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ABSTRACT: In this study, we used a mass spectrometry-based quantification approach
employing isotopic (ICPL) and isobaric (iTRAQ) labeling to investigate the pattern of protein
deposition during castor oil seed (Ricinus communis L.) development, including that of proteins
involved in fatty acid metabolism, seed-storage proteins (SSPs), toxins, and allergens.
Additionally, we have used off-line hydrophilic interaction chromatography (HILIC) as a step
of peptide fractionation preceding the reverse-phase nanoLC coupled to a LTQ Orbitrap. We
were able to identify a total of 1875 proteins, and from these 1748 could be mapped to extant
castor gene models, considerably expanding the number of proteins so far identified from
developing castor seeds. Cluster validation and statistical analysis resulted in 975 protein trend
patterns and the relative abundance of 618 proteins. The results presented in this work give
important insights into certain aspects of the biology of castor oil seed development such as
carbon flow, anabolism, and catabolism of fatty acid and the pattern of deposition of SSPs,
toxins, and allergens such as ricin and 2S albumins. We also found, for the first time, some
genes of SSP that are differentially expressed during seed development.
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■ INTRODUCTION
Castor (Ricinus communis L.) is cultivated as the source of a
hydroxylated fatty acid, ricinoleic acid, which has several
industrial and pharmaceutical applications.1 Currently, it is
considered to be an as yet untapped source of feedstock for
biodiesel production, especially in countries such as Brazil in
which several federally funded programs are in place to exploit
the production of ethanol and biodiesel from plant sources.2

The exploitation of castor seeds’ potential as a biodiesel
feedstock is hampered by a lack of knowledge regarding the
molecular and biochemical mechanisms related to the synthesis
of fatty acids, whose understanding would allow the tailoring of
fatty acid composition in the seeds to specific applications,3 and
by the presence of a highly toxic ribosome-inactivating protein
called ricin and allergenic 2S albumins, which together preclude
the use of the protein meal obtained after oil extraction as
animal feed1 and represent occupational and environmental
hazards.4

The publication of the draft genome sequence of castor with
a 4.6-fold coverage and more than 31 thousand gene models
derived from it5 created an important database to foster gene

expression and protein identification studies so that the
questions related to fatty acid biosynthesis and the toxicity/
allergenicity issues could be addressed.6 Following this, two
major proteomic analysis of castor seeds were published,
focusing on the nucellus of developing seeds7 and on an
enriched fraction of reticulum endoplasmic from developing
seeds,8 which resulted in the identification, respectively, of 542
and 792 proteins. These studies were preceded by the
publication of the first systematic quantitative proteomics
study based on 2-D gel electrophoresis of seed filling in castor,
which resulted in the identification of 304 proteins and in the
expression profiles for 660 protein spot groups.9 More recently,
we used LC−MS to compare isotopic (ICPL) and isobaric
(iTRAQ) chemical-labeling techniques to quantify proteins in
the endosperm of castor seeds in three developmental stages.
By comparing labeling performance, it was shown that iTRAQ
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was able to label 99.8% of all identified unique peptides, while
94.1% were labeled by ICPL, thus showing that both labels
were able to quantify successfully proteins present in the
endosperm of developing castor seeds.10 This study concluded
that although the use of iTRAQ and ICPL as labeling reagents
allows quantification of a comparable number of proteins, the
two methods when used in combination result in an increased
number of quantified proteins.10

In the study presented here, we used ICPL and iTRAQ
labeling strategies to undertake an in-depth quantitative analysis
of the proteome of developing castor seeds and explored the
usefulness of subjecting the peptides labeled with ICPL and
iTRAQ to fractionation by hydrophilic interaction liquid
chromatography (HILIC) prior to RP-HPLC to increase the
number of identified proteins. This led us to identify 1845
proteins, from which 618 were statistically evaluated. Addition-
ally through fuzzy c-means clustering we grouped 975 of the
identified proteins in three clusters, each of which reflected the
trend in deposition pattern of the proteins during seed
development. Besides considerably expanding the repertoire
of castor proteins identified and quantified, our results give
important insights into certain aspects of the biology of castor
seed development such as carbon flow, anabolism, and
catabolism of fatty acid and the pattern of deposition of seed-
storage proteins (SSPs), toxins, and allergens such as ricin and
2S albumins.

■ EXPERIMENTAL SECTION
An additional description of the sample preparation, peptide
labeling, mass spectrometry, and data analysis can be found in
Nogueira et al. (2012).10

Sample Preparation

Plant materials were harvested as previously described in ref 10,
and the endosperms were dissected from seeds at devel-
opmental Stages IV, VI, and X as defined by Greenwood and
Bewley.11 Protein extraction from endosperm was performed
accordingly with Nogueira et al.12 In brief, pyridine buffer (50
mM pyridine, 10 mM thiourea, and 1% SDS, pH 5.0) and
polyvinyl-polypyrrolidone were added to endosperm powders
in the proportion of 1:40:2 (w/v/w), the mixture was stirred
for 2 h at 4 °C, and the proteins were precipitated by acetone/
TCA precipitation, followed by washing with cold acetone
(three times). Protein pellets were dried under vacuum and
dissolved in 7 M urea, 2 M thiourea, and 200 mM TEAB.
Protein amounts were measured in duplicate by amino acid
analysis using a Biochrom 30+ amino acid analyzer (Biochrom)
following the manufacturer’s instructions. Proteins were
submitted to in-solution trypsin digestion (Promega) (1:50
w/w) after nine times dilution with 200 mM TEAB reduction
followed by alkylation with 10 mM DTT (1 h, 25 °C) and 40
mM IAA (40 min, room temperature in the dark), respectively.
Digestion was stopped by adding formic acid to a final
concentration of 2%, the peptides were cleaned using Oasis
cartridges (Millipore), and their concentrations were measured
using a fluorometric assay (Qubit, Invitrogen).
Peptide Labeling

ICPL peptide labeling was performed in duplicate using the
ICPL Quadruplex-Kit (SERVA) following the manufacturer’s
instructions, adjusted to the “post-digest optimized protocol”,
and for iTRAQ peptide labeling, it was accomplished in
duplicate following the manufacturer’s recommendations
(Figure 1). In brief, for ICPL labeling, 33 μg of peptides of

each developmental stage were dissolved in 30 μL of 20 mM
TEAB, pH 8.5 and submitted for labeling using 3 μL of ICPL-
labeling reagent for 90 min at room temperature under an
argon atmosphere. Another 1.5 μL of aliquot of reagent was
then added and incubated for 90 min at room temperature
under an argon atmosphere. The reaction was stopped using
the stop solution (20 min), and samples were mixed and
neutralized with 2 N NaOH (20 min), followed by 2 N HCl
(20 min). Labeled peptides mixtures were purified by custom-
made chromatographic Poros 50 R2 (PerSeptive Biosystems)
and Poros Oligo R3 (Applied Biosystems) reverse-phase
microcolumns prior to MS analysis.13 For iTRAQ labeling,
tryptic peptides were dissolved in 30 μL of 20 mM TEAB, pH
8.5. To each iTRAQ 4-plex reagent vial, 70 μL of ethanol was
added, and the mixture was combined with the peptide sample

Figure 1. Quantitative proteomic workflow used for the analysis of
Ricinus communis seed development. Histological analysis of the
developing castor seeds is shown at the top. En, endosperm; Nu,
nucellus; Tg, tegmen; Ts, testa; and Co, cotyledon. After sample
preparation, peptides from each stage were labeled with ICPL or
iTRAQ. A total of four labeling replicates were analyzed through 16
Orbitrap runs. The second iTRAQ and ICPL labeling were
fractionated off-line by hydrophilic chromatography prior to mass
spectrometric analysis.
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and incubated at room temperature for 1 h. After incubation,
samples were acidified using formic acid and dried. Peptide
mixtures were purified using a TSK Amide-80 HILIC
microHPLC system.14

Fractionation of Labeled Samples by HILIC

The second mixture of peptides labeled with ICPL and iTRAQ
reagents (∼33 μg) was fractionated by TSK amide-80 HILIC
microHPLC column (length: 15 cm, diameter: 2 mm, particle
size: 3 μm) prior to LC−MS/MS analysis, as previously
described.10,14,15 The peptides were resuspended in 90% ACN
and 0.1% TFA, eluted, and fractionated with an increase in
aqueous solvent (0.1% TFA) during the gradient at 6 μL/min
that led to the obtaining of 17 and 11 fractions for ICPL- and
iTRAQ-labeled sample mixture, respectively (Figure 1).

Mass Spectrometry Analysis

Labeled peptide mixtures were dissolved in 0.1% formic acid,
and 1 μg of them was loaded onto a C18 reverse-phase pulled
needle capillary column (18 cm length, 100 μm inner
diameters, packed in-house with ReproSil-Pur C18-AQ 3 μm
resin). The fractions obtained by HILIC were resuspended in
0.1% formic acid and loaded onto a C18 reverse-phase pulled
needle capillary column as well. The samples were analyzed by
an EASY-nano LC system (Proxeon Biosystems) coupled
online to an ESI-LTQ-Orbitrap XL mass spectrometer
(Thermo Scientific). Elution was performed using a gradient
from 100% phase A (0.1% formic acid) to 35% phase B for 120
min (for HILIC fractions was used 80 min), 35−100% phase B
for 5 min, and 100% B for 8 min (flow rate of 250 nL/min).
The column was washed with 90% phase B and re-equilibrated
with phase A. Spectra were acquired in a positive mode,
applying DDA automatic survey MS scan and tandem mass
spectra (MS/MS) acquisition. An MS scan (400−1800 m/z) in
the Orbitrap mass analyzer set at resolution 60,000 at 400 m/z,
1 × 106 AGC target, and 500 ms maximum ion injection time
was followed by MS/MS of the top five multiply charged ions
in the LTQ at 30 000 signal threshold, 20 000 gain control
target, 300 ms maximum ion injection time, 2.5 m/z isolation
width, 30 ms activation time at 35 normalized collision energy,
and dynamic exclusion enabled for 30 s with a repeat count of 1
(applied in the ICPL samples). For iTRAQ samples, data-
dependent CID MS/MS analysis of the three most intense ions
was performed in the LTQ, followed by HCD MS/MS analysis
of the corresponding ions with detection in the Orbitrap. MS/
MS for acquiring CID was set as described, and MS/MS for
acquiring HCD was set at 7500 at 400 m/z resolution, 30 000
signal threshold, 5 ms activation time at 48 normalized collision
energy, and dynamic exclusion enabled for 30 s with a repeat
count of 1. A 5% ammonia−water solution in a 500 μL
Eppendorf tube with holes in the cover was put under the
pulled needle to avoid the supercharged effect of the iTRAQ
4plex tag, a phenomenon previously described.16

Data Analysis

Raw data were viewed in Xcalibur v.2.1 (Thermo Scientific),
and data processing was performed using Proteome Discoverer
v.1.2. Database searches were performed using Proteome
Discoverer with Mascot v.2.3 algorithm against a concatenated
Ricinus communis database downloaded from Uniprot database
in January 2011. The searches were performed with the
following parameters: MS accuracy 10 ppm, MS/MS accuracy
0.6 Da for CID and 0.1 Da for HCD, trypsin digestion with two
missed cleavage allowed, fixed carbamidomethyl modification of

cysteine and variable modification of oxidized methionine and
ICPL (label 0, monoisotopic mass = 105.02), ICPL:13C(6)
(label 6, monoisotopic mass = 111.04), and ICPL:13C(6)-
2H(4) (label 10, monoisotopic mass = 115.06), and iTRAQ
4plex (monoisotopic mass = 144.102) for N-terminus and Lys
was set as variable modification for ICPL and iTRAQ labeling,
respectively. The number of proteins and protein groups and
the numbers of peptides and the quantitative values for each
label were estimated using Proteome Discoverer. False
discovery rates of 1% and a peptide rank of 1 were applied as
cutoff limits.
The experiment consists of a total of 16 mass spectrometric

runs, four replicates forward ″Stage IV, Stage VI and Stage X″
(1st iTRAQ and ICPL labeling) and four replicates in the
reverse “Stage X, Stage IV, Stage VI” (2nd iTRAQ and ICPL
labeling) for each labeling method (Figure 1), as described in
the previous article.10 Additionally, HILIC fractionation was
performed for each reverse labeling method, generating 11 and
17 fractions for the second iTRAQ and ICPL labeling,
respectively (Figure 1). All data were merged and analyzed
using Protein Center (Thermo Scientific), from where the
number of identified proteins was estimated.

Statistical Analysis

The data consist of four labeling replicates (first and second
iTRAQ and first and second ICPL) coming both from different
labeling methods and fractionation techniques; see Figure 1.
For each replicate and each fractionation, we normalized each
of the three conditions IV, VI, and X by subtracting the median
from log 2-transformed reporter ion intensities. HILIC
fractionation lead to a considerably greater number of peptide
hits. Data of the same labeling replicate were merged. Relative
protein abundances were obtained by scaling, filtering, and
averaging the corresponding peptide intensities using the
RRollup function of the DanteR package.17 We used the
option “mean” instead of the default “median” and modified the
function to require a minimum of three peptides measurements
per protein. The PCA plots (Figure 3) show that the conditions
IV, VI, and X separate well even when using different
experimental techniques.
Detection of significantly differently expressed proteins was

carried out on log 2 values of the ratios between conditions VI
versus IV and X versus IV. Because the two replicates coming
from HILIC fractionation yielded a much larger number of
proteins, we applied a method suitable for data sets with many
missing values18 that combines the usage of the limma
package19 and a modified version of rank products.20,21

Proteins with q values (p values corrected for multiple testing
according to Storey22) below 0.01 for at least one of both
statistical tests were considered regulated. Furthermore, fuzzy c-
means clustering23 was used to detect common patterns within
all proteins. The required parameters were determined
according to Schwam̈mle,24 yielding 3.78 for the fuzzifier and
three clusters. We considered a protein to be member of a
cluster if the corresponding membership value was larger than
0.5.

■ RESULTS AND DISCUSSION

The choice of the developmental stages of castor seeds to be
analyzed was based on early work by Greenwood and Bewley,11

which by following strict morphological descriptors, defined the
developmental stages of the seeds. Stages IV, VI, and X (Figure
1) represent stages in which cellularization of the endosperm is
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proceeding in a wave-like manner to the chalazal end of the
seed (Stage IV), cellularization is complete and the endosperm
occupies most of the seed space (Stage VI), and endosperm is
fully mature and the seed is in a desiccated state (Stage X). The
endosperm tissues isolated from seeds in these developmental
stages are therefore in the initial, intermediary, and final stages
of deposition of reserves, as evidenced by previous studies.9,25,26

The labeling with ICPL and iTRAQ of the peptides obtained
by in-solution digestion with trypsin of the protein extracts led
to the identification of 1142 proteins (corresponding to 47 683
peptides and 3254 unique peptides) (Figure 2A,B, Table S1 in
the Supporting Information), but the number of identifications
rose to 1365 (corresponding to 12 164 peptides and 7404
unique peptides) when the samples labeled with iTRAQ and
ICPL were fractionated by HILIC prior to separation by RP-
HPLC (Figure 2A,B, Table S1 in the Supporting Information).
Even though 662 (36%) identified proteins were common to
both identification strategies, a sizable number were identified
only by ICPL and iTRAQ (480 or 26%) or by HILIC (703 or
38%), showing that the additional step of fractionation yielded
considerable improvement in the number of proteins and
unique peptides identified (Figure 2A,B). Altogether, a total of
1845 proteins (corresponding to 59 847 peptides and 7596
unique peptides) were identified (Figure 2A,B, Table S1 in the
Supporting Information), and from these 1748 could be
mapped to extant castor gene models,5 thus considerably
expanding the repertoire of castor proteins so far identi-
fied.7−9,27

According to the rules we established for normalization and
measurement of relative protein abundances between con-
ditions (Stages VI, IV, and X) (see Figure 3 and Experimental
Section for details), we determined the relative levels of 1663,
1184, and 980 proteins present in two or more labeling

replicates and with at least one, two, or three unique peptides
(Table S2 in the Supporting Information). For the following
analysis, we have decided to use a stringent criterion by:
filtering for proteins with at least three unique peptides. The
conditions were well-distinguishable on a PCA plot compared
with variance coming from different labeling methods (Figure
3A). By combining the usage of two statistical tests (see refs
19−21), better suitable than a standard t test for data sets with
few replicates and missing values, we were able to statistically
evaluate the 618 proteins and identified 459 differentially
regulated proteins using a threshold of 0.05 for the q values
(Table S3 in the Supporting Information). Additionally,
through fuzzy c-means clustering (see Experimental Section
for details), 975 proteins with three unique peptides and
present in at least one replicate could be grouped into three
clusters, each of which reflecting the trend in deposition pattern
of the proteins during seed development (Figure 4, Table S4 in
the Supporting Information). Proteins grouped in Clusters I
and III have deposition levels at Stage X that are lower than in
Stage IV including all of the less-abundant proteins shown in
Table S3 in the Supporting Information. Most of the proteins
involved in the primary metabolism are grouped into these
clusters, as, for example, the ribosomal proteins, elongation
factors, aminoacyl-tRNA-synthetases, proteasome components,
chaperones, and proteins involved in amino acid metabolism.
These two clusters, besides the proteins involved in secondary
metabolism, also contain the enzymes involved in the pathways
related to the biosynthesis and catabolism of carbohydrates and
lipids. Proteins grouped in Cluster II show increasing
deposition levels throughout the developmental stages and
within this cluster all of the up-regulated proteins in Stage X
compared with Stage IV are found shown in Table S3 in the
Supporting Information. Cluster II proteins have diverse roles

Figure 2. (A) Number of peptides, unique peptides and proteins identified using different strategies. (B) Venn diagram shows the identified proteins
using off-line hydrophilic chromatography fractionation (HILIC) or not (iTRAQ and ICPL). (C) Comparative analysis of the proteins mapped to
castor gene models5 identified in this work (ENDOSPERM) compared with three previous works − NUCELLUS, Endoplasmic Reticulum (ER),
and Seed Development (SEED).
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in the desiccation phase of seed development and in the wide
range of reactions that are directed to support the mobilization
of seed reserves to the growing embryo. In this cluster, we
found the SSP (11S globulins, 2S albumins, etc.), the oleosins
that help to stabilize the structure of the oil bodies in which the
lipid reserves are accumulated,28 and an array of peptidases,

lipases, and carbohydrases that will be involved in the
mobilization of the protein and lipid reserves during
germination. Thioredoxin, a protein that due to its ability to
reduce the SSP enhances susceptibility to peptidases,29 is also
present, together with many proteins (glutathione peroxidase,
glutathione reductase, glutaredoxin, peroxiredoxin, etc.) that

Figure 3. PCA plot showing a well-distinguishable separation of the stages in all labeling replicates (A). Violin plots of merged and normalized
technical fractions for each labeling sample (B). Volcano plots showing the distribution for the ratios Stage VI/Stage IV and Stage X/Stage IV against
the q value of the statistical tests used (t test, limma, and rank products) (C).

Figure 4. Plots showing the trend patterns of proteins identified in this work that were grouped in three clusters. Classes of the proteins present in
each cluster are shown at the bottom. PK − pyruvate kinase, 6-PGDase −6-phosphogluconate dehydrogenase, PDC − pyruvate dehydrogenase, LEA
− late embryogenesis abundant protein, GDPH − Glyceraldehyde 3-phosphate dehydrogenase, ACCase − acetyl-CoA carboxylase and FAS − fatty
acid synthase.
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will act to prevent the damage resulting from the oxidative
stress associated with the intense catabolic activity during
germination. Furthermore, Cluster II contained all enzymes of
the glyoxylate cycle that are responsible for the formation of
oxaloacetate via acetyl-CoA in the gluconeogenesis pathway.30

Ricin Isoforms

The draft of the castor genome revealed 28 putative ricin genes,
including potential pseudogenes or gene fragments.5 Here,
using the Uniprot database, we identified 82 ricin entries,
corresponding to 15 gene models, including two
(29988.m000128 and 29988.m000129) that were thought to
be pseudogenes.5 Five of the proteins coded by these genes
were identified with unique peptides, and these isoforms were
found to be more abundant throughout seed development and
are grouped in Cluster II (Table 1). Previously, we have
identified in the nucellus of castor three ricin isoforms,7 thus
raising the number of isoforms that could be mapped to extant
gene models to eight. However it should be noted that ricin is
known to undergo extensive proteolytic processing, and this
may give rise to many peptides not encoded by the genome.
Transcriptomic studies3 revealed the presence of ricin tran-
scripts in leaf and male flowers, thus giving weight to our
previous suggestion that ricin action is not circumscribed to the
embryo proper but extends to maternal tissues. We find it
significant that none of the ricin isoforms we identified in the
endosperm were also identified in the nucellus and vice versa,
thus indicating that this tissue-specificity may be related to the
role/action of a particular isoform within these tissues.

Seed Storage Proteins

Our studies led to the identification of 13 proteins that belong
to the two major classes of SSPs from castor: the 11S globulins
with 11 identifications and the 7S globulins with 2
identifications (Table 1). The 11S globulin gene family in R.
communis was previously characterized as having a total of 11
nonallelic genes, including two putative pseudogenes.31 The
high level of sulfur-containing amino acids is a feature
distinguishing the 7S globulins from the 11S globulins, and
for this reason the 7S globulins are considered to be a
specialized reserve for sulfur-containing amino acids to be
mobilized to the growing plantlet during germination.32 Our
data show that all of these 13 proteins are expressed in the
developing seed in a coordinated manner, and we find it
relevant to point out that each of them was identified with
unique peptides and that each one could be assigned to a
unique annotated castor gene model.5 Consistent with the role
of these proteins as nutrient reserves, the quantitative analysis
of the MS data led us to group these proteins in Cluster II
(Figure 4). Notwithstanding sequence similarities and coordi-
nated expression, sharp quantitative differences in the
deposition pattern of the 11S globulins could be observed,
thus suggesting the occurrence of a tight genetic control in the
expression of each individual gene. For example, the relative
concentration of the legumin A (gene model 30005.m001288)
at Stage X is 297 times higher than that at Stage IV, while for
another legumin A (gene model 29611.m000223, the
concentration ratio is 26 (Table 1). These differences raise
the question as to whether there exists a differential
mobilization of each individual protein during germination,

Table 1. Correlation between Ricin, 2S Albumin, and Storage Protein Identifications Using Uniprot Database and the Gene
Models Retrieved from Chan et al.5 a

gene model Uniprot AC protein description Cluster ratio VI/IV ratio X/IV

Ricin Family
60637.m00004 B9T7K1 rRNA N-glycosidase II 6.23 25.21
60638.m00023 B9T1S0 rRNA N-glycosidase II 3.98 30.99
60638.m00019 B9T1S2 rRNA N-glycosidase II 1.97 13.11
29791.m000533 B9SSU3 rRNA N-glycosidase II 3.28 44.73
60627.m00002 B9T8T6 ricin homologue II 8.61 216.96
2S Albumin
28166.m001081 P01089 2S albumin II 1.53 5.72
28166.m001074 B9SA29 2S albumin II 1.94 14.97
28166.m001073 B9SA28 2S albumin II 4.96 31.28
28166.m001083 B9SA37 2S sulfur-rich seed-storage protein large subunit II 3.56 10.92
30156.m001719 B9RPN9 2S sulfur-rich seed-storage protein large subunit II 3.58 3.07
Storage Protein
30005.m001289 B9SF36 legumin A II 4.21 117.81
30005.m001288 B9SF35 legumin A II 7.49 297.17
29611.m000223 B9T1B8 legumin A II 3.21 26.28
30005.m001290 B9SF37 legumin A II 1.72 34.36
29200.m000167 B9T5E6 legumin B II 5.09 19.48
29600.m000564 Q9M4Q8 legumin B II 7.48 23.89
29600.m000561 B9SDX6 legumin B II 7.82 17.37
29716.m000305 B9SW16 11S globulin subunit β II 1.32 23.08
29629.m001355 B9S9Q7 11S globulin subunit β II 3.40 12.85
29200.m000169 B9T5E7 glutelin type-A 3 II 2.74 23.05
29709.m001187 B9SKF4 nutrient reservoir II 9.42 12.89
30111.m000716 B9SK34 nutrient reservoir II 3.28 6.86
29844.m003250 B9RTM9 vicilin GC72-A II 3.01 7.72

aAll proteins were identified with a least one unique peptide and clustered. The relative abundance was measured using the Stage IV as reference.
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but we considered the answer to this question to be beyond the
scope of this work.
The 2S albumins comprise another family of SSPs from

which we have identified five members (Table 1). These
proteins are relevant not only for their role as a nutrient
reservoir during seed germination but also because they are
known to be powerful allergens, representing both a potent
occupational sensitizer and an environmental allergen.33,34 As
demonstrated by our quantitative studies, the deposition of
these five proteins is highly coordinated, and consistent with
their role as storage proteins they were grouped in Cluster II
(Figure 4, Table 1). As seen with the 11S and 7S globulins, our
quantitative studies also pointed out significant differences in
the deposition pattern of the 2S albumins (Table 1).
In addition to the SSP, we identified a plethora of proteins

that are known to be related to the desiccation phase of seed
development (Table 2) and that are thought to be useful
markers of seed maturation.35 As seen with the storage
proteins, these proteins could be grouped in Cluster II, and a
closer analysis of their deposition patterns indicates substantial
differences in the kinetics of deposition among the different
proteins. For example, while for the late maturation protein
(29601.m000448), dehydrin (29634.m002070), and the
embryonic abundant protein (29814.m000729) the relative
concentration at Stage X is, respectively, 44, 49, and 32 times
higher, for three other late embryogenesis abundant proteins
(29815.m000495, 30190.m011335, and 30131.m007082), these
values range from 1.8 to 2.5, thus suggesting that these proteins
may also play a role in earlier stages of seed development.
The oleosins are structural proteins that play a crucial role in

oil seeds by preventing the coalescence of oleosomes during the
desiccation phase of seed development, also playing a role as a
binding site for lipases during germination.28 Here we could
identify five oleosin isoforms (Table 2) and could assign to

each a unique gene model in the castor genome.5 As expected
by their involvement in the package of triacylglycerols into
oleosomes, our quantitative analysis indicated a steady increase
in its deposition during seed development (Table 2), and
consistent with this they were grouped in Cluster II (Figure 4).
Recently, Hyun et al.36 performed a computational identi-
fication and phylogenetic analysis of oil-body structural proteins
and have found a total of six putative oleosin genes; here we
have identified the products of four of these genes. These
authors also identified two putative caleosin genes, one of
which was shown to be expressed only in seeds
(30008.m000820), while the other (29673.m000932) was
expressed in seeds and young leaves. Here we identified only
the protein product corresponding to the seed specific gene.

Carbon Flow

Carbon assimilation during seed development begins with the
transport of sucrose into seeds.37 In line with the crucial role of
sucrose synthase (SUS) in this process, we identified four SUS
isoforms, which are predicted to be cytosolic (Table S1 in the
Supporting Information). Two of these isoforms (B9RT94 and
B9T3H2) were identified with only one peptide and therefore
could not be quantified. Isoforms B9SAU6 and B9RR41were
grouped in Clusters I and III, respectively (Figure 4, Table 3),
indicating that these two isoforms may have distinct roles both
in embryogenesis proper and in seed filling, as previously
observed in developing flax seeds.38 We were unable to identify
any invertase isoform, even though 14 invertase gene models in
castor were proposed by Chan et al.,5 thus giving weight to the
notion that SUS plays a predominant role vis-a-̀vis invertase in
the entry of carbon into metabolism in nonphotosynthetic
cells.39

Our data highlight that in developing castor seeds the
availability of carbon compounds to be used for the synthesis of
fatty acids in plastids is guaranteed by the operation of the

Table 2. Correlation between LEAs and Oleosins Protein Identifications Using Uniprot Database and the Gene Models
Retrieved from Chan et al.5a

gene model Uniprot AC protein description cluster ratio VI/IV ratio X/IV

Late Embryogenesis Abundant Protein (LEA)
29601.m000448 B9SWY7 late seed maturation protein P8B6 II 2.86 44.05
29814.m000729 B9SQP0 embryonic abundant protein II 3.14 49.43
29889.m003401 B9S010 late embryogenesis abundant II 1.86 8.05
29647.m002058 B9S3Z7 late embryogenesis abundant protein D-34 II 2.04 8.50
29634.m002070 B9S696 dehydrin xero II 1.95 32.79
29815.m000495 B9SRL2 late embryogenesis abundant II 1.25 1.79
30190.m011335 B9RBC1 late embryogenesis abundant II 1.11 2.08
29841.m002806 B9RV15 late embryogenesis abundant protein D-7 II 1.22 9.12
29844.m003281 B9RTR0 late embryogenesis abundant protein D-34 II 1.99 3.47
30131.m007082 B9RH90 late embryogenesis abundant protein II 1.71 2.58
30174.m008670 B9RDY8 late embryogenesis abundant protein Lea14-A
30128.m008646 B9REU2 late embryogenesis abundant protein D-34
29647.m002057 B9S3Z6 late embryogenesis abundant protein D-34
29634.m002127 B9S6F3 late embryogenesis abundant
28266.m000192 B9T526 late embryogenesis abundant protein Lea14-A
Oleosin
29794.m003372 B9RRX4 oleosin II 0.97 4.90
29917.m001992 Q5VKJ9 oleosin (oleosin1) II 1.66 2.44
30147.m014333 Q5VKJ8 oleosin II 1.90 2.65
30147.m013891 B9RAW7 oleosin 18.2 kDa II 0.49 4.67
30174.m008728 B9RE45 oleosin II 0.61 1.62

aAll proteins listed below were identified with a least one unique peptide, and some of them were clustered. The relative abundance was measured
using the Stage IV as reference.
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Table 3. Correlation between Identified Proteins Related to Carbon Flow (Glycolysis and Pentose Phosphate Pathway) Using
Uniprot Database and the Gene Models Retrieved from Chan et al.5 a

path no. gene model Uniprot AC protein description cluster ratio VI/IV ratio X/IV TargetP

1 29739.m003693 B9RR41 sucrose synthase III 0.59 0.31
1 29726.m004086 B9RT94 sucrose synthase
1 29986.m001646 B9SAU6 sucrose synthase I 0.37 0.41
1 29951.m000143 B9T3H2 sucrose synthase
2 29630.m000793 B9SJB6 phosphorylase chloro
3 30174.m008935 B9RDH7 fructokinase chloro
3 30204.m001759 B9S525 fructokinase secret
3 28609.m000204 B9T2J6 fructokinase
3 29569.m000151 B9T544 fructokinase I 0.43 0.38 secret
4 30147.m014138 B9R9J6 phosphoglucomutase chloro
4 29692.m000529 B9SP64 phosphoglucomutase I 0.63 0.66
4 27516.m000169 B9T3D2 phosphoglucomutase II 0.85 1.38 mito
5 30170.m014025 B9R7S8 glucose-6-phosphate isomerase I 0.91 0.35
5 29908.m006236 B9RJU9 glucose-6-phosphate isomerase III 0.49 0.90 chloro
6 30170.m013807 B9R8U5 phosphofructokinase I 0.43 0.46
6 29842.m003527 B9RXE7 phosphofructokinase III 0.72 0.27 chloro
7 30131.m007128 B9RHD4 fructose-bisphosphate aldolase chloro
7 30154.m001149 B9S0W4 fructose-bisphosphate aldolase
7 29660.m000779 B9SJY9 fructose-bisphosphate aldolase III 0.63 0.20 chloro
7 29092.m000460 B9SRH4 fructose-bisphosphate aldolase III 0.82 0.29
7 28623.m000391 B9SZT9 fructose-bisphosphate aldolase chloro
7 29988.m000122 B9T5T6 fructose-bisphosphate aldolase III 0.67 0.15
8 29711.m000323 B9STC9 triosephosphate isomerase I 0.71 0.91 chloro
8 30028.m000254 B9SZM2 triosephosphate isomerase III 0.79 0.60
8 27383.m000156 B9T4H8 triosephosphate isomerase III 0.93 0.53
8 32915.m000014 B9TBD2 triosephosphate isomerase II 0.87 1.13
9 30147.m013783 B9RAL0 glyceraldehyde 3-phosphate dehydrogenase III 0.75 0.38 mito
9 30147.m013787 B9RAL3 glyceraldehyde 3-phosphate dehydrogenase mito
9 30190.m010986 B9RBN8 glyceraldehyde 3-phosphate dehydrogenase III 0.73 0.18
9 30169.m006270 B9RHV9 glyceraldehyde 3-phosphate dehydrogenase I 0.02 0.14 chloro
9 47543.m000013 B9TBB7 glyceraldehyde 3-phosphate dehydrogenase
10 30169.m006296 B9RHY3 phosphoglycerate kinase I 0.25 0.32
10 30169.m006297 B9RHY4 phosphoglycerate kinase I 0.26 0.43 chloro
10 29950.m001117 B9SHE4 phosphoglycerate kinase secret
11 30073.m002196 B9S1V6 2,3-bisphosphoglycerate-independent phosphoglycerate mutase III 0.82 0.38
11 30073.m002196 P35493 2,3-bisphosphoglycerate-independent phosphoglycerate mutase III 0.59 0.26
12 30147.m014180 B9R9N6 enolase III 0.56 0.14
12 30174.m009039 B9RE72 enolase III 0.61 0.30 chloro
12 29751.m001807 B9S376 enolase
12 29092.m000447 B9SRG1 enolase
12 29092.m000447 P42896 enolase III 1.02 0.43
13 30131.m07299 B9RGK5 pyruvate kinase I 0.48 0.44
13 30169.m006558 B9RIP4 pyruvate kinase I 0.47 0.34 chloro
13 29827.m002563 B9S1I3 pyruvate kinase III 0.41 0.21 chloro
13 30099.m001688 B9S7Y5 pyruvate kinase chloro
13 28842.m000927 B9SBM7 pyruvate kinase
13 29950.m001161 B9SHI6 pyruvate kinase chloro
13 29815.m000503 B9SRM0 pyruvate kinase III 0.43 0.20 chloro
13 28448.m000357 B9ST42 pyruvate kinase
13 27428.m000106 B9T6R6 pyruvate kinase
13 29827.m002563 P55964 pyruvate kinase isozyme G, chloroplastic I 0.34 0.17
13 29844.m003195 Q43117 pyruvate kinase isozyme A, chloroplastic chloro
13 29844.m003195 Q43117−2 pyruvate kinase isozyme A, chloroplastic III 0.62 0.25 chloro
14 29929.m004613 B9RMA8 glucose-6-phosphate 1-dehydrogenase chloro
14 27721.m000026 B9T8C1 glucose-6-phosphate 1-dehydrogenase secret
15 30213.m000666 B9RWU5 6-phosphogluconolactonase
16 30190.m010775 B9RCL8 6-phosphogluconate dehydrogenase, decarboxylating I 0.45 0.42 secret
16 29841.m002898 B9RVA7 6-phosphogluconate dehydrogenase, decarboxylating secret
16 29832.m000313 B9SXT4 6-phosphogluconate dehydrogenase, decarboxylating I 0.70 0.59
17 phoshopentose isomerase
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glycolytic and pentose phosphate pathways both in the plastid
and in the cytoplasm (Table 3). With the exception of
phosphoglyceromutase (PGM, EC 5.4.2.1) from which only the
cytosolic representative was found, we identified all of the
cytosolic and plastidic isoforms of the glycolytic enzymes. PGM
catalyzes the interconversion of the phosphate group between
the C-3 carbon of 3-phosphoglycerate (3-PGA) and the C-2
carbon of 2-phosphoglycerate (2-PGA),40 and two classes of
these enzymes are known to exist: a cofactor dependent
requiring 2,3-bisphosphoglycerate for activity (dPGM), which
is present in vertebrates, certain fungi, and bacteria, and a
cofactor independent (iPGM) that occurs in plants, some
invertebrates, fungi, and bacteria.40 PGM has been purified
from castor endosperm41 and is shown to be an iPGM. These
authors confirmed that this isoform is present in the cytosol,
being absent in plastids, and they predicted that if a plastid form
of PGM is present in castor endosperm it must be structurally
unrelated to cytosolic PGM (Huang et al., 1993). As previously
mentioned, we identified one iPGM (corresponding to gene
model 30073.m002196), which is predicted to be cytoplasm
located and has a deposition pattern (Table 3 and Tables S2
and S3 in the Supporting Information) similar to the one
determined by Huang et al.41 The annotation of the castor
genome established 2 gene models for iPGM and 10 gene
models for dPGM.5 Here, although we identified one of the
two iPGM isoforms, we were unable to identify any of the 10
putative dPGM, but a preliminary proteome analysis of the
plastids from developing castor seeds lead us to identify one
dPGM isoform (unpublished results). Recently, iPGM isoforms
were identified in the proteomes of chloroplast stroma of
Arabidopsis,42 in chloroplasts of maize,43 and in tomato
chromoplast,44 thus suggesting the possibility that in plants
iPGM is cytoplasmic while dPGM is plastidial.
In addition to the transport to the plastid of phosphoe-

nolpyruvate (PEP) generated by cytosolic glycolysis, another
major route of carbon flow in developing seeds is the
conversion of PEP to oxaloacetic acid, followed by its
conversion to malate, the import of malate in the plastid and
its decarboxylation to pyruvate that is then converted to acetyl-
CoA.38 Here we found evidence of the functioning of this
route, as we have identified all of the relevant enzymes as well
as an oxoglutarate/malate carrier protein (Table SI in the
Supporting Information).
The presence of a third route of carbon flow in developing

castor seeds is indicated by the identification of the small and
large subunits of Rubisco, even though we did not identify any
of the enzymes directly involved in photosynthesis (Table SI in
the Supporting Information). When first observed in green
oilseeds, the action of Rubisco without the Calvin cycle was

considered to be an adaptive feature counterbalancing for the
loss of one-third of the carbon as CO2 as a result of the
conversion of carbohydrate to oil through glycolysis:45 In
developing seeds of Brassica napus, Rubisco action provides
20% more acetyl-CoA for fatty acid synthesis and results in 40%
less loss of carbon as CO2.

45,46 At first the action of Rubisco
apart of the Calvin cycle was thought to occur only in green
oilseeds, but subsequent studies with nongreen oilseeds
provided evidence of the widespread occurrence of this
action.9,38,47,48 Our results thus support that this route is fully
functional in the endosperm of developing castor seeds.

Lipid Metabolism

In oil seeds like castor, fatty acid synthesis occurs in the plastids
and requires acetyl-CoA to synthesize mainly oleic and palmitic
acid. The first step of this pathway depends on the acetyl-CoA
that can be supplied by the plastidial pyruvate dehydrogenase
complex (PDC) or acetyl-CoA synthetase, although the PDC
provides acetyl-CoA and NADH for de novo fatty acid
biosynthesis.49,50 Here we found plastidial isoforms of all
subunits of the PDC (E1 α and E1 β − pyruvate
dehydrogenase, E2 − dihydrolipoamide acetyltransferase, and
E3 − dihydrolipoyl dehydrogenase) (Table 4). Further steps
for fatty acid synthesis require the acetyl-CoA carboxylase
(ACCase) and fatty acid synthase (FAS) complexes, and
isoforms from both of them were identified in this study (Table
4). Different enzymes are required to assemble the fatty acids in
triacylglycerols; the majority of them were identified in a
previous study where the endoplasmic reticulum proteome was
investigated.8 In our analysis, we confirmed the identification of
some of these enzymes as, for example, glycerol-phosphate
acyltransferases (B9T011 and B9T753) and phospholipases
(B9RV56) (Table 4).
Besides the identification of a full gamut of proteins related

to lipid biosynthesis (Table S1 in the Supporting Information),
a wide range of proteins related to lipid catabolism were also
identified, including the four enzymes of the β-oxidation
pathway, enzymes of the glyoxylate cycle such as isocitrate lyase
and malate synthase, several mono- and triacylglycerol lipases,
and two phospholipases (Table 4). The mobilization of fatty
acids during seed development has been previously studied,
especially in the case of developing embryos of Brassica napus,
where it was shown that at least 10% of the triacylglycerol is
lost during the desiccation phase of seed development.51

Transcriptional studies in developing castor seeds have shown
the presence of significant levels of transcripts related to lipid
breakdown,3 and this was followed by the identification of
enzymes from the β-oxidation and glyoxylate pathways in the
nucellus of developing castor seeds.7 In this study, the role of
several peptidases in programmed cell death (PCD) in the

Table 3. continued

path no. gene model Uniprot AC protein description cluster ratio VI/IV ratio X/IV TargetP

18 ribose 5P epimerase
19 30174.m008857 B9RDA1 transketolase III 0.58 0.16 chloro
19 28507.m000160 B9T0B2 transketolase chloro
20 30128.m008566 B9RG09 transaldolase III 0.62 0.15 chloro
20 28200.m000195 B9T2V8 transaldolase total2 III 0.37 0.18 chloro
21 30170.m014025 B9R7S8 glucose-6-phosphate isomerase I 0.91 0.35
21 29908.m006236 B9RJU9 glucose-6-phosphate isomerase III 0.49 0.90 chloro

aAll proteins were identified with at least one unique peptide, and some of them were clustered. The relative abundance was measured using the
Stage IV as reference. The pathway number (path no.) is correlated with the metabolic pathway. Protein localization was performed using protein-
targeting prediction program − TargetP.
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Table 4. Correlation between Identified Proteins Related to Triacylglycerol Metabolism Using Uniprot Database and the Gene
Models Retrieved from Chan et al.5 a

enzyme gene model Uniprot AC protein description cluster ratio VI/IV ratio X/IV TargetP

PDC 30128.m009036 B9RFW4 pyruvate dehydrogenase I 0.46 1.05 mito
PDC 30076.m004445 B9RNK3 pyruvate dehydrogenase I 0.52 0.38 chloro
PDC 29693.m001991 B9S0Z5 pyruvate dehydrogenase I 0.44 0.36 chloro
PDC 29736.m002097 B9S2H9 pyruvate dehydrogenase I 0.43 0.64 chloro
PDC 29706.m001326 B9S5V2 dihydrolipoamide acetyltransferase II 1.17 1.08
PDC 29728.m000838 B9SLH2 dihydrolipoamide acetyltransferase III 0.79 0.53 chloro
PDC 28883.m000717 B9ST02 dihydrolipoyllysine-residue acetyltransferase III 0.59 0.37 chloro
PDC 29889.m003358 B9RZW7 dihydrolipoyl dehydrogenase II 1.03 1.19 mito
PDC 29889.m003272 B9RZN2 dihydrolipoamide dehydrogenase III 0.69 0.32 chloro
ACCase 29729.m002301 B9S484 biotin carboxyl carrier protein III 0.55 0.24 chloro
ACCase 29630.m000809 B9SJD0 biotin carboxyl carrier protein I 0.21 0.35 chloro
ACCase 30185.m000954 B9S1E2 biotin carboxylase subunit III 0.42 0.21 chloro
ACCase 30185.m000954 Q41133 biotin carboxylase mito
ACCase 27798.m000585 B9SPE5 carboxyl-transferase, subunit chloro
ACCase 28890.m000006 B9TAH3 carboxyl-transferase, subunit
FAS 28455.m000368 A6N6J4 ketoacyl-ACP synthase III (KAS III) chloro
FAS 30113.m001448 B9RRJ0 malonyl-CoA: ACP acyltransferase III 0.50 0.20 chloro
FAS 29693.m002034 Q41135 50 kDa ketoacyl-ACP synthase II 0.63 1.44 chloro
FAS 29739.m003711 Q41134 chloroplast β-ketoacyl-ACP synthase III 0.69 0.50 chloro
FAS 29929.m004732 B9RMM7 ketoacyl-ACP reductase (KAR) III 1.11 0.22 chloro
FAS 29950.m001148 B9SHH3 short-chain type dehydrogenase III 0.93 0.26 chloro
FAS 30200.m000354 B9SDU7 hydroxyacyl-ACP dehydrase I 0.71 0.59 chloro
FAS 27843.m000160 B9T5D7 enoyl-ACP reductase III 0.61 0.41 chloro
FAS 29650.m000277 B9SVD7 short-chain dehydrogenase chloro
FAS 29929.m004514 B5AY35 acyl-[acyl-carrier-protein] desaturase III 0.54 0.17 mito
FAS 27985.m000877 B5AY36 acyl-[acyl-carrier-protein] desaturase III 0.51 0.18 chloro
FAS 29929.m004514 B9RM11 acyl-[acyl-carrier-protein] desaturase III 0.47 0.23 mito
FAS 29929.m004515 B9RM12 stearoyl-ACP desaturase mito
FAS 29929.m004515 C0KWD3 stearoyl-acyl-carrier protein desaturase
FAS 30020.m000203 P22337 acyl-[acyl-carrier-protein] desaturase, chloroplastic III 0.58 0.25 mito
FAS 30217.m000262 A9XK92 acyl-ACP thioesterase FatA chloro
FAS 30217.m000262 A9XK92 acyl-ACP thioesterase FatA chloro
FAS 29841.m002798 B9RV07 acyl-protein thioesterase mito
FAS 28320.m001083 B9SEM5 acyl-protein thioesterase
FAS 30066.m000711 B9SLW9 acyl-CoA thioesterase chloro
ACS 29908.m006186 B9RJ88 long-chain-fatty-acid CoA ligase secret
ACS 29732.m000322 B9T1U3 long-chain-fatty-acid CoA ligase
GPAT 27568.m000266 B9T011 ER glycerol-phosphate acyltransferase
GPAT 28350.m000105 B9T753 ER glycerol-phosphate acyltransferase mito
LIPASE 29841.m002847 B9RV56 phospholipase D III 0.69 0.18
LIPASE 29841.m002847 Q41142 phospholipase D α 1 (PLD 1) I 0.53 0.40
LIPASE 30183.m001305 A0T1K1 acidic triacylglycerol lipase 2 II 1.82 14.37
LIPASE 27660.m000084 B9T6U9 monoglyceride lipase
LIPASE 29884.m000182 B9T502 triacylglycerol lipase
LIPASE 29884.m000182 Q5S8F1 lipase
LIPASE 29935.m000048 Q5VKJ7 lipase II 1.24 4.93
ACS 29908.m006186 B9RJ88 long-chain-fatty-acid CoA ligase secret
ACS 29732.m000322 B9T1U3 long-chain-fatty-acid CoA ligase
ACOX 29646.m001117 B9SGN6 acyl-coenzyme A oxidase
AD 29726.m004084 B9RT92 putative uncharacterized protein (acyl-CoA dehydrogenase)
HAD 29912.m005496 B9RKN5 3-hydroxyacyl-CoA dehyrogenase
HAD 29726.m004067 B9RT76 3-hydroxyacyl-CoA dehyrogenase II 0.86 1.55
HAD 29848.m004538 B9RNV7 enoyl-CoA hydratase mito
Th 29904.m002984 B9RWL7 3-ketoacyl-CoA thiolase B I 0.72 0.90
ACAT 29732.m000314 B9T1T5 acetyl-CoA acetyltransferase III 0.82 0.47
ACAT 34989.m000014 B9TF55 acetyl-CoA acetyltransferase
LIPID BINDING 30128.m008670 B9REW6 acyl carrier protein III 0.59 0.27 chloro
LIPID BINDING 29726.m003980 B9RSZ1 acyl carrier protein chloro
LIPID BINDING 30128.m008808 B9RF93 acyl-CoA binding protein
LIPID BINDING 29827.m002594 B9S1L3 acyl-CoA-binding protein III 0.72 0.46
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nucellus of developing castor seeds was discussed as well as the
role of PCD in providing reducing power and carbon and
nitrogen sources to the developing endosperm. In addition to
the breakdown of proteins, the breakdown of fatty acids in cells
undergoing PCD could very well fulfill this role not only in the
nucellus itself but also in the developing endosperm, as PCD in
cell layers surrounding the developing embryo is known to
occur. Put together, these observations indicate that lipid
turnover may be a normal feature of the development of castor
and other oil seeds, and its occurrence has an obvious
implication for oil yield and also puts into question the idea
that controlling degradation of oil and fatty acids during
embryo development could be a useful strategy to improve oil
yield in existing crops or in those engineered to produce other
industrial fatty acids.52

■ CONCLUSIONS
In conclusion, we have successfully applied iTRAQ and ICPL
labeling to quantify proteins present in the castor seed
development. Indeed we have identified with high confidence
a total of 1875 proteins and described their modulation during
seed development. Additionally, this work give important
insights into certain aspects of the biology of castor seed
development such as carbon flow, anabolism, and catabolism of
fatty acid and the pattern of deposition of SSP, toxins, and
allergens such as ricin and 2S albumins. We also found, for the
first time, some genes of SSP that are differentially expressed
during seed development. Taken together these data represent
a step forward in understanding the molecular mechanisms that
regulate the development of Castor oil seed (Ricinus communis
L.), a plant of industrial importance.
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