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We studied the temporal and spatial expression of the 2S albumin in castor (Ricinus communis L.)
during seed development, germination, post-germination, and plant development. Quantitative
polymerase chain reaction analysis showed that the 2S albumin transcript accumulated to a maximum
level at the middle of seed development, showing a bell-shaped temporal pattern. Residual levels of
the transcript were present in the mature seed and degraded rapidly upon germination. Immunode-
tection analysis was performed using an anti-2S albumin antibody under reducing conditions. During
seed development, the 2S albumin precursor pro-protein began to be synthesized at 26 days after
pollination (DAP); the pro-protein was thereafter processed to mature proteins at 40 DAP, suggesting
that the post-translation modification of 2S albumin takes place during this time period. Both the 2S
albumin precursor pro-protein and the mature proteins accumulated throughout seed maturation and
desiccation stages. During seed germination, both forms of the 2S albumin proteins were present in
endosperm and cotyledon until the completion of germination and degraded rapidly afterwards.
However, the antibody also detected a group of proteins/peptides in endosperm and cotyledon when
the seeds progressed to germination and post-germination stages. A 14 kDa protein in the leaves of
fully developed seedlings and mature plants also reacted to the anti-2S albumin antibody. The identity
of the proteins accumulated in germinating seed and leaf remains unknown.
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INTRODUCTION

Plant seeds contain a large amount of starch, proteins, and/
or lipids as storage reserves. Storage proteins consist of 10 to
40% of the seed dry weight (1). During seed germination, they
are mobilized to support the growth of a young seedling. 2S
albumins are low molecular weight storage proteins that are
widely distributed in dicotyledonous seeds (1). Youle and Huang
(2) showed the presence of the proteins in a specialized storage
compartment, a protein storage vacuole (PSV), in the seed
endosperm of castor (Ricinus communis L.). In an oilseed crop
castor, the 2S albumin gene is present as a precursor form [776
base pair (bp) in size; (3)]. During seed development, it is
expressed to yield a single 2S albumin precursor pro-protein
(prepro2S albumin; 29.3 kDa) containing a signal peptide at
the N-terminal (3, 4). The signal peptide is cleaved off in the
lumen of the endoplasmic reticulum, and the resulting protein
(pro2S albumin) is transferred to the PSV. Then, it is processed
into two hetero-dimeric mature proteins, RicC1 and RicC3. Each
mature protein is composed of a small and a large subunit linked

by disulphide bonds (5–7). The schematic diagram of the
prepro2S albumin and the two mature 2S albumins is shown in
Figure 1. During castor seed germination, storage proteins,
including 2S albumins, are converted into amino acids by
proteases, such as cystein endopeptidase (8, 9). When the
mobilization of storage reserves is complete, castor endosperm
undergoes nuclear DNA fragmentation and programmed cell
death (8, 10).

In addition to its primary role as a storage protein, 2S albumin
is also the major allergen in castor seeds. Most (96%) castor
seed-sensitive patients developed the IgE antibody specific to
the 2S albumin protein (11). Accordingly, it poses serious health
concerns to the castor growers and castor oil factory workers
(12). The presence of 2S albumins is one of the reasons that
the American farmers have lost interest in growing castor
commercially, although the lucrative market for the oil still
exists. 2S albumins in other plant species, such as mustard seeds
(13), sesame seeds (14), Brazil nuts (15), English walnuts (16),
and cashew nuts (17) are also known to have allergenic
properties, suggesting that the 2S albumin protein family is
intrinsically allergenic.

We are developing a safe castor crop by eliminating 2S albumin
from castor seed through a gene silencing approach. As part of
the approach, we previously characterized the 2S albumin gene
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and its transcript in developing seeds using RNA hybridization
analysis (18). We report here a comprehensive survey on the
temporal and spatial expression patterns of the 2S albumin transcript
and proteins in various tissues and at different developmental stages.
In addition, our analysis revealed a group of unknown proteins
whose expressions were detected by an anti-2S albumin antibody
in germinating seed, true leaf of seedling, and leaf of mature plants.
The results raise interesting questions for future investigation on
the identity and function of these proteins.

MATERIALS AND METHODS

Plant Materials. Castor seeds (R. communis L. cultivar “Hale”) were
obtained from the U.S. Dept. of Agriculture, Germplasm Resources
Information Network, Southern Regional Plant Introduction Station
(Griffin, GA). Seeds were planted in a commercial peat-vermiculite
growth mixture (Scotts, Marysville, OH), and plants were grown in a
greenhouse at temperatures ranging from 18 to 28 °C (night/day) under
a 15/9 h (day/night) photoperiod with light supplemented by metal
halide lighting at an intensity of 1000 to 1250 µeinstein m-2 s-1.
Developing seed samples were obtained as described previously (18).
Briefly, mature female flower buds just before opening were hand
pollinated and labeled as 0 days after pollination (DAP). Developing
seeds harvested at 7 day intervals from 19 to 61 DAP were dissected
out from seed coat, frozen in liquid nitrogen, and stored at -80 °C
until use. For seed germination, mature seeds were surface sterilized
in a 0.25% (v/v) sodium hydrochloride solution for 15 min followed
by five rinses in sterile deionized water. The seeds were then placed
on the germination medium [half-strength MS medium (19), pH 5.7,
without sucrose] and incubated at 30 °C in the dark. The endosperm,
cotyledon, and embryo axis were separated by using a dissecting knife
and pooled from at least five germinating seeds. The tissues were collected
daily and frozen at -80 °C until use. In mature and germinating seeds
until 6 days after imbibition (DAI), the cotyledon was tightly attached to
the endosperm; thus, the cotyledon samples obtained during this period
contained some of the surrounding endosperm tissues.

Quantitative Polymerase Chain Reaction (qPCR) Analysis. Total
RNA was isolated from various castor tissues using RNeasy plant mini
kit (Qiagen, Valencia, CA). The buffer RLC, which contains guanidine
hydrochloride, was used to lyse cells. The concentrations of RNA
samples were estimated by using a spectrophotometer and gel electro-
phoresis. Purified RNA (1 µg) was reverse transcribed using the
QuantiTect reverse transcription kit (Qiagen, Valencia, CA), which
includes a genomic DNA removal step. Primers for the 2S albumin
gene (GenBank accession X54158) were designed using the Beacon
designer software (PREMIER Biosoft International, Palo Alto, CA) as
follows: forward (5′-ACGAGTCAAAGGGTGAAAGG) and reverse
(5′-CTGCTGAATCTGATCCTCTGC). This primer set would amplify
a 267 bp fragment. A set of primers (forward 5′-GAATCCACGAGAC-
TACATACAAC and reverse 5′-TTATGAAGGTTATGCTCTC, am-
plicon size: 176 bp) was also designed for the actin gene (GenBank

accession AY360221) to be used as an internal control for the
normalization of the 2S albumin gene expression.

Real-time polymerase chain reaction (PCR) analysis was performed
using the SYBR Green I supermix (Bio-Rad, Hercules, CA) and the
iCycler system (Bio-Rad, Hercules, CA) according to the manufacturer’s
instructions. The PCR mix (25 µL) contained 10 µL of cDNA template
(0.05 µg per reaction), 1X SYBR Green I supermix, and 300 nM
forward and reverse primers. The PCR thermal-cycling parameters were
as follows: initial 95 °C for 3 min, followed by 40 cycles each of 95
°C for 10 s and 55 °C for 30 s. The melting curve was generated to
confirm the specificity of the amplified products, using thermal cycles
of 95 °C for 1 min and 50 °C for 1 min, and followed by 80 cycles of
a temperature increase by 0.5 °C (for 10 s) from 50 °C.

To confirm the amplification efficiency of the primers, standard
curves were generated using six serial dilutions (10-fold) of the template,
which was a mixture of cDNAs from 19 to 54 DAP samples with the
starting concentration at 2.5 ng/µL. Correlation coefficients of 0.99 or
higher and PCR amplification efficiencies between 85 and 105% were
accepted. PCR products were separated by gel electrophoresis to ensure
a single product with the expected size.

For the statistical analysis, the threshold cycle (Ct) of each sample
was obtained using the iCycler software. Relative gene expression was
calculated according to the Pfaffl model (20). The ratio of the 2S
albumin cDNA in comparison to the actin cDNA at 33 DAP was given
an arbitrary value of 10. Expression levels of triplicates were averaged
for each sample, and the reproducibility of PCR results was confirmed
in at least two independent experiments.

Protein Extraction and Electrophoresis. Total proteins from
various castor tissues were extracted by first homogenizing samples in
the extraction buffer [0.3% sodium dodecyl sulfate (SDS), 200 mM
dithiothreitol, and protease inhibitor cocktail (Complete Mini, Roche,
Indianapolis, IN) in 1X phosphate buffered saline (Invitrogen, Carlsbad,
CA)]. Lysate was incubated at 70 °C for 5 min and, then, on ice for 10
min. After centrifuging for 5 min at 12000 × g (4 °C), clear supernatant
was taken, avoiding the precipitants and the upper oil layer. The
centrifugation was repeated until a clear protein solution was obtained.
Protein quantification was performed according to the Bradford assay
(21). An equal quantity of protein (20 µg) was resolved on an 18%
SDS–polyacrylamide gel electrophoresis (SDS-PAGE; Invitrogen,
Carlsbad, CA). To examine the total protein profile, gels were stained
with the Coomassie Blue G-250 (Bio-Rad, Hercules, CA) and dried
using the DryEase Mini-Gel Drying System (Invitrogen, Carlsbad, CA),
according to the manufacturers’ instructions.

Protein Immunodetection. Proteins resolved on an 18% SDS-PAGE
gel were electroblotted to a polyvinylidene difluoride (PVDF) membrane
(Roche, Indianapolis, IN). Immunodetection analyses were performed
using a polyclonal antibody raised against a peptide sequence from
the small subunit of RicC3 (RQEVQRKDLSSCERYLRQS; Custom
antibody, Invitrogen, Carlsbad, CA). This peptide region (Figure 1)
was recommended by the manufacturer because of its high antigenicity
when the whole prepro2S albumin sequence was analyzed using the
manufacturer’s algorithms. Accordingly, the anti-2S albumin antibody
was expected to react to both the prepro2S albumin (29.3 kDa) and
the small subunit of the mature 2S albumin RicC3 (4.2 kDa) when
proteins were extracted under a reducing condition. The ECL Plus
system (Amersham Biosciences, Pittsburgh, PA) was used to visualize
the proteins. Chemiluminescent signals were detected on Hyperfilm
(Amersham Biosciences, Pittsburgh, PA). The protein immunodetection
analysis was performed three times independently. To quantify the
accumulation of the 14 kDa protein in leaf, a densitometer (Bio-Rad
Gel Doc 2000, Hercules, CA) was used. The level of the protein in the
young leaf was given an arbitrary value of 2, and it was used to
normalize that level in the mature leaf. The densitometry was performed
twice using two independent immunodetection data sets, and the bar
graph represents the average of the trials.

RESULTS

Morphological Changes during Seed Development, Seed
Germination, and Post-Germination. A mature castor seed
consists of a mass of cellular endosperm and an embryo that

Figure 1. Schematic representation of the prepro2S albumin and the
mature 2S albumins in castor. The peptide region, against which an anti-
2S albumin antibody was generated, is marked with bars. The schematic
diagram is proportional to the actual size of the proteins. ER, endoplasmic
reticulum; L-C1, large subunit of RicC1; L-C3, large subunit of RicC3;
S-C1, small subunit of RicC1; S-C3, small subunit of RicC3; and SP,
signal peptide.
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has two papery thin cotyledons attached to an embryo axis lying
in the center of the endosperm. We have previously character-
ized the morphological changes of developing castor seeds
(germplasm line PI215769) and established a staging system
of castor seed development (18). In this study, we collected
developing seeds from a cultivar “Hale” based on the staging
system and observed similar morphological changes during seed
development (data not shown). Briefly, after pollination, seeds
grew rapidly and reached their full sizes at 19 DAP. The
majority of the volume in seeds was filled with inner integument
tissue that contained mostly water. At 26 DAP, the seed
endosperm started to expand, replacing the inner integument,
and eventually occupied more than 90% of the seed volume by
40 DAP. The endosperm then underwent maturation up to 54
DAP. At 61 DAP and after, the seeds were completely mature
and began desiccation.

Upon imbibition, castor seeds started to swell, taking up water
(data not shown). At 4 DAI, the embryo axis emerged out of

the seed coat, completing germination. During the post-
germination stage, after 5 DAI, the cotyledons and endosperm
continued to expand, and the hypocotyl and root system started
to develop. At 7 DAI, the endosperm was consumed and
detached from the cotyledons of the young seedling. Because
the embryo axis develops into the hypocotyl and the root of a
young seedling after germination is complete at 4 DAI, mixed
samples from both the hypocotyl and the root tissues were used
for total protein and inmmunodetection analyses for the Figure
3G,H, 5 to 8 DAI lanes.

Transcript Level of the 2S Albumin Gene in Castor. The
transcript level of the 2S albumin gene in a cultivar “Hale” was
determined using qPCR. During seed development, the 2S
albumin transcript was at the lowest level in seeds at 19 DAP
(Figure 2A). The transcript increased slowly to higher levels
at 26 and 33 DAP and then rose quickly to a maximum level at
40 DAP when the cellular endosperm reached its full expansion
(18), resulting in a seven-fold induction of the transcript between
33 and 40 DAP. After, the amount of the transcript decreased
gradually. Residuals of the 2S albumin transcript remained in
dry seeds (Figure 2B). When examined closely, the cotyledon
exhibited a slightly higher level of the transcript than the
endosperm. The amount of the transcript was the lowest in the
embryo axis, showing 15% of the level in the cotyledon. When
the seed started imbibing and germinating, the residual tran-
scripts degraded very rapidly in all the tissues within 2 DAI.
After 3 DAI, the 2S albumin transcript was no longer detectable.
In addition, the 2S albumin transcript was not found in any
nonseed tissues, such as flower (female and male), leaf, stem,
and root from 4-month-old adult plants (data not shown).

Profile of Total Proteins and 2S Albumin in Developing
Castor Seeds. The accumulation of the total protein in develop-
ing castor seeds is shown in Figure 3A. In the seeds at early
developmental stages between 19 and 33 DAP, proteins with
high molecular weight from 40 to 60 kDa were dominantly
present. These proteins degraded rapidly after 40 DAP. How-
ever, in 26 DAP seed, when the endosperm starts to develop
(18), three groups of proteins with molecular masses of 30–37,
19–22, and 4 kDa started to be synthesized. The proteins became
predominant at the time of maturation (47–61 DAP), which
suggested that they were storage proteins. There were minor
proteins detected at 14 and 10 kDa in developing seeds after
26 DAP. Our results showed that the developing castor seed
undergoes coordinated changes in protein expression from high
to low molecular mass ranges. The synthesis of the seed storage
proteins coincided with the endosperm development.

As stated in the Introduction, a single prepro2S albumin
undergoes post-translational modification to produce two
mature 2S albumin proteins, RicC1 and RicC3, consisting
of hetero-dimeric subunits linked by disulfide bonds (Figure
1). A polyclonal antibody was raised against a peptide region,
whose sequence was derived from the small subunit of RicC3.
In this study, total proteins were extracted under reducing
conditions, separating the small and large subunits of the
mature proteins. Accordingly, our anti-2S albumin antibody
was expected to react to the prepro2S albumin (29.3 kDa)
and the small subunit of the mature protein RicC3 (4.2 kDa)
from the seed protein extract. This antibody allowed us to
examine not only the accumulation of the two different forms
of 2S albumins but also the timing of the post-translational
modification. As shown in Figure 3B, the anti-2S albumin
antibody detected only the prepro2S albumin and the small
subunit of the mature RicC3 in developing seed, showing a
high specificity. The prepro2S albumin started to be synthe-

Figure 2. Expression profile of the 2S albumin gene in castor seeds.
The transcript levels of the 2S albumin in (A) developing seeds and in
(B) three different tissues (cotyledon, endosperm, and embryo axis) of
germinating seeds were analyzed by using quantitative real-time PCR
analysis. The levels of the 2S albumin transcript were normalized to that
of the actin gene. The error bars show the standard error of the means.
DS, dry seed.
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sized at 26 DAP. The levels of the protein increased to a
plateau at about 40–47 DAP when the endosperm reached

its maximum volume (18) and remained at the same high
level thereafter. Whereas, the small subunit of the mature

Figure 3. Expression profiles of the total proteins and the 2S albumins during castor seed development and germination. Total proteins were extracted
from (A, B) developing seeds and from (C and D, endosperm; E and F, cotyledon; G and H, embryo axis) different tissues of germinating seeds and
resolved on an 18% SDS-PAGE gel. (A, C, E, and G) Visualization of total proteins by using Coomassie staining. (B, D, F, and H) Immunodetection of
the 2S albumins by using an anti-2S albumin antibody, which detects both the prepro2S albumin and small subunit of RicC3. Asterisks denote the
prepro2S albumim (29.3 kDa) and the small subunit of RicC3 (4.2 kDa). DS, dry seed; M, molecular marker.
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RicC3 appeared at 40 DAP, 2 weeks after the synthesis of
the prepro2S albumin, and its level reached a plateau after
47 DAP.

Profile of Total Proteins in Germinating Castor Seeds.
To closely examine the expression pattern of total proteins and
the degradation of the 2S albumins, we investigated its ac-
cumulation during seed germination in three different tissues:
endosperm, cotyledon, and embryo axis. The endosperm in the
germinating castor seed mobilizes storage lipids and proteins
for the growth of the embryo (cotyledon and embryo axis).
When the mobilization is complete, the endosperm undergoes
programmed cell death while the embryo initiates active cell
division to develop into a young seedling. In the endosperm,
two dominant groups of proteins with molecular masses of
30–37 kDa and 4 kDa were present until germination was
complete at 4 DAI (Figure 3C). There were less abundant
proteins detected, including a 45 kDa protein at dry stage and
1 DAI and two groups of proteins with molecular masses of
19–22 kDa and 10–12 kDa in seeds at 1–6 DAI. From 7 DAI,
after the endosperm was completely detached from the cotyle-
don, rapid protein degradation occurred, resulting in no or little
protein present in the entire molecular mass range.

In the cotyledon of dry seeds, there were dominant protein
bands detected at 45, 37, and 4 kDa and faint bands at 30–35,
19–22, and 10 kDa (Figure 3E). Among the dominant protein
bands, the 45 and 4 kDa proteins degraded gradually and were
absent after 7 DAI. However, two groups of proteins with sizes
of 30–37 and 19–22 kDa started accumulating predominantly
from 1 to 6 DAI and then disappeared after 7 DAI. During post-
germination (5–8 DAI), following the radicle emergence and
completion of germination, high molecular mass proteins from
40 to 60 kDa started to be synthesized. With the disappearance
of other proteins after 7 DAI, these high molecular mass proteins
became abundant, when the cotyledon completely separated
from the endosperm.

In the embryo axis of dry seeds and germinating seeds by 2
DAI, we observed a wide range of protein bands, including
dominant ones at 45, 37, 30, 22, 10, and 4 kDa (Figure 3G).
After 3 DAI, proteins with molecular mass higher than 40 kDa
increased dramatically, while most of the proteins smaller than
25 kDa degraded.

Immunodetection of 2S Albumin in Germinating Castor
Seeds. Immunodetection analysis showed that, in the endosperm
of germinating seeds, the prepro2S albumin and the mature
albumin were present until 5 and 3 DAI, respectively (Figure
3D). Between 3 and 6 DAI, additional protein bands with sizes
of 25–28, 22, 10–14, and <3 kDa reacted to the anti-2S albumin
antibody. Most of these proteins degraded at 7 DAI, with the
exception of the bands at 25, 22, and <3 kDa. At 8 DAI, protein
bands at 29 and 30 kDa were detected. Although these proteins
migrated to the size close to that of the prepro2S albumin, it
does not appear to be that the prepro2S albumin is being
resynthesized because the 2S albumin transcript was not detected
after 2 DAI (Figure 2B). In the germinating cotyledon, the
prepro2S albumin and the mature 2S albumin were present until
4 and 3 DAI, respectively, and degraded rather rapidly afterward
(Figure 3F). However, additional groups of proteins at 25–29,
10–14, and <3 kDa reacted to the anti-2S albumin antibody
from 3 to 6 DAI. After 7 DAI, when the cotyledons were
completely detached from the endosperm, no proteins were
detected. In the embryo axis of dry seed and germinating seed
at 1 DAI, trace amounts of proteins at 30 and 20 kDa were
detected which degraded completely after 2 DAI (Figure 3H).
The antibody also reacted transiently to a number of other

proteins: a 29 kDa protein at 2 and 3 DAI, 27 and 12 kDa
proteins at 3 DAI, and a <3 kDa protein(s) from 3 to 4 DAI.
During post germination after 5 DAI, the embryo axis developed
into young hypocotyl and roots where no 2S albumin was
detected using the antibody.

Immunodetection of a 14 kDa Protein in Leaf. Nonseed
tissues of mature castor plants (4-month-old), such as the flower
(female and male), leaf, stem, and root, were also subjected to
immunodetection using the anti-2S albumin antibody. Both
forms of the 2S albumin proteins were not present in any of
the tissues analyzed (Figure 4A). However, a 14 kDa protein

Figure 4. Detection of a 14 kDa protein in castor leaves by using the
anti-2S albumin antibody. (A, B) Total proteins were extracted from
nonseed tissues of 4-month-old castor plants and 14-day-old seedlings
and resolved on an 18% SDS-PAGE gel. Chemiluminescent signals were
detected and (C) quantified using a densitometer. Immunodetection
analysis was performed twice, and the value of the protein in the mature
leaf was normalized to that in the young leaf. FF, female flower; MF,
male flower; ML, mature leaf (>20 cm in length); L, leaf; R, root; S, stem;
TL, true leaf; and YL, young leaves (<10 cm in length).
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was detected in leaves at various developmental stages, including
the true leaves from 14-day-old seedlings, young leaves at shoot
tips, and mature leaves at the bottom of 4-month-old plants
(Figure 4B). Densitometry showed that mature leaves, which
were longer than 20 cm in length, accumulated the protein at
an approximately 3 times higher rate than young leaves shorter
than 10 cm (Figure 4C).

DISCUSSION

We have characterized the gene expression and protein
accumulation of castor 2S albumin to understand this important
seed storage protein and potent allergen. We chose the cultivar
“Hale” because it is the most commonly used genotype for
molecular and genomic studies. Besides, “Hale” has superior
properties such as high oil contents and dwarfism well-suited
for commercial cultivation and oil processing (22). Using qPCR,
we examined the transcript accumulation of the castor 2S
albumin in various tissues, such as in the developing and
germinating seeds, female and male flower, leaf, stem, and root,
at different developmental stages. Our results indicated that the
2S albumin gene was expressed exclusively in the developing
seed. In a previous study, we compared the sequences of 2S
albumin genomic DNA and cDNA clones from the developing
seeds of two different castor genotypes, a germplasm line
PI215769 and a cultivar “Maui”, and found that a single gene
was predominately expressed during seed development (18). In
addition, the predominant 2S albumin gene showed nucleotide
sequences identical to the known gene (GenBank accession
X54158, Sudanese origin), which indicates the conserved nature
of the 2S albumin gene among castor genotypes. As the qPCR
analysis is highly sequence specific, the 2S albumin transcript
we describe here is likely to have an identical sequence to the
known gene.

Our temporal expression analysis on the 2S albumin transcript
in the cultivar “Hale” revealed a pattern similar to that in the
germplasm line PI215769 (18). First, in both “Hale” and
PI215769, we observed the initial increase of the 2S albumin
transcript, which occurred at 26 DAP, coinciding with the
beginning of the endosperm expansion. In earlier studies, we
observed the increased expression of ricin (23) and lipid genes
(24) that also started accumulating at 26 DAP. These results
all suggest that the time between 19 and 26 DAP is a critical
switchover stage for the synthesis of seed proteins and storage
lipids during castor seed development. Second, we observed
the similar bell-shaped temporal patterns of the 2S albumin
transcript accumulation during seed development in both
PI215769 and “Hale” but with a slight difference on the timing
of their peak expressions. The transcripts accumulated to a peak
at 30 DAP in PI215769 (18) but at 40 DAP in “Hale” in this
study. The discrepancy could be due to different transcriptional
regulations involved in the 2S albumin gene expression in
different genotypes. Despite the difference in the timing of the
transcript accumulation, both studies showed a decrease in the
transcript level at the last stage of seed development, leaving
only a residual amount of the transcript in the mature seed (61
DAP). A similar expression profile was also observed when the
2S albumin genes were examined in other plant species, such
as Arabidopsis (25) and coniferous Douglas-fir (Pseudotsuga
menziesii) (26). Overall, our analyses on the temporal and spatial
expression of the 2S albumin transcript in castor revealed a
single 2S albumin gene, whose expression was highly regulated
throughout seed development, that contributes to the synthesis
of 2S albumins in castor seed. This gene is responsible for the
2S albumin allergenicity in castor seed (27, 28). Such informa-

tion is critical to developing a tightly regulated silencing
construct for genetic engineering of a safe castor crop.

To profile the 2S albumin protein expression pattern in castor,
we designed an anti-2S albumin antibody with a peptide of 19
amino acids from the 2S albumin protein sequences. Antibodies
raised by using such a length of a peptide should recognize
proteins in a sequence-specific manner under a reducing
condition (29). As we expected, the 2S albumin antibody reacted
to the prepro2S albumin and the mature 2S albumin in
developing seeds with high specificity (Figure 3B). The
prepro2S albumin started to accumulate at the onset of en-
dosperm development at 26 DAP and subsequently was
processed to mature 2S albumins. We observed that both forms
of the 2S albumin proteins continued to accumulate during the
rest of the stages of seed development. The steady levels of the
prepro2S albumin and the mature protein during the last stage
of seed development are due to the stability of the proteins, not
the constant protein synthesis, considering the decrease in the
amount of the 2S albumin transcript after 40 DAP (Figure 2A).
The accumulation of castor 2S albumins took place from the
middle stage of the seed development, which is consistent with
the temporal patterns of seed storage protein synthesis in many
plants (30).

Both the prepro2S albumin and the mature 2S albumin were
present in the dry and germinating seed at early stages (Figure
3D,F). They degraded after the seed germination was complete,
which is a typical pattern for storage proteins. In Brazil nut
(Bertholletia excelsa H.B.K.) (31) and Indian mustard (Brassica
juncea) (32), the levels of the prepro2S albumins decreased upon
the post-translational modification and the subsequent ac-
cumulation of the mature 2S albumins during seed development.
The prepro2S albumins were not present in the mature seed of
these plant species. The biological significance of the presence
of the prepro2S albumin in mature castor seeds remains to be
investigated. In B. juncea, the prepro2S albumin possessed
biological activity as a trypsin inhibitor, and transgenic tobacco
and tomato plants expressing the prepro2S albumin conferred
insect resistance (32). On the basis of the bioinformatics data
on castor 2S albumins having trypsin/R-amylase inhibitor family
domains (18), it is possible that castor prepro2S albumins also
serve as both trypsin inhibitors, which are thought to confer
insect resistance, and storage proteins in seeds.

When profiling the castor 2S albumin during seed germina-
tion, we detected a group of bands that reacted to the anti-2S
albumin antibody from 3 to 6 DAI (Figure 3D,F). It is possible
that the group proteins are proteolytic peptides of the prepro2S
albumin, and the mature 2S albumin accumulated during seed
germination. However, on the basis of the temporal pattern, the
group of proteins/peptides accumulated when the level of the
prepro2S albumin was still at its maximum (Figure 3D,F). It
suggests that they may not be all the proteolytic peptide
fragments of the prepro2S albumin but some newly synthesized
proteins that also reacted to the antibody. In addition, the
antibody reacted to a 14 kDa protein in the true leaves from
seedlings and the leaves of mature plants (Figure 4). It is evident
that these proteins share sequence homology to the known 2S
albumin but are unlikely to serve a storage function on the basis
of their spatial and temporal expression patterns. In fact, the
castor 2S albumin gene may consist of a family with three or
four members (3). Whether these proteins are 2S albumin gene
family members remains a subject for future investigations.
Nonetheless, our results should facilitate future studies, such
as immuno-precipitation using the anti-2S albumin antibody,
that examine the identity of these proteins. Such information is
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critical to developing and implementing a genetic approach to
effectively silence the expression of the specific 2S albumin
gene in castor seed.

ABBREVIATIONS USED

DAI, day after imbibition; DAP, day after pollination; qPCR,
quantitative polymerase chain reaction.
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