stage III (1.0%). It was
significant to note that these were not detected in subsequent
stages. TAG was distinctly low at early development stages (I–III)
were it ranged from 33.9 to 24.8%, however, it had nearly three
times increase (93–98%) at stages IV–VII. FFA concentration ranged
from 63.4 to 74.2% at stages I–III and thereafter showed a sharp de-
cline (Table 2). Relatively very low concentration was observed at
stages IV–VII. The results suggest that FFA contributed predomi-
nantly to the total lipids in the early stages whereas these were re-
placed by TAG at the maturing stages (IV–VII). It was also observed
that the main oil built-up started at stage IV.

3.3. Estimation of saturated fatty acids (SFA) and unsaturated fatty
acids (USFA)

The allylic methylene protons signal at 2.05 ppm (Raffaele et al.,
1997) was used for percentage estimation of SFA and USFA (Table
2). There was a gradual decrease in SFA concentration from stage I
to VI, however, USFA showed a reverse trend.
evelopmental stages of J. curcas seeds

SFA USFA MUFA PUFA

36.7 ± 0.3 63.3 ± 0.3 10.4 ± 0.3 89.6 ± 0.3
33.4 ± 0.5 66.6 ± 0.5 7.8 ± 0.7 92.2 ± 0.8
27.8 ± 0.9 72.2 ± 0.9 5.1 ± 0.1 94.9 ± 0.1
23.6 ± 0.7 76.4 ± 0.7 18.8 ± 0.2 81.2 ± 0.2
19.7 ± 0.6 80.3 ± 0.9 31.3 ± 0.6 68.7 ± 0.6
18.4 ± 0.3 81.6 ± 0.3 33.6 ± 0.6 66.4 ± 0.6
20.8 ± 0.9 79.2 ± 1.0 39.6 ± 0.4 60.4 ± 0.4
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3.4. Estimation of monounsaturated (MUFA) and polyunsaturated
fatty acids (PUFA)

Diallylic signal at 2.78 ppm was used for estimation of mono
and poly unsaturated fatty acids. Signals around 2.76–2.82 ppm
was of diallylic methylene fatty acid, containing di-unsaturated
and tri-unsaturated fatty acids at stage I appeared as multiplet.
Percentage contribution of PUFA such as linoleic acid (2.77 ppm)
and linolenic (2.81 ppm) was estimated by conducting homo-
decoupling experiment. Homo-decoupling experiment revealed
presence of linoleic (18:2) and linolenic (18:3) acids in 60:40 ratio,
which gradually increased to 70:30 and 85:15 at stages II and III,
respectively (Fig. 1). From the fourth stage onwards only one peak
at 2.77 ppm was observed suggesting presence of linoleic acid
only. There was a gradual decrease in the contribution of MUFA
in early stages, however, it increased at maturity. The trend of
PUFA concentration was just the reverse of MUFA (Table 2).

3.5. Sterols profile

Integral value for the C18 protons signal of the sterols was used
for estimation of sterols with respect to total fatty acids. Sterols
were found predominantly at stages I–III whereas only insignifi-
cant quantities were observed in the subsequent stages (Table 1).
4. Discussion

Seed development from one week after fertilization to maturity
was studied with respect to phenology, oil content, lipid profile and
concentration of sterols. There was a gradual increase in seed size,
Fig. 1. Portions of 1H NMR spectra of lipid and sterol profile in the seven developm
its fresh weight, moisture content and oil concentration. Similarly,
significant changes were observed in fatty acid profiles and synthe-
sis of sterols. Ratio of linoleic to linolenic acid increased at first
three stages while only linoleic was observed at stage IV onwards.
Our results suggest that linolenic acid was primarily involved in ini-
tial development at a stage when sterol concentration was high. It
gave way to linoleic acid as the seeds started to mature. Major fatty
acids reported in J. curcas oil by Martinez-Herrera et al., 2006 were
oleic (41.5–48.8%) and linoleic (34.6–44.4%).

The results suggest that development of seed can be grouped in
two classes: ‘‘early development stages” (stages I–III) and ‘‘matura-
tion stage” (stages IV onwards). This is supported by the observa-
tion that sterols which are primary metabolites of lipidic nature
were detected only at initial stages I–III whereas their presence
was insignificant at maturation stages. Sterols have an essential
role at the cellular level of hormonal signaling, organized divisions
and embryo altering (Hartmann et al., 2002). These are synthesized
by a branch of isoprenoid pathway which produces a large diver-
sity of secondary metabolites. High FFA and FAME in the initial
stages were associated with sterols. Sterols are basically mem-
brane reinforcers (Demel and Kruyff, 1976) which regulate water
permeability of the phospholipidic bilayers, and thus apparently
their function was of significance at the early stages. Occurrence
of sterols in early stage is in agreement with their main function
i.e., reinforcement of cell walls and development of bilayers and
not synthesis of oil which occurs later. Decrease in sterol content
is an indication of shift from early development to seed maturity.
Earlier, Workers (Munshi and Sukhija, 2006) have investigated bio-
synthesis of lipids in the developing kernels of almond (Prunus
amygdalus Batsch) and reported that sterol esters were greater in
the initial stages of seed development and declined at later stages.
ental stages of J. curcas. (a) USFA, (b) TAG, (c) FAME, (d) PUFA and (e) sterols.



S. Annarao et al. / Bioresource Technology 99 (2008) 9032–9035 9035
Sterols in plants lead to several end-products, such as
campesterols, sitosterols, stigmasterols and isofucosterols. Akin-
tayo (2004) and Adebowale and Adedire (2006) reported variations
in campesterol, stigmasterol and sitosterol in different prove-
nances of J. curcas. The NMR spectra in the present study showed
overlapping signals and the present resolution was not sufficient
to identify different sterols.

The study suggests that early manipulation (earlier than stage
III, in the present study) of developing seed with application of eth-
ylene or other promoters may interfere with sterol mediated alter-
ation of the membrane environment since change in sterol status
very early during embryo development may effect embryogenesis
and metabolism of TAG, in general and SFA in particular. Schaller
(2004) has reported that arresting sterol development or lack of
any specific type of sterol may impair cell elongation and organ
expansion in Arabidopsis.

There was a negative correlation between FFA and TAG concen-
trations. Higher FFA concentration in early stages corresponded to
relatively high sterols at these stages (stages I–III). Environmental
changes (including stress) in the early development of seed may
delay or interfere in sterol status and delay the synthesis of SFA
and TAG resulting in higher concentration of FFA.

Maturing J. curcas seeds synthesized lipids at nearly three
weeks after fertilization. The young seed formed predominantly
polar lipids, specific to membranes. From the fourth week on-
wards, the seed appear to acquire properties of a reserve seminal
tissue that actively synthesize TAG in next two weeks. Apparently,
specific enzymes trigger synthesis of TAG. Measurements of the
key enzymes of fatty-acid synthesis in cell-free extracts of matur-
ing seeds of Cuphea wrightii by Deerberg et al. (1990) showed that
malonyl-CoA synthesis may be the triggering factor for the ob-
served high capacity for fatty-acid synthesis.

Stage III of seed development can be identified as a turning
point for development since at this stage concentration of sterols
decreased to negligible, there was very little methyl ester forma-
tion, synthesis of TAG increased tremendously, and there was a
sudden decrease in FFA concentration. FFA gave way to TAG syn-
thesis that improved the quality of oil. At this stage, there was an
increase in saturated FAs and a corresponding decrease in USFA.
Biosynthesis of significant amount of oil content has been reported
in intermediate stages of seed development in sunflower (Mazhar
et al., 1998) and Coriandrum sativum (Ross and Murphy, 1992).

Study of variations in metabolites during seed development can
be helpful in understanding of biosynthesis of TAG. There has been
no earlier report on identification and quantification of various
metabolites during different stages of seed development in
J. curcas. The findings thus shall be useful for silviculturists for
fixing harvest schedules based on seed maturation and in under-
standing of biosynthesis of metabolites including that of specific
triglycerides.

5. Conclusion

The present study shows variations in FFA, TAG, PUFA and
MUFA apart from FAME and sterols at various stages in develop-
ment of seeds in J. curcas. The findings can be helpful for under-
standing of biosynthesis and in efforts to improve biosynthesis of
TAG and reducing FFA content in the mature seeds. Earlier, at-
tempts have been made to manipulate the rate of triacylglycerol
synthesis in maturing oil-seeds by light dark treatments (Perry
et al., 1999). It has been reported that with increase in carbon flux,
the rate of TAG synthesis can be enhanced. The present study will
help in understanding of molecular mechanism implicating sterols
or sterol/lipid binding domain that affect hormonal signaling and
other physiological and biological processes.
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