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To characterize the metabolic signatures of lipid accumulation in Jatropha curcas seeds,
comparative proteomic technique was employed to profile protein changes during the
seed development. Temporal changes in comparative proteome were examined using
gels-based proteomic technique at six developmental stages for lipid accumulation. And
104 differentially expressed proteins were identified by MALDI-TOF/TOF tandem mass
spectrometry. These protein species were classified into 10 functional categories, and the
results demonstrated that protein species related to energy and metabolism were notably
accumulated and involved in the carbon flux to lipid accumulation that occurs primarily
from early to late stage in seed development. Glycolysis and oxidative pentose phosphate
pathways were the major pathways of producing carbon flux, and the glucose-6-phosphate
and triose-phosphate are the major carbon source for fatty acid synthesis. Lipid analysis
revealed that fatty acid accumulation initiated 25 days after flowering at the late stage of
seed development of J. curcas. Furthermore, C16:0 was initially synthesized as the precursor
for the elongation to C18:1 and C18:2 in the developing seeds of J. curcas. Together, the
metabolic signatures on protein changes in seed development provide profound knowledge
and perspective insights into understanding lipid network in J. curcas.

Biological significance
Due to the abundant oil content in seeds, Jatropha curcas seeds are being considered as the
ideal materials for biodiesel. Although several studies had carried out the transcriptomic
project to study the genes expression profiles in seed development of J. curcas, these ESTs
hadn't been confirmed by qRT-PCR. Yet, the seed development of J. curcas had been
described for a pool of developing seeds instead of being characterized systematically.
Moreover, cellular metabolic events are also controlled by protein–protein interactions,
posttranslational protein modifications, and enzymatic activities which cannot be
described by transcriptional profiling approaches alone. In this study, within the overall
objective of profiling differential protein abundance in developing J. curcas seeds, we
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provide a setting of physiological data with dynamic proteomic and qRT-PCR analysis to
characterize the metabolic pathways and the relationship between mRNA and protein
patterns from early stage to seed filling during the seed development of J. curcas. The
construction of J. curcas seed development proteome profiles will significantly increase our
understanding of the process of seed development and provide a foundation to examine the
dynamic changes of the metabolic network during seed development process and certainly
suggest some clues to improve the lipid content of J. curcas seeds.

© 2013 The Authors. Published by Elsevier B.V. All rights reserved.
1. Introduction

The seed development of higher plants generally proceeds
through three different phases [1]. During this process, the
embryo is formed as a result of the fusion of a sperm and an
egg, while the endosperm is considered as part of the female
gametophyte [2,3]. Starches, lipids and proteins were mainly
biosynthesized in plastids for seed development [4,5]. For oil
plants such as rapeseed (Brassica napus), lipids and proteins
are the major storage products [6,7]. In many angiosperm
seeds, lipids as an important form of carbon storage usually
consist of triacylglycerols (TAGs) which mainly accumulate
during the maturation phase of embryo and/or endosperm [6].
Studies show that seed filling processes are highly complex,
as many genes are involved in a number of pathways
and regulated precisely in each storage component [8]. It is
important to understand the synchronized mechanisms
responsible for lipid synthesis due to the nutritional and
economical value of these storage components. However,
the conventional techniques of biochemistry and molecular
biology by isolating enzymes in pathways largely limit us to
obtain the comprehensive information about seed develop-
ment. Therefore, it is necessary to study the association of
metabolic networks and seed development on a broad scope
with application of advanced approaches. Proteomic analysis
has been reported to become a powerful tool to profile the
biological processes of plants [9,10]. This approach has been
widely applied to study the protein changes during seed
development for a variety of plants including barley (Hordeum
vulgare), Medicago truncatula, soybean (Glycine max), wheat
(Triticum aestivum), rapeseed, Lotus japonicus and castor (Ricinus
communis) [8,11–16].

Jatropha curcas L. is a tropical or subtropical shrub which
belongs to the Euphorbiaceae family [17]. A mature seed of
J. curcas typically has a tiny embryo embedded in a thick
endosperm which accounts for more than 90% of the total
kernel weight [18]. Due to its unique biological characteristics of
eximiousgrowthandhighyield seed, J. curcashasbeen indicated
as a potential energy plant for biodiesel [17,19–23]. The lipid in
J. curcas seed is mainly composed of unsaturated fatty acids
including linoleic or oleic acid. J. curcas oil is more suitable for
fuel purpose as compared with other vegetable oils because of
its production and high fuel rate [24]. Another advantage of
J. curcas oil as biodiesel is its great oxidation stability. For
example, given the uncontrolled temperature and oxidation
properties, biodiesel from Jatropha and Palm can be blended
together to achieve an optimum mix for usage in Asia [25].

J. curcas was mostly reported for its economic value
for biodiesel, but only a few studies focused on its lipid
characteristics from the molecular perspective. Annarao et
al. studied oil content and lipid profile in the seed develop-
ment of J. curcas, and their results showed that lipid synthesis
was detectable at nearly the third week after fertilization
(WAF). The seeds actively synthesized TAG from the fourth
WAF [26]. Additional studies were performed at mRNA level
in J. curcas, as four cDNA clones encoding β-ketoacyl-acyl
carrier protein (ACP) synthase III (KAS III), ACP-thioesterase
(FATA/FATB), stearoyl-ACP desaturase (SAD) and acetyl-CoA
carboxylase (ACCase) had been isolated. Quantitative Real-
Time PCR (qRT-PCR) analysis revealed that all of these four
genes were highly expressed in the late developing phase of
seeds [27–30]. Yang et al. adopted ultrastructural observation
and proteomic analysis of endosperm to illuminate oil
mobilization in germinating seeds of J. curcas. Fifty protein
species displayed remarkable changes in abundance, which
were involved in β-oxidation, glyoxylate cycle, glycolysis,
tricarboxylic acid (TCA) cycle and oxidative pentose phos-
phate pathways (OPPP) in the process of oil mobilization [31].

Due to tremendous advances in high-throughput technol-
ogies, a great body of information on J. curcas has been
achieved with the application of genomic and transcriptomic
sequencing. Costa et al. and Natarajan et al. employed the
transcriptome approach to unveil the genes contributed to
lipid accumulation in seed development. Except hydroxyacyl-
ACP dehydrase (HAD), a considerable number of expressed
sequence tags (ESTs) coding for most enzymes have been
identified, and 28,794 non-redundant transcripts sequences
are available from J. curcas at present [32–34]. Sato et al.
sequenced the whole genome by using a combination of the
conventional Sanger method and multiplex sequencing
methods. Nineteen classes of Jatropha genes including 73
genes involved in the synthesis of TAGs were listed in the
supplement [35]. These transcriptomic and genomic data are
valuable for better understanding the lipid accumulation in
the seed development of J. curcas. Although several studies
had carried out the transcriptomic project to study the genes
expression profiles in development of J. curcas [32–34], these
ESTs hadn't been confirmed by qRT-PCR. Yet, the seed
development of J. curcas had been described for a pool of
developing seeds instead of being characterized systemati-
cally. Moreover, cellular metabolic events are also controlled
by protein–protein interactions, posttranslational protein mod-
ifications, and enzymatic activities which cannot be described
by transcriptional profiling approaches alone. The proteomes
of J. curcas seeds have not yet been explored during seed
development. In this study, within the overall objective of
profiling differential protein abundance in developing J. curcas
seeds, we provide a setting of physiological data with dynamic
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proteomic and qRT-PCR analysis to characterize the metabolic
pathways and the relationship between mRNA and protein
patterns from early stage to seed filling during the seed
development of J. curcas. The construction of J. curcas seed
development proteome profiles will significantly increase our
understanding of the process of seed development and provide
a foundation to examine the dynamic changes of themetabolic
network during seed development process.
2. Materials and methods

2.1. Plant materials

Developing seeds of J. curcas were harvested randomly
from 5 plants starting at 5 days after flowering (DAF) with
5-days intervals until 45 DAF in Xishuangbanna Tropical
Botanical Garden, Chinese Academy of Sciences, Yunnan
Province (Supplemental Fig. S1). Three independent biological
replicates of developing seeds at each stage were collected
and divided into 2 parts, one part was prepared for paraffin
fixation, the other part was snap-frozen immediately in liquid
nitrogen and then stored at −80 °C for further use.

Fresh and dry weights of seeds were determined in 10
replicates randomly from three independent biological repli-
cates for each stage. The fresh weight of each seed was
assessed immediately after the shell was removed, and the
dry weight was assessed after parch-dried for 48 h at 80 °C.
Water content of seeds was calculated by subtracting the dry
weight from the fresh weight.

2.2. Fixation, section preparation and staining

Fresh seeds in developing phases at 5 DAF, 10 DAF, 15 DAF, 20
DAF, 25 DAF and 30 DAF were immersed in fixative solution
containing 0.3% chromic acid, 2% acetic acid and 10% formalin
at room temperature. The seeds were fixed first by infiltrating
under vacuum to remove air and then dehydrated in a series
of ethanol solution (70%, 80%, 90% and 100%). After that, the
seeds were embedded in Technovit 7100 (Haereus Kluver,
Werheim, Germany) following themanufacturer's instructions.
Thin sections in 12 μm thickness were obtained by employing
Reichert Histostat 820 (AOReichert Scientific, Buffalo, NY, USA)
and counterstained with Safranin-fast green dye. Tissue slides
were subjected to observation under light microscopy.

2.3. Analysis of fatty acid composition

The parch-dried seeds in developing phases at 25 DAF, 30 DAF,
DAF 35, 40 DAF and 45 DAFwere ground into powderwith pestle
and mortar. The content of crude reserve proteins was calculat-
ed by following the instructions of the National food safety
standard determination of protein in foods (GB/T 17377-2008),
while the crude reserve lipid content and themethyl ester of the
FAs in lipids were analyzed as described by Yang et al. [31].

2.4. Protein extraction

The protein samples of developing J. curcas seeds at 5 DAF, 10
DAF, 15 DAF, 20 DAF, 25 DAF and 30 DAF were chosen for
proteomic analysis. Water soluble aqualous proteins of the
developing seeds of J. curcas at six developmental stages were
extracted using a modified method according to Shen et al. [36].
Briefly, for each developmental stage, 500–1000 mg fresh seeds
were homogenized in 2 mL of the homogenization buffer
containing 20 mM Tris–HCl (pH 7.5), 250 mM sucrose, 10 mM
ethylene glycol tetraacetic acid, 1 mM phenylmethylsulfonyl
fluoride, 5% 2-mercaptoethanol and 1% Triton X-100. The
homogenate was collected into an Eppendorf tube and
centrifuged at 10,000 g for 10 min at 4 °C. The supernatant
was transferred to a fresh tube and precipitated by adding
10% cold trichloroacetic acid on ice for more than 30 min.
The mixture was centrifuged at 15,000 g for 10 min at 4 °C,
and the supernatant was discarded. After washed three
times with acetone, the pellet was collected by centrifuga-
tion, air-dried and then suspended in sample buffer con-
taining 7 M urea, 2 M thiourea, 4% 3[(cholamidopropyl)
demethylammonio] -1-propane sulphonate, 2% pharmalyte,
pH 3.5–10 (GE Healthcare Bio-Sciences, Little Chalf-ont, U.K.),
and 1% dithiothreitol (DTT). Concentrations of protein sam-
ples for proteomic experiment were quantified according to
Bradford method [37]. Albumin (A5503, Sigma) was used as
a standard for protein quantification. Three independent
biological and replicates were performed independently for
each developmental stage of J. curcas seeds.

2.5. Two-dimensional electrophoresis

Two-dimensional electrophoresis (2-DE) was performed as
previously described by Liu et al. [38] with minor modifications.
Isoelectric focusing (IEF) was performed using immobilized pH
gradient (IPG) strips, linear pH gradient 4–7, and length at 11 cm
(GE Healthcare Bio-Science). Protein samples (about 500 μg) were
loaded at the rehydration step. After 12 h passive rehydration,
IEF was carried out on a Multiphor II electrophoresis device (GE
healthcare Bio-Sciences) at 20 °C, in a setting of running
parameters: 1 h at 300 V, 1 h at 600 V, 1 h at 1000 V, 1 h at
8000 V, finally followed by 32,000 Vh, all at 50 μA per strip. After
IEF was finished, IPG strips were saturatedwith the equilibration
buffer containing 6 M urea, 30% (v/v) glycerol, 2.5% (w/v) sodium
dodecyl sulfate (SDS), 1%DTT, 50 mMTris–HCl, pH 6.8 for 15 min
at room temperature. Additional equilibration stepwas followed
for 15 min in the same buffer except DTTwas replacedwith 2.5%
iodoacetamide. The strips were sealed on the top of the 1 mm
vertical second-dimension gel with 1% agarose in distilledwater.
SDS-polyacrylamide electrophoresis (SDS-PAGE) was carried out
in the gradient 4% and 15% polyacrylamide gel with the running
buffer contained 0.3% Tris, 1.44% glycine and 0.1% SDS. The
electrophoresis was performed in 25 mA and terminated when
the bromophenol blue reached the bottom of the gel. The gels
were detached and stained with Coomassie Brilliant Blue (CBB)
R-250. Three independent technical replicateswere performed at
least for each developmental stage of seeds (5 DAF, 10 DAF, 15
DAF, 20 DAF, 25 DAF and 30 DAF), and a total of 54 CBB-stained
2-DE gel images were obtained.

2.6. Imaging and data statistical analysis

The 2-DE profiles of each developmental stage (5 DAF, 10 DAF,
15 DAF, 20 DAF, 25 DAF and 30 DAF) of J. curcas seeds were



26 J O U R N A L O F P R O T E O M I C S 9 1 ( 2 0 1 3 ) 2 3 – 4 0
acquired by scanning the 2-DE gels with ImageScanner III (GE
Healthcare Bio-Sciences). The image analysis was carried out
by ImageMatser 2D-platinum v5.0 software (GE Healthcare
Bio-Sciences). Protein spots were detected with a setting of
following parameters: Smooth, 2; Min Area, 10 and Saliency,
5.0. The spot volumes were normalized as the proportion of
the sum of total spots per gel. And a match analysis was
performed in automatic mode, followed by manual editing to
correct the mismatched and unmatched spots. After image
analysis, normalized spot volumes were obtained for each gel,
standard deviation (SD) and coefficient of variance (CV) were
calculated. Because the high rate of missing spot values in the
nature of proteomic experimental conditions and the known
dependence between the volume and variance for individual
spots, the structure of raw proteomic data is known to be
extremely disturbing for multivariate statistics and clustering
algorithms [39–41]. To solve this problem, variable spots were
only considered if they were either consistent or absent in at
least one stage as Sghaier-Hammami et al. described [42]. The
“0” value means just below the level of detection in this study.

The 2-DE gels of developing J. curcas seeds at six stages
were compared with each other. Differential protein spots
were defined and chosen for MS analysis after applying the
one-way ANOVA and Student's t-tests (p < 0.05) by employing
the SPSS software. A multivariate analysis was performed
over the whole set of spots and on those showing differences.
Principal component analysis (PCA) was applied to the cor-
relation matrix to reduce its dimensionality. Using un-rotated
principal component (PC) scores, the relation between the
different experimental stages was studied by determining the
spots with the highest load on the variance. All statically
analysis was performed under R environment (Version 3.0.1,
Windows 32-bit). Samples were clustered employing Cluster
3.0 using the Correlation method over an average linkage
dissimilarity matrix and plotted with Java Treeview 1.1.6
software.

2.7. In-gel digestion and protein identification

Protein spots with significant changes in the seed develop-
ment of J. curcas were digested as previously described [31,36].
Briefly, protein spots were excised from the 2-DE gels and
then destained with 100 mM NH4HCO3 in 30% acetonitrile
(ACN) for 1 h at 40 °C. After removing the destaining buffer,
the gel pieces were lyophilized and digested overnight with
30 ng trypsin at 37 °C. After that, peptides were extracted with
0.1% trifluoroacetic acid (TFA) in 60% ACN three times. Peptide
extracts were pooled and lyophilized for the two types of
MALDI-TOF/TOF tandem mass spectrometric analysis. A gel
piece free of proteins was treated as above and used for a
control to identify autoproteolysis products by trypsin.

2.7.1. Protein identification with ultrafleXtreme™ mass
spectrometry
One μL of pooled extracts was spotted onto the AnchorChip™
MALDI target plate (Bruker Daltonics, Billerica, MA, USA). After
the solution dried, one μL of matrix solution (1 mg/mL,
a-cyano-4-hydroxycinnamic acid in 70% ACN containing 0.1%
TFA) was applied to the same location. MS and MS/MS spectra
were acquired using the ultrafleXtreme™ MALDI-TOF/TOF
mass spectrometer (Bruker Daltonics, Bremen, Germany) oper-
ating in the positive reflection mode and externally calibrated
using the peptide calibration kit (Bruker Daltonics). The mass
accuracy and mass resolution of mass measurement were set
as the default. The time-of-flight spectra were acquired with
400 laser shots per spectrum and recorded with a mass range
from 700 to 4000 m/z. MS/MS spectra were obtained using 1500
laser shots per fragmentation spectrum. 15 strongest peaks of
each MS spectra were selected as precursor ions for MS/MS
fragmentation spectra acquisition, excluding trypsin autolytic
peptides and other known background ions. In MS–MS positive
ionmode, spectrawere averaged, and valid peakswere selected
when the ratio of signal-to-noise was >5.

For database mining, MS data were uploaded with Biotools
software (Ver. 3.2 Bruker Daltonics) to Mascot for database
searching on the Matrix Science (London, U.K.) public web site
(http://www.matrixscience.com) and searched against NCBInr
protein databases (version 20120107; 16831682 sequences and
5781564572 residues). Search parameters were set as trypsin
cleavage, one missed cleavage allowed, carbamidomethylation
set as fixed modification, oxidation of methionines allowed as
variable modification, peptide mass tolerance set to 100 ppm,
fragment tolerance set to ±0.5 Da. Only significant hits, as
defined by Mascot probability analysis, were considered in this
study.

2.7.2. Protein identification with ABI 4800 Proteomics Analyzer
MS and MS/MS spectra were obtained using the ABI 4800
Proteomics Analyzer MALDI-TOF/TOF (Applied Biosystems,
Foster City, CA, USA) operating in a result-dependent acqui-
sition mode. Peptide mass maps were acquired in positive ion
reflector mode (20 kV accelerating voltage) with 1000 laser
shots per spectrum. Monoisotopic peak masses were auto-
matically determined within the mass range 800–4000 Da
with a signal to noise ratio minimum set to 10 and a local
noise window width of m/z 250. Up to five of the most intense
ions with minimum signal to noise ratio: 50 were selected as
precursors for MS/MS acquisition, excluding common trypsin
autolysis peaks and matrix ion signals. In MS/MS-positive ion
mode, spectra were averaged, collision energy was 2 kV, and
default calibration was set. Monoisotopic peak masses were
automatically determined with a signal to noise ratio mini-
mum set to 5 and a local noise window width of m/z 250. The
MS together with MS/MS spectra were searched against the
UniprotKB/SwissProt database (v. 2009.03.03, release num-
ber:14.9/56.9) using the software GPS Explorer, version 3.6
(Applied Biosystems) and MASCOT version 2.1 with the
parameter settings as described for ultrafleXtreme™.

2.8. qRT-PCR analysis

Similar to proteomic analysis, developing seeds at 5 DAF, 10
DAF, 15 DAF, 20 DAF, 25 DAF and 30 DAF were used for
qRT-PCR analysis in the seed development of J. curcas. Total
RNA was extracted from seeds in different developmental
stages (5 DAF, 10 DAF, 15 DAF, 20 DAF, 25 DAF and 30 DAF)
using the method as Logemann et al. described [43]. The
first-strand cDNA was synthesized with Reverse Transcrip-
tase M-MLV (TaKaRa) by following the manufacturer's in-
struction. qRT-PCR operation was carried out in anMX3000P™

http://www.matrixscience.com
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Real-Time PCR system (Stratagene, La Jolla, CA, USA). In order
to validate the primers for the Actin and other listed genes,
different cDNA fragments of seeds at each developmental
stage were amplified respectively with the specific primers
listed in Table 1, and PCR products were verified by agarose
gel electrophoresis. The Actin gene in J. curcas, amplified the
145 bp product with Actin primers, was used to normalize the
cDNA amounts. Each qRT-PCR was performed in a 10 μL
reaction mix containing 1 μL of template cDNA, 5 μL of SYBR
Green Realtime PCRMaster Mix (TOYOBO), 1 μL of each primer
and 2 μL double distilled water. Thermal cycling programs
Table 1 – Primer sequences used in the experiments.

Primer Sequence(5′-3′) Product
length (bp)

GPDH-P1 F TTGCAGACCCTGATCTTGAT 126
R TAGCCTCTACACCTTCCTTTATCT

PEPCase F CGAATCAAAGCAGAGGGTAT 105
R GAGCGGTAGATAGTGGAAGTG

PD-E1-M2 F TTGCTGTATCTGAAGCCGTTA 112
R AAGTATCTGCCCAACACCAT

RuBisCo-SSU F GGCTAAGGAAGTTGAATACC 125
R TCCAGTAGCGTCCATCGTAG

PD-E2-P1 F GTTGGAGCATCCCAGCCTAC 109
R CAGCACCATAGATTACACGA

ACCase F GAACAAACTTCTTGGTCGTG 149
R GAGGGATACAACTTAGCCAG

KASI F GTCCCTTCCACAAGAAATCC 105
R GCTTTGGGGCTGTAACAGTA

KASII F GCTACGAAGCAAAGGCGAGTG 149
R CTCGTTGGAAATTGGGCACA

KASIII F GCAGGTTTTGGAGCTGGTCT 136
R AAAGAAAGGGAGGGCAAGAAT

KAR-P1 F TTTGACAGGGTCTTGGTTGG 121
R TCCAGGTAATTGGCCACGAT

FATB F GCTGCTACTTCCTCGTTCTT 103
R GTTTTGATTTGATTCCTCCC

FATA F GCTACCGTTGAGACTATCGC 123
R CCATATGAGATGCAGCTTCC

SAD F GCCCTTCCCACTTATCAAAC 129
R AAGGTCGCCATGTCTATTCT

DGAT1 F TACCAGCCAAGTTATCCTCG 146
R AAGGGGTGTTGTGAATTCTG

DGAT2 F GGCAGAAGAAGAAAAGAAGA 138
R AAGTTGAAATGGATAGAGCC

Oleosin-1 F GGTGAGTGGGACGCTTCTTT 134
R CCGACAACCCAATGACCAAC

Oleosin-14.3 F GTTCTTGTTCCTGCGGTTAT 136
R CTGCTCCTGGTGGATGCTTT

Oleosin-16.6 F TCTTTAGCCCTGTTCTTGTC 122
R GAGGTATTTCAGAACCCACG

Caleosin F ATGGAAGCGATTCTGGTGTT 116
R CAACTCGCTTGATGTTAGGG

Actin F AATGTATGTCGCCATCCAGG 145
R GTCAAGACGGAGGATAGCAT

P1: Plastid; M2: Mitochondrion; F: Forward; R: Reverse.
GPDH: glyceraldehyde 3-phosphate dehydrogenase; PEPCase:
phosphoenolpyruvate carboxylase; RuBisCo-SSU: ribulose-1, 5-
bisphosphate carboxylase small subunit; PD: pyruvate dehydrogenase;
ACCase: acetyl-CoA carboxylase; KAS: beta-ketoacyl-ACP synthase; KAR:
ketoacyl-ACP reductase; FAT: stearoyl acyl-ACP-thioesterase; SAD:
stearoyl-ACP desaturase; GPAT: glycerol-3-phosphate acyltransferase;
DGAT: acyl-CoA-diacylglycerol acyltransferase.
were set as followed: 95 °C for 1 min; 40 cycles of 95 °C for
15 s, 55 °C for 15 s, 72 °C for 15 s; and then 95 °C for 1 min,
55 °C for 30 s and 95 °C for 30 s for the dissociation stage.
After cycles were completed, the success of qRT-PCR was
determined by analysis of the melting curve and the Ct value.
The relative expression ratios of cDNA were calculated based
on qRT-PCR efficiencies and the Ct values of each sample
versus the reference sample. The Ct is defined as the cycle at a
statistically significant increase in fluorescence above the
background. Individual cDNA levels were qualified by nor-
malizing with actin in the same sample, and the final relative
cDNA amounts of different genes represented the means of
three replicates.
3. Results

3.1. Characterization of the seed development in J. curcas

The seed development in J. curcas features noticeable changes
in morphology as the seed color switches from milky white
to light black then to dark black, while seeds are initially
succulent and gradually become callous over the develop-
ment progress. At the end, the seed shell becomes so hard and
requires tools to break into parts (Fig. 1A). As shown, the seed
sizes alter greatly during this period. At first, seed length was
first employed to characterize the seed development, and
showed the range of 3 to 22 mm from 5 DAF to 45 DAF,
respectively. The seed lengths initially increased from 5 DAF
to 25 DAF followed a slight decline from 30 DAF to 40 DAF, and
were generally paralleled in trend with a minor shrinkage
until 45 DAF (Fig. 1A and B), suggesting that the seed
progresses into a desiccation phase after 40 DAF. Based on
these morphological changes, we chose the seeds at 5 DAF, 10
DAF, 15 DAF, 20 DAF, 25 DAF, 30 DAF, 35 DAF, 40 DAF and 45
DAF to determine their fresh weight, dry weight and water
content (Fig. 1C). In agreement with previous reports [26], our
results showed that fresh and dry weight increased from 5
DAF to 40 DAF, followed by a significant decrease at 45 DAF
(Fig. 1C). As such, the entire procedure of the seed develop-
ment in J. curcas was further divided into 3 phases. Stage I is
for the histodifferentiation characterized by the water content
as 90% of the seed fresh weight with the seed length ranged at
3–20 mm. Stage II is the transition from histodifferentiation to
seed filling, at which the seed fresh and dry weight increased
rapidly and the seed length reached the maximum as long as
22 mm at 25 DAF. Stage III is the desiccation stage as the seed
length of 45 DAF decreased to 18 mm as well as the water
content decreased to below 10% (Fig. 1B and C).

3.2. Cellular structure of endosperm from developing
J. curcas seeds

Since the TAG was mainly stored in the endosperm of J. curcas
[31], we collected the endosperms of J. curcas at 5DAF, 10DAF, 15
DAF, 20 DAF, 25 DAF, 30 DAF, 35 DAF and 40 DAF to examine
changes of their cellular structures. As shown in paraffin
sections (Fig. 2), nucleus with a clear boundary was observed
in cells of seeds at the initial stages (5 DAF, 10 DAF, 15 DAF and
20 DAF), indicating that they were at the histodifferentiation



Fig. 1 – Characterization of J. curcas seed development. A) Images on the developing seeds of J. curcas from 5 DAF to 45 DAFwith
5-day intervals. The bar (mm) indicating seed lengths was marked on the left. B) The profiles of seed length in the seed
development of J. curcas. Error bars represent SD of 3 replicates. C) Water content, fresh weight and dry weight of developing
seeds of J. curcas. FW: fresh weight, the line with rhombus; DW: dry weight, the line with square; WC: water content, the line
with triangle. Average dry mass was subtracted from the average fresh mass to determine water content. Error bars represent
SD for 10 replicates. Seeds at 5 DAF, 10 DAF, 15 DAF, 20 DAF, 25 DAF and 30 DAF were chosen for protein extract materials.
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phase [1]. In addition, the dense cytoplasm and the endosperm
array in a compact manner were found in cells, which showed
the characterizationofmeristematic parenchymacell. At 25DAF,
the cytoplasmdensity started to decrease, and anumber of small
oil bodies were accumulated in the endosperm cells at 35 DAF.
Remarkably, large oil bodies were found in the connective
endosperm cells at the 40 DAF in an abundant manner (Fig. 2),
which suggested the end of the seed development of J. curcas.

3.3. Component analysis and fatty acid (FA) composition

We chose to determine the contents of reserve proteins and
lipids in J. curcas seeds at the late development stages (Stage II
and Stage III in Fig. 1) such as 25 DAF, 30 DAF, 35 DAF, 40 DAF
and 45 DAF, because of their low contents at the early
development phase (Stage I in Fig. 1). Our results showed
that crude lipid and protein contents increased gradually in
the late stages of the seed development (Fig. 3). Both the lipid
and the protein content in seeds at 25 DAF were less than 5%
of their dry weights, which was responding to the cellular
results (Figs. 2 and 3). Beginning at 35 DAF, the accumulation
rate of lipid was much faster than that of protein. The lipid
and protein contents of the developing seeds reached the
maximum at 45 DAF, but the protein content (15%) was much
less than lipid content (40%) in seeds. Meanwhile, the FA
compositions of the crude lipid at different DAFs were also
analyzed (Table 2). The J. curcas seeds at 45 DAF contained
46.3% oleic acid (C18:1n9c) and 32.92% linoleic acid (C18:2n6c) as
the highest level, and the next level for 13.64% palmitic acid
(C16:0) and 6.19% stearic acid (C18:0). These results were similar
with the previous reports [31,44]. Interestingly, the palmitic
acid and the α-linolenic acid (C18:3n3) both decreased from in
developing seeds of J. curcas from 25 DAF to 45 DAF. Im-
portantly, the accumulation of oleic acid and linolenic acid
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Fig. 2 – Cellular observation of endosperm in the seed development of J. curcas. Seeds from 5 DAF to 40 DAFwith 5-day intervals
were prepared for cellular observation.
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showed its maximum abundance at 45 DAF and 35 DAF
respectively while the palmitic acid reached their maximum
abundance at 25 DAF, which suggested that C16:0 was the
precursor for elongation to C18:1n9c and C18:2n6c, they are the
most important fatty acids in J. curcas seeds. The decreasing
content of α-linolenic acid might indicate the increase in lipid
content was accompanied by a shift in lipid composition from
phosphatidylcholine to TAG accumulation with seed devel-
opment processing.

3.4. Proteomic analysis of seed development

The water soluble protein samples of different stages were
performed by 2-DE in the range of linear pH 4–7. Protein
profiles were established from 14.4 to 97.0 kDa with 527 (±6),
565 (±8), 590 (±8), 611 (±9), 617 (±8) and 702 (±10) replicable
Fig. 3 – Crude lipid and protein content of J. curcas seeds in
the late seed development. About 10 g dry masses sample at
each developmental stage (25 DAF, 30 DAF, 35 DAF, 40 DAF
and 45 DAF) was determined. Percentages were calculated
using the average dry masses.
protein spots for developing J. curcas seeds at 5 DAF, 10 DAF, 15
DAF, 20 DAF, 25 DAF and 30 DAF respectively (Supplemental
Fig. S2), the number of resolved spots increased from 5 DAF to
30 DAF gradually. With the development of J. curcas seeds
process, greater protein diversity and higher content of specific
spots could be visible in 2-DE profile of J. curcas as the same
concentration of protein was loaded onto the gel. This result
indicated that storage proteins in J. curcas had been accumulat-
ed in the late seed development.

By comparison of six stages of protein profiles with each
other, 104 differential protein spotswere statistically significant
(p < 0.05), in which 24 differential spots were qualitative dif-
ferencewhile 80 differential spots were quantitative difference,
and mean, SD and CV of each differential protein spot were
calculated (Supplemental Table S1). According to multivariate
analysis, a general picture of the main variation and of inter-
relations between protein spots had been figured out. Firstly, by
Table 2 – Changes of fatty acid and composition (%) for
J. curcas seed oil in the seed development a.

Sample 25 DAF 30 DAF 35 DAF 40 DAF 45 DAF

C14:0
b — 0.08% 0.04% 0.04% 0.05%

C16:0 29.44% 20.23% 14.12% 13.8% 13.64%
C16:1n7 — 1.69% 0.75% 0.59% 0.57%
C18 2.54% 4.70% 6.09% 5.76% 6.19%
C18:1n9c 3.89% 29.18% 38.98% 43.1% 46.30%
C18:2n6c 36.86% 43.32% 39.72% 36.35% 32.92%
C18:3n3 27.27% 0.58% 0.14% 0.16% 0.14%
C20:0 — 0.18% 0.16% 0.16% 0.15%
C20:1 — 0.04% — 0.04% 0.04%

a Content of each fatty acid was calculated as the percentage that
each fatty acid represented in the total measured fatty acids. The
‘—’ indicates that data are undetectable.
b The numbers show the number of carbons and double bonds. For
instance, C14:0 means 14 carbons and no double bond.
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means of PCA analysis, a data reduction to the whole dataset
and to the 104 differential spots was applied. Out of the
potential PCs extracted, the first seventeen PCs accounted for
100% of the biological variability of each whole or differential
spots dataset, respectively (Table 3). PCs 1–2 were significant in
the two studied datasets (one-way ANOVA, >95% confidence)
when PCs were tested for differences between groups. By
employing these components in 3-D (plotting PC1, PC2 and
PC3) representations, it was able to effectively separate the
samples into their original groups (Supplemental Fig. S3), and
the plot structure was slightly different between whole and
differential spots datasets. Samples of 5DAF, 10DAFand15DAF
were closely grouped in the plot of whole spot dataset,
indicating similarity in the 2-DE spot map (Supplemental Fig.
S3A). 25DAF sampleswere grouped in the plot corresponding to
the differential spots but not in the whole spot dataset, which
was not strange. As Sghaier-Hammami et al. mentioned [42],
this difference between groups indicated that some key spots
with high loading over PCs and mutual to both samples were
removed after univariate analysis.

The 104 differential protein were successfully identified by
MALDI TOF/TOF tandemMS analysis (Fig. 4 and Supplemental
Table S2). All identified protein species were classified into 10
functional classes that were originally established by Bevan et
al. in the Arabidopsis genome project [45]. Protein species
associated with metabolism, energy, destination and storage,
and disease defense were most abundant than other func-
tional classes (Fig. 5 and Supplemental Table S2). Thirty-three
identified protein species related to carbon flux to lipid
accumulation were chosen for analysis of the metabolic
network in the seed development of J. curcas, and enlarged
images were displayed in Fig. 6 (Figs. 4, 6 and Table 4). They
were clustered employing Pearson distance-based dissimilar-
ity matrix (Fig. 7), and “0” value was replaced by a minimal
value, 10−9 to indicate the biological significance. The abun-
dance profiles of protein species involved in glycolysis
including Enolase (spot B1), Fructokinase (spots A14, B18
and B19), Aldolase (spot F16), Phosphoglycerate kinase
Table 3 – PCs calculated from the 466 spots matched between s

Component Eigenvalues (466 spots)

Total % of Variance Cumulativ

PC1 190.258 46.301 46.301
PC2 134.3464 23.086 69.387
PC3 66.4698 5.651 75.039
PC4 60.69402 4.712 79.75
PC5 55.67925 3.965 83.716
PC6 49.15833 3.091 86.807
PC7 45.13632 2.606 89.413
PC8 39.53315 1.999 91.412
PC9 35.77831 1.637 93.049
PC10 35.02229 1.569 94.618
PC11 31.42418 1.263 95.881
PC12 29.78093 1.134 97.016
PC13 24.80844 0.787 97.803
PC14 23.61958 0.714 98.516
PC15 21.86971 0.612 99.128
PC16 18.81193 0.453 99.581
PC17 18.10389 0.419 100
(spot C22), and 3-phosphoglycerate dehydrogenase (spot
C6) were in contrast with those involved in plastidial
glycolysis including Enolase (spot C11) and Phosphoglyc-
erate kinase (spot E12). UDP-Glc pyrophoshorylase (UGPase)
(spot D8), 6-phosphogluconate dehydrogenase (spot E3), 6-
phosphogluconolactonase (spot F30) and RuBisCo large subunit
(spot F6) shared similar abundance, which was different with
other OPPP enzymes, Ribose-5-phosphate isomerase (spot A23)
and Transaldolase (spots C20 and F15). All protein species
involved in TCA cycle containing ATP synthase subunit beta
(spots D6 and F5), Succinyl CoA ligase beta subunit (spots D10
andD13) were down accumulated except ATP synthase subunit
beta (spot D7). Interestingly, protein species participated in the
FA synthesis, including KAR (spots B26 and F31), SAD (spot C25),
Dihydrolipoyl dehydrogenase (spot F7) and KAS I (spot D9) were
significantly up-accumulated except acetyl-CoA biotin carbox-
ylase (spots B7 and C14), the rate-limiting enzyme which
catalyzes ATP-dependent malonyl-CoA formation (Figs. 6, 7
and Table 4). Overall, 16 in 33 protein species (spots B26, F31,
C11, C25, F34, F7, A14, D9, B18, D8, E3, F16, E12, F6, D7 and F30)
were clustered into onemajor groupwhile other protein species
(spots B7, B15, E14, B19, B25, C14, C20, C22, C6, D6, B1, A16, A23,
F15, F5, D10 and D13) were clustered into another major group
(Fig. 7).

3.5. qRT-PCR analysis of key genes in seed development

Combined with the results of proteomic analysis, 19 genes
were chosen to confirm their mRNA expression. Five of them
were involved in the metabolism of carbon flux including PD
in plastid and mitochondrion, GDPH in plastid, PEPCase in
cytosol, and RuBisCo. The genes related to FA synthesis were
ACCase, KASI, KASII, KASIII, KAR, FATB, FATA and SAD. Ad-
ditionally, DGAT1, DGAT2, 3 isoforms of oleosins and caleosin,
were chosen for our analysis due to their important role in
lipid formation (Fig. 8). According to the cluster analysis, it
revealed that the expressions of PDE2, PEPCase, ACCase, KASI,
KASII, KASIII, KAR and FATB showed the similar expression
amples and from the 104 differential spot set.

Eigenvalues (104 spots)

e % Total % of Variance Cumulative %

127.4334 68.781 68.781
64.49922 17.62 86.401
30.28382 3.884 90.286
27.01839 3.092 93.377
20.34491 1.753 95.131
17.9899 1.371 96.501
13.10066 0.727 97.228
12.22479 0.633 97.861
9.617031 0.392 98.253
9.129335 0.353 98.606
8.582107 0.312 98.918
7.680731 0.25 99.168
7.547759 0.241 99.409
6.45729 0.177 99.586
6.177163 0.162 99.747
5.867839 0.146 99.893
5.022614 0.107 100



Fig. 4 – 2-DE master gel of J. curcas seeds in development process. Arrows indicate the 104 protein species with significantly
variance identified by MALDI/TOF-TOF. The A, B, C, D, E, F letters of the protein spot number stand for the protein spots from
the gel of seeds at 5 DAF, 10 DAF, 15 DAF, 20 DAF, 25 DAF and 30 DAF. TheMr is given on the left, while the pI is given at the top.
The circle with dotted line indicates the spot is absent in the 2-DE master gel.
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among these six seed developmental stages. Meanwhile,
GPDH-P, PDE1-M, RuBisCo-SSU, FATA and SAD reached the
highest expression level at 25 DAF. DGAT1 and DGAT2 are the
Fig. 5 – Functional classification of 104 identified differential prot
described by Bevan et al. (1998).
key enzymes for TAG synthesis in endoplasmic reticulum
(ER), both of which showed the highest expression level at 30
DAF. Moreover, the four genes encoding for two main oil body
eins in the seed development of J. curcas according to criteria
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Fig. 6 – Enlarged images to show the distribution of the 33 differentially protein spots involved in the metabolism from carbon
flux to lipid accumulation.
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proteins oleosin and caleosin showed the expression profiles of
DGAT1 and DGAT2 in the same manner (Fig. 9).
4. Discussions

The economic value of J. curcas largely depends on the lipid
content in seeds. Hence, our discussions mainly focus on the
pathways leading to de novo FA synthesis and lipid accumu-
lation. Different from other organisms, plants produce FAs
from acetyl-CoA through a common pathway in plastids [46].
In this study, the identified protein annotations less likely
provide the accurate information about the intracellular
localization was caused by lacking of comprehensive protein
sequence databases. The NCBI (National Center for Biotechnol-
ogy Information) non-redundant protein database contained
only 1060 entries for J. curcas (Till to December 2012). Therefore,
we may postulate protein localizations according to metabo-
lisms involved in when the subcellular information is absent.
Our results in this study, together with reports by other
references [8,32,47], successfully elucidate a comprehensive
network of themetabolic activities related to lipid accumulation
(Fig. 10).
4.1. Differential protein species involved in sugar release

Sucrose is the main storage carbohydrate in plants [48].
Converting sucrose into UDP-G and Fru by Suc synthase is the
initial release of sugar for glycolysis. UDP-G can be reversibly
catalyzed by UGPase and then generate G-1-P. This is an
important step of the Suc synthase pathway by which carbon
enters the cytosolic hexose phosphate pool for carbon flux
[49,50]. In this study, UGPase (spot D8) and Frk (spot B18) showed
similar pattern to that of glycolytic enzyme Aldolase (spot F16)
in cytoplasm and OPPP enzymes 6-phosphgluconate dehydro-
genase (spot E3) and 6-phosphogluconolactonase (spot F30) in
plastid (Figs. 6 and 7). Their increase is related to the production
of F-6-P, G-6-P and ribulose-5-phosphate (Ru-5-P) (Fig. 10). It
reveals that G-6-P is an important shuttle metabolite between
cytoplasm and plastid in J. curcas seeds. At the same time,
Pyrophosphate (ppi) is generated in these reactions and then
converted to pi quickly by the catalysis of the acid PPase in the
cytoplasm [51,52]. Ppi acts as the substrate of the forward
reaction of cytosolic enzymes such as UGPase, on the other
hand, ppi is also the substrate of the forward reaction of
ppi-dependent phosphofructokinase (PFP) at the entry point of
glycolysis [53]. We identified two acid PPase (spots A16 and B25)
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Table 4 – Identification of differential protein species involved in lipid accumulation in the seed development of J. curcas by
MALDI-ToF/TOF analysis.

Spot no. Accession no. Name Organism La Theor. Mr/pI Exp. Mr/pI PSb P c CSd

01.06 Lipid and sterol
B26 gi|255634733 3-ketoacyl-ACP reductase Glycine max P 26766/5.97 28/5.81064 50 1 1
F31 gi|119791 3-ketoacyl-ACP reductase Cuphea lanceolata C 33310/9.28 29/6.22837 134 1 1
C25 gi|134943 Acyl-ACP desaturase Brassica napus C 45490/5.75 40/5.7922 72 1 1
B7 gi|238837063 Heteromeric acetyl-CoA biotin

carboxylase
Jatropha curcas P 58795/7.60 51/5.9922 400 5 5

C14 gi|238837063 Heteromeric acetyl-CoA biotin
carboxylase

Jatropha curcas P 58795/7.60 50/5.91702 309 4 4

D9 gi|116248667 Beta-ketoacyl-ACP synthase I Jatropha curcas P 50255/6.86 54/6.05145 168 2 2
F34 gi|6478218 Caleosin Sesamum indicum OB 27788.7/5.59 27/5.50729 112 2 2
F7 gi|449460949 Dihydrolipoyl dehydrogenase-like Cucumis sativus — 59713/6.73 54/5.91364 344 3 3

02.01 Glycolysis
C6 gi|449445906 3-phosphoglycerate dehydrogenase Cucumis sativus 63349/6.32 59/5.92553 207 3 3
F16 gi|218157 Aldolase Oryza sativa CP 39151.2/6.56 40/6.1782 139 5 5
B1 gi|255539693 Enolase Ricinus communis — 48149/5.71 59/5.54965 150 2 2
C11 gi|255539693 Enolase R. communis — 48149/5.71 52/5.63475 88 2 2
B18 gi|255585331 Fructokinase R. communis — 35591/5.18 39/5.34539 82 1 1
B19 gi|357454485 Fructokinase Medicago truncatula — 35386/5.20 39/5.41489 377 3 3
A14 gi|356550378 Fructokinase-2-like Glycine max — 35546/5.29 38/5.49858 296 3 3
C22 gi|255544582 Phosphoglycerate kinase R. communis — 42530/5.65 45/5.78794 285 3 3
E12 gi|1346698 Phosphoglycerate kinase Spinacia oleracea C 45658/5.83 44/6.40081 104 1 1

02.02 Gluconeogenesis
A16 gi|255554527 Inorganic pyrophosphatase R. communis — 34062/5.91 34/5.33688 249 5 5
B25 gi|255561090 Inorganic pyrophosphatase R. communis — 24034/5.60 28/5.38652 443 6 4
B15 gi|225438145 Malate dehydrogenase Vitis vinifera CP 35881/6.18 41/6.23901 373 4 3
E14 gi|225438145 Malate dehydrogenase Vitis vinifera CP 35881/6.18 41/5.43025 71 1 1
D8 gi|255635072 UGPase Glycine max — 51576/5.41 54/6.01631 416 3 3

02.07 Pentose phosphate
F30 gi|255554349 6-phosphogluconolactonase R. communis — 28115/5.44 30/5.25799 193 3 3
E3 gi|255537671 6-phosphogluconate dehydrogenase R. communis — 54511/6.25 53/5.98811 420 7 7
A23 gi|18654317 Ribose-5-phosphate isomerase Spinacia oleracea C 30958/6.54 28/5.08318 251 3 2
C20 gi|224075445 Transaldolase-like proteins Populus trichocarpa — 47693/6.38 48/5.2078 498 4 4
F15 gi|295687233 Transaldolase Gossypium hirsutum — 43059/5.78 41/5.60496 122 2 2

02.10 TCA cycle
D10 gi|21593189 Succinyl CoA ligase beta subunit Arabidopsis thaliana M 45247/6.04 46/5.53223 426 5 5
D13 gi|11272036 Succinate CoA ligase ADP forming Arabidopsis thaliana M 45316/6.29 40/5.53903 271 4 4
D6 gi|231586 ATP synthase subunit beta Hevea brasiliensis M 60335/5.95 62/6.29438 1001 8 8
D7 gi|114421 ATP synthase subunit beta Nicotiana plumbaginifolia M 59933/5.95 61/4.81755 220 4 4
F5 gi|231586 ATP synthase subunit beta Hevea brasiliensis M 60335.4/5.95 56/5.15411 580 15 15

02.30 Photosynthesis
F6 gi|1770216 RuBisCo large subunit Didymosalpinx norae C 52985/6.47 55/5.9762 349 5 5

Functional categories were decided by the system in Bevan et al. (1998). All the protein identities were from searching in NCBInr database,
UniprotKB/SwissProt database and EST_Viridiplantae database. All the peptide charge is +1. The false discovered rate is less than 5%.
a L: subcellular location; C: Chloroplast; CP: Cytoplasm; M: Mitochondria; P: Plastid; V: Vacuole; —: No site information.
b PS, Protein score.
c P, the matched peptides.
d CS, the number of covered peptides.
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had differentMWand pI values in the 2-DE gels were annotated
as the same protein function (Fig. 4 and Table 4), suggesting that
theymight be present as different isoforms of the same protein
family. That is the reason that they share different abundance
profiles, and the abundance profile of one PPase (spot B25) is
closer to UGPase than another PPase (spot A16) in the seed
development (Fig. 7). We speculate that former PPase partici-
pates in the reactionofUGPase, and latter one participates in the
reaction of PFP instead of the traditional ATP-dependent
phosphofructokinase (PFK). Besides, among the genes involved
in cytosol glycolysis in developing J. curcas, the expression of PFK
at 14 DAF, 19 DAF and 25 DAF were the lowest compared with
that of other glycolytic genes [54]. Considering that FPK protein
species was not identified in our proteomic analysis, these
results notion may indicate that the abundance of PFK is low at
the early seed development of J. curcas, which is similar in castor
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Fig. 7 – Cluster analysis of abundance profiles of 33 protein species related to metabolism form carbon flux to lipid
accumulation. This heat map was plotted by employing Cluster 3.0 and Java Tree View. The values of protein spots were
log-transformed and “0” value was replaced by a minimal value, 10−9 to indicate the biological significance. The protein spot
number in brackets is corresponding to the description in Figs. 4, 6 and Table 4.
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but different from rapeseed [8,16]. And another possibility is that
FPK in developing J. curcas seedsmay not function as traditional
role in cytosolic glycolysis at the early stage.

On the other hand, the other two Frk (spots A14 and B19)
with different abundance profiles also involved in the re-
action described above (Figs. 6, 7 and 10), according to the
observation from the 2-DE gels (Fig. 4), the spots A14, B18 and
B19 corresponding to Frk have nearly the same MW with
minor pI shift, indicating the post translational modification.
Few literature reports that Frk-2 is studied in oilseed crops,
and at least two isoenzymes expressed in the early fruit
development of tomato [55]. In addition, the expression level
of Frk-2 mRNA plays a critical role in numbers of flower and
fruit in tomato [56]. Moreover, Frk-2 showed its highest
abundance at the early seed development of J. curcas (Fig. 6),
which is consistent with the expression of mRNA Frk-2 in
tomato. We postulate that Frk-2 may execute similar biolog-
ical functions in developing seeds of J. curcas as in tomato.
This characteristic may provide us valuable information to
further improve J. curcas for suitable biodiesel materials.
4.2. Differential protein species related to carbon flux to FA
synthesis

Glycolysis, OPPP and TCA cycle produce sufficient carbon
sources and energy to meet the requirement for FA synthesis.
Therefore, in this study we investigated the contributions of
G-6-P, triose-P, pyruvate and malate to FA synthesis by
comparing metabolic enzymatic steps.

G-6-P is produced normally through 2 potential path-
ways. Once synthesized, G-6-P either continues to involve in
the glycolysis or is imported into plastid and converted
into 6-phosphate-gluconolactone (6-PGL) following the con-
tinuous irreversible reactions. This process is catalyzed by
6-phosphogluconolactonase (spot F30) and 6-phosphogluconate
dehydrogenase (spot E3). The latter protein species is a rate-
limiting enzyme in the OPPP, which is the main pathway for
generation NADPH and reducing power in most organisms.
These abundance profiles suggest that the abundant cytosolic
UGPase may play a critical role in plastidial OPPP, because its
profile is the same as the composite abundance profiles of key
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Fig. 8 – Temporal expression profiles of genes involved in metabolic network of lipid accumulation in the seed development of J. curcas. qRT-PCR was performed with cDNA
isolated from developing seeds at 5 DAF, 10 DAF, 15 DAF, 20 DAF, 25 DAF and 30 DAF (from left to right). Relative expression ratio of each sample is comparedwith the sample at
5 DAF. Actin gene from J. curcaswas used as an internal control. The final relative cDNA amounts of genes aremeans of 3 replicates. The relative expression ratios of genes were
significantly different at p < 0.05. The abbreviation of gene name is corresponding to the description in Table 1.
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Fig. 9 – Cluster analysis of expression profiles of 19 mRNA
involved in metabolic network of lipid accumulation. This
heat mapwas plotted by employing Cluster 3.0 and Java Tree
View. The gene name is corresponding to the description in
Fig. 8 and Table 1.
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OPPP enzymes. The results of this study, combined with our
observations, strongly suggest that biochemical processes men-
tioned above were prepared at the appropriate time to provide
energy and building blocks for the biosynthesis of fatty acids,
besides, combined with the result of cellular observation (Fig. 2),
hexose metabolism seems to be associated with meristematic
activity in developing J. curcas seeds.

Nevertheless, one ribose-5-phosphate isomerase (spot
A23) and two isoforms of transaldolase (spots C20 and F15)
were down-accumulated and showed different abundance
profiles with spots F30 and E3 (Fig. 7), whichmay indicate that
the important product Ru-5-P in OPPP participates in another
irregular pathway. Once Ru-5-P was converted to ribulose
bisphosphate (RuBP), which is able to capture the carbon
dioxide (CO2) by the catalysis of RuBisCo. RuBisCo was
recently found playing an essential role in the recycle of CO2

released by plastidial pyruvate dehydrogenase complex in
order to maintain the efficiency of oil production in embryo
[57], the RuBisCo captured the CO2 and directly mediated the
synthesis of 3-phosphoglycerate instead of the traditional
glycolysis with the participation of the GPDH and PK [58]. In
this study, we indeed found that the RuBisCo large subunit
(LSU) (spot F6) showed the similar pattern with Dihydrolipoyl
dehydrogenase (spot F7), which is one of the component of
pyruvate dehydrogenase complex, besides, the expression of
RuBisCo small subunit (SSU) mRNA also increased dramatical-
ly as spots F7 and F6 presented (Figs. 6, 7, 8 and 9). These
results suggest that RuBisCo may mediate the irregular
pathway described above in seed development of J. curcas.
In addition, one study had reported that the activation of
RuBisCo without Calvin cycle improved the carbon efficiency
during the oil formation in developing embryos of rapeseed,
more than 20% acetyl-CoA could be used for fatty acid syn-
thesis in this metabolic conversion compared with glycolysis
[59]. Therefore, we compared the RuBisCo abundances in
J. curcas with that in rapeseed and castor, and the result
revealed that the abundance of RuBisCo was prominent in
rapeseed and J. curcas, perhaps this difference is the reason of
the low carbon efficiency and subsequently reduced oil in
castor. These results of proteomic studies that focus on seed
development of oil crop, may be supposed that RuBisCo may
play specific and important roles to provide enough carbon
sourcewithhigh efficiency at the seeddevelopment of oil crops.

Through the metabolic process, a series of metabolites
were generated in cytosolic and plastidial glycolysis. Starting
from the triose-Ps, 3-phosphoglycerate dehydrogenase (spot
C6), Phosphoglycerate kinase (spot C22) and Enolase (spot B1)
participated in the cytosolic glycolysis, and showed opposite
pattern to Phosphoglycerate kinase (spot E12), Enolase (spot
C11) involved in plastidial glycolysis (Figs. 6, 7 and 10).
Especially, the abundance of enolase can barely be observed
at 30 DAF (Fig. 6). In order to understand the role of triose-Ps in
cytosolic and plastidial glycolysis, GPDH mRNA was analyzed
by qRT-PCR, and data showed the expression profile of GPDH
mRNA was at maximum in plastid at 25 DAF. The results
indicate that in the seed development of J. curcas: 1) G-6-P and
DHAP as glycolytic intermediates are the important metabo-
lites transported into plastid to participate in the plastidial
glycolysis; 2) most steps of OPPP take place in plastids; 3)
glycolytic PEP and pyruvate are rarely used as carbon source
in the late seed development of J. curcas (Fig. 10).

Subsequently, glycolytic intermediates, such as PEP,
oxalacetic acid (OAA), malate and pyruvate may indirectly
lead to similar components through TCA cycle and malate
synthesis. Cytosolic malate dehydrogenase (MDH) (spots
B14 and B15) was identified in this study, and showed the
same MW and different pI values in the 2-DE gels were
annotated as the same protein species (Fig. 4 and Table 4),
suggesting that they might be present as different modi-
fications of the same gene product. In higher plants, there
are three MDH isoforms that are widely distributed enzymes in
cytoplasm, mitochondria and microbodies. They play impor-
tant roles in many keymetabolic pathways containing the TCA
cycle, gluconeogenesis and facilitation of exchange of metabo-
lites between cytoplasm and subcellular organelles [60,61]. The
favorite substrate of MDH is OAA, and the MDH abundance
profiles in this study are consistent with Heteromeric acetyl-
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Fig. 10 – Metabolic network from carbon flux to lipid accumulation during seed developing process of J. curcas. The identified
protein spots and detected key genes linked pathways from carbon flux to lipid accumulation are highlighted by blue color.
Protein spot numbers are corresponding to the numbers described in Table 4, Figs. 4, 6 and 7. Italic type indicates gene
confirmed by qRT-PCR analysis. Gene names are corresponding to the description in Figs. 8 and 9. GAP:
glyceraldyhyde-3-phosphate; RuBP: Ribulose-1, 5-bisphosphate.
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CoA biotin carboxylase (spot B7) which is an obvious contrast to
those abundance profiles (down accumulated) of glycolytic
protein species (spots C6 and B1), ATP synthase subunit beta
(spots D6 and F5) and Succinyl CoA ligase beta subunit (spots
D10 and D13) involved in TCA cycle (Figs. 7 and 10), which were
able to convert succinyl-CoA to succinate with a substrate level
phosphorylation of ADP producing ATP [62,63]. Especially, ATP
synthase corresponding to spot D6 is one of high abundance
protein spots from 2-DE profiles of J. curcas developing seeds,
and its abundance at 5 DAF is nearly 3 times higher than at 30
DAF (Figs. 4 and 6). This result reveals that TCA cycle is active in
the early seed development of J. curcas. According to their MW,
pI and abundance in developing J. curcas, it seems that the
proteins with higher molecular mass and abundance are
more easily modified possibly attributing not only to more
amino acids in these proteins, but also the conservation of the
constitutive proteins that are required for the maintenance of
basic cellular function. Besides, mRNA PEPase showed the
different expression with PDE1, and reached maximum at the
early seed development (Figs. 8 and 9), which indicates that
anothermetabolism provides themajor source of OAA forMDH
instead of the cytosolic glycolysis. Therefore, we postulate that
TCA cycle would provide citrate from the mitochondrion to
cytosol in the late seed development of J. curcas. Although we
failed to identify ATP-citrate lyase which catalyzes the ATP and
CoA dependent cleavage of citrate to formOAA and acetyl-CoA,
considering the fact that fatty acidswere synthesized at the late
seed development of J. curcas (Table 2) and acetyl-CoA should be
prepared for the elongation of fatty acids, and together with the
result of proteomic analysis of castor, a plant in Euphorbiaceae
family as J. curcas [16], we suppose that cytosolic MDHmay play
a complementary role in the metabolite exchanges between
cytoplasm and plastid in developing seeds of J. curcas.

4.3. Differential protein species involved in FA synthesis

All identified differential protein species (spots B26, F31,
C25 and F7) involved in fatty acid synthesis were obviously
up-accumulated in the late seed development of J. curcas
except heteromeric acetyl-CoA biotin carboxylase protein
species (spots B7 and C14) (Figs. 7 and 10), which catalyzed
the conversion of acetyl-CoA into malonyl-CoA and was
essential to regulate the rate of fatty acid synthesis [46,64].
This result suggests that carbon source has been greatly
conversed into acetyl-CoA for the preparation of fatty acid
synthesis in the late seed development of J. curcas. Abundance
profiles of protein species involved in remaining reactions
toward fatty acid synthesis were highly elevated at 30 DAF.
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As the initiation enzyme of FA chain elongation, KASIII is
responsible for the condensation reaction of malonyl-ACP and
acetyl-ACP, KASI and KASII are the condensing enzymes for
the elongation of the carbon chain from C4 to C18 [65,66]. The
expression profiles of KASI, KASII and KASIII are similar with
each other but different from the abundance profile of KASI
(Figs. 7, 8 and 9), which is possible that the gene expression
is much earlier than protein expression or protein species
change its chemical structure as a consequence of posttrans-
lational modifications. Two KAR isoforms (spots B26 and F31)
share similar abundance trends with KASI (Fig. 7). In par-
ticular, one of KAR corresponding to spot F31 newly appeared
in the 2-DE gels at 30 DAF (Fig. 6 and Supplemental Fig. S2),
combined with the expression profile of KAR is similar with
KASI, KASII and KASIII (Fig. 9), these results reveal the con-
sistency of condensation and reduction reaction.

FATB and FATA, two distinct thioesterase genes, are playing
an essential role in the chain determination of fatty acid
synthesis and in the channeling of carbon flux in higher plants.
FATB encodes thioesterases preferring acyl-ACPs having satu-
rated acyl groups, and FATA encodes the 18:1-ACP thioesterase
[67]. In the seed development of J. curcas, mRNA expression
of FATA occurred later than FATB (Fig. 8), consistent with the
presumption of the ubiquitous 18:l-ACP thioesterase is a
derivative of a 16:0 thioesterase, and the fatty acid component
analysis indicated that themajor fatty acids in J. curcas seedwere
the oleic, linoleic, palmitic and stearic fatty acid, in agreement
with the previous report [44]. We found that the component of
C16:0 reached their maximum abundance at 25 DAF (Table 2) and
decreased gradually at the late seed development of J. curcas.
These results allowus to speculate thatC16:0 is firstly synthesized
at the early seed development as the precursor for elongation to
C18:1 and C18:2. SAD (spot C25) catalyzes the initial desaturation
reaction in fatty acid biosynthesis and also plays an important
role in determining the ratio of total saturated to unsaturated
fatty acids in plants [68–70], and the expression profiles of SAD
and FATAwere clustered as the same group (Figs. 6, 8 and 9), the
gradually increasing SAD abundance and C18:1n9c content during
seed filling of J. curcas (Fig. 6 and Table 2) strongly support our
theory on fatty acid elongation in J. curcas seeds. At the same
time, it also suggests a low catalytic turnover of SAD as well as
the highest stability of C18:1 export from the plastids [25,71,72].
This result is different from the fatty acid biosynthesis in
rapeseed, in which C18:1 is the precursor for elongation to
prominent C22:1 [8]. Furthermore, reports showed that stearate
levels were dramatically increased in rapeseeds of transgenic
plants when SAD was knocked down in developing rapeseed
embryos [73].With the samegenetic engineering techniques, it is
possible to engineer specialized seed oil composition in J. curcas.

4.4. Initiation of lipid accumulation in seed development

As important carbon storage in many angiosperm seeds, TAG
is usually synthesized by successive catalysis of a serial of
enzymes in ER [74]. DGAT is the rate-limiting enzyme that
acts in the final step of TAG synthesis for storage lipid
accumulation in plants. DGAT1 and DGAT2, the two different
main enzymes responsible for TAG synthesis, have been
identified in several eukaryotic species. These two enzymes
do not share high similarities on DNA or protein sequence,
and play different roles in TAG synthesis in various tissues
[75]. In the developing seed of J. curcas, we had not detected
any differential protein species for DGAT; however, DGAT1
and DGAT2 were detected according to qRT-PCR analysis. The
expressions of these two genes increased dramatically at the
experimental stages and reached the maximum at 30 DAF
(Fig. 7). These results suggest that lipid accumulation does not
initiate before 30 DAF in the developing seeds of J. curcas. The
synthesized TAG is usually stored in the small intracellular
organelles called oil bodies at the late stage of seed develop-
ment [6,76]. The major structural proteins of oil bodies are
oleosin and caleosin [77], and their appearance is a prerequi-
site for subsequent lipid accumulation [78,79]. Based on their
abundance and structures, caleosin as a less abundant protein
plays limited biological role in the formation or degradation
of seed oil bodies as compared with the structural role of
relatively abundant oleosins [80]. Therefore, the oil body
protein caleosin (spot F34) accumulated remarkably at 30
DAF (Figs. 4, 6 and Table 3), which may indicate the initiation
of lipid accumulation. Additionally, expressions of caleosin
and three oleosins isoforms had also been confirmed at the
mRNA level. The expression of oleosins all upregulated in the
seed development of J. curcas and showed similar pattern with
DGAT1, caleosin, and DGAT2 (Figs. 8 and 9). These results
indicate that the lipid has accumulated in the J. curcas seeds at
the late development. Importantly, the lipid content was
less than 5% in developing seeds of J. curcas at 25 DAF, and
lipids accumulated greatly in the endosperm of J. curcas and
accounted for nearly 40% (Figs. 2 and 3) at the end stages of
seed development of J. curcas. This notion on the regulation of
mRNA and protein levels may offer mechanistic explanations
of the cellular observation and lipid measurement.
5. Conclusions

This study performed a systematic analysis of metabolic
processes from the perspective of protein abundance in the
developing seed of J. curcas. Seed development is a complex
process. We cannot expect to fully understand this process
based on proteomics only, but the new information acquired
here can support a platform to apply molecular methods to
explore new protein species for seed development. Our results
highlighted that several pathways, such as cytosolic and
plastidial glycolysis, OPPP, TCA cycle, fatty acid synthesis,
TAG synthesis and lipid formation were actively involved in
the metabolic network from carbon flux to lipid accumulation
in the seeddevelopment of J. curcas. These biochemical cascades
were probably interacted by the collaboration of organelles in
the developing seeds of J. curcas, such as plastid,mitochondrion,
endoplasmic reticulum and oil body. In addition, signal trans-
duction, ascorbate-glutathione system, disease responses, stor-
age proteins and other unidentified protein species were also
involved in this complex processes. Thus, further investigations
of the seed proteome during the developmental process are
necessary. The analysis of metabolic pathways with these data
of identified protein species in the study provide the basis to
understand the metabolic network of lipid accumulation in
other woody oilseed plants, and certainly suggest some clues to
improve the lipid content of J. curcas seeds.
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Supplementary data to this article can be found online at
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