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Abstract Much of our current knowledge about seed devel-
opment and differentiation regarding reserves synthesis and
accumulation come from monocot (cereals) plants. Studies
in dicotyledonous seeds differentiation are limited to a few
species and in oleaginous species are even scarcer despite their
agronomic and economic importance. We examined the
changes accompanying the differentiation of olive endosperm
and cotyledon with a focus on protein bodies (PBs) biogenesis
during legumin protein synthesis and accumulation, with the
aim of getting insights and a better understanding of the PBs’
formation process. Cotyledon and endosperm undergo

differentiation during seed development, where an asynchro-
nous time-course of protein synthesis, accumulation, and
differential PB formation patterns was found in both tissues.
At the end of seed maturation, a broad population of PBs,
particularly in cotyledon cells, was distinguishable in terms
of number per cell and morphometric and cytochemical fea-
tures. Olive seed development is a tissue-dependent process
characterized by differential rates of legumin accumulation
and PB formation in the main tissues integrating seed. One
of the main features of the impressive differentiation process is
the specific formation of a broad group of PBs, particularly in
cotyledon cells, which might depend on selective accumula-
tion and packaging of proteins and specific polypeptides into
PBs. The nature and availability of the major components
detected in the PBs of olive seed are key parameters in order
to consider the potential use of this material as a suitable
source of carbon and nitrogen for animal or even human use.
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Introduction

Seed development is a complex and highly coordinated pro-
cess that conceptually can be divided in a discontinuous, step-
wise process where several different phases occur in progres-
sion. This physiological process requires the integration of
many genetic, physiological, metabolic, and signaling path-
ways, and it is also affected by endogenous and environmental
signals and stimuli (Sabelli et al. 2012). These progressive
phases consist in (1) plant embryogenesis, where a proper
histological differentiation and morphogenesis of viable em-
bryo goes along with rapid cell divisions and polarity acqui-
sition, establishing the root and shoot apical meristems and
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bilateral symmetry; (2) embryo maturation phase, with the
differentiation of specialized storage cells becoming biosyn-
thetically highly active, accumulating huge amounts of stor-
age compounds, and expanding in volume considerably; (3)
desiccation phase, when the seeds are physiologically mature
and the embryo has become tolerant to desiccation, shutting
down metabolic activityand entering into dormancy that pre-
vents germination for a period of time (Raissig et al. 2011).

The whole developmental process is characterized by an
extensive cross-talk between filial (i.e., embryo) and maternal
(i.e., endosperm) tissues, which makes possible a high degree
of coordination between seed tissues for a fine regulation of
their development (Sreenivasulu et al. 2013).

Seed storage reserves accumulate in compartmentalized
structures. During seed development and maturation, proteins
are targeted to specialized vacuoles termed as protein bodies
(PBs) (Baud et al. 2008). This physiological process is of
crucial importance for the successful sexual reproduction of
angiosperms since after a variable desiccation period, during
seed germination, these macromolecular reserves support the
germination process, seedling growth, and plant development
(Müntz et al. 2001). Given that seeds are not photosyntheti-
cally active, their storage reserves are in great demand at the
early stage of seedling growth and plant development
(Borisjuk et al. 2004). Thus, nutrients and energy require-
ments to sustain cell proliferation and tissue growth have to
be provided by other tissues, mainly from storage cells of the
embryonary axis (Borisjuk et al. 2013). Endosperm is the
nursing tissue that has long been known to provide nutrients
to the developing embryo (Pignocchi et al. 2009), supporting
also seedling development during and after germination in
some species (Sabelli et al. 2009). Moreover, endosperm has
a morphogenetic role in regulation of embryo development
since it has a key role in integrating different signals and
cross-talk among the major seed compartments, as well as
great influence in the epigenetic mechanisms controlling seed
development (Dekkers et al. 2013).

Carbohydrates and proteins are the two major classes of
storage compounds. However, seeds also accumulate other
important types of reserves, such as lipids stored in oil bodies
(OBs), phosphate, minerals, and protease inhibitors that accu-
mulate at differential time frame (Gallardo et al. 2003, 2007).
Seed storage proteins (SSPs) have best been characterized
mainly in the Poaceae family among monocots and in le-
gumes among dicots (Raissig et al. 2011). SSPs have been
classified regarding their molecular masses expressed as sed-
imentation coefficients (S) (Shewry et al. 1995) or on basis of
their solubility properties. Albumins are soluble in water,
globulins in dilute salt solutions, prolamins in alcohol, and
glutelins in diluted acids or bases (Osborne et al. 1924).

SSPs in dicotyledonous plants are constituted mainly by
the 11S group (or legumin, 11-13S-type globulins), and the
7S group (or vicilin-like, 7-8S-type globulins) of proteins.

However, the relative proportions of 7S and 11S globulins
can vary widely among different species and even within spe-
cies (Shewry et al. 2002). These two groups share no obvious
sequence similarity, but they form similar holoprotein struc-
tures and have a common evolutionary origin (Shutov et al.
2003). The globulins, the most widely distributed group of
storage proteins, are part of the Cupin Superfamily and
evolved from bacterial enzymes (Dunwell et al. 2004), being
11S-type the most abundant SSPs in dicotyledonous plant
species (including legumes), corresponding to 70 % of the
total seed nitrogen (Shewry et al. 1995).

Olive endosperm and cotyledon accumulate vast amounts
of 11S-type globulins. These types of globulins are hexameric
proteins, which are synthesized by two precursor forms, made
up of five individual proteins named p1–p5 (20.5, 21.5, 25.5,
27.5, and 30 kDa, respectively), having p1 and p2 basic char-
acter, and p3, p4, and p5 acidic character. 11S-type storage
proteins are highly soluble in diluted saline solutions (Alché
et al. 2006).

SSPs in mature olive seeds accumulate in dense bodies
encased by a membrane and named protein bodies (Herman
and Larkins 1999). While this feature is common to monocots
and dicots, different pathways determine their intracellular
trafficking and targeting (Müntz 1998), which not yet investi-
gated in olive seed tissues. Overall, SSPs are synthesized in
the rough ER and co-translationally targeted to the ER lumen.
Inside the ER lumen, they undergo a number of modifications,
i.e., cleavage of the signal peptide, folding, the formation of
disulfide bonds, and making multimer forms through non-
covalent bonds. The 7S- and 11S-type globulins are targeted
through the ER and the Golgi apparatus to specialized storage
vacuoles (Herman and Schmidt 2004), often undergoing fur-
ther processing to form intravacuolar dense bodies. Thus, PBs
may eventually result from the division of the vacuoles during
seed development and maturation process (Herman and
Larkins 1999).

Olive tree is the most extensive and important crop in
Mediterranean countries, together with cereals, and one of
the sixth most important cultivated plant across the world.
Regardless of these facts, seed developmental and maturation
processes remain largely unknown.

Our group has previously studied the cytological events
accompanying PBs degradation during olive seed in vitro ger-
mination and seedling growth (Zienkiewicz et al. 2011a), but
no study has been performed so far for the analysis of PB
biogenesis despite the importance of PBs as specialized stor-
age cell compartments during olive seed development.

In the present work, we have studied the changes taking
place at different developmental and differentiation stages in
olive seed storage tissues, endosperm and cotyledon, with a
focus on PB formation toward a better understanding of the
physiological process underlying storage (legumin) protein
accumulation.
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Materials and methods

Plant material

Seeds at different developmental stages were obtained from
the olive (Olea europaea L.) trees cv. Picual grown in the
BEstación Experimental del Zaidín^, Granada (Spain), taking
anthesis as the initial point to the mature seed stage (201 days
after anthesis— DAA).

Total protein extraction

Whole seeds, as well as isolated endosperm and cotyledon
(0.1 g of each sample), were homogenized separately in a mor-
tar cooled on ice using an extraction buffer (125 mM Tris-HCl
(pH 6.8), 0.2 % (w/v) SDS, 1 % 2-mercapthoethanol). Samples
were centrifuged at 13,500 rpm for 30 min at 4 °C, and the
resulting supernatants were boiled for 3 min and centrifuged
again. Proteins in the supernatants were precipitated with 2
volumes of cold acetone and re-solubilized in extraction buffer.
Protein content in each extract was measured by using a com-
mercial Bradford procedure (Bio-Rad).

SDS-PAGE and immunoblotting

Total proteins (25 μg per sample) were separated by SDS-
PAGE on CriterionXT Precast Gel (Bio-Rad, USA) using
CriterionTM Cell apparatus (Bio-Rad). After electrophoresis
gel separation, proteins were stained with Coomassie
Brilliant Blue according to standard procedure. Proteins were
electroblotted onto a PVDF membrane using Trans-Blot®
TurboTM Transfer Pack (Bio-Rad) in a Trans-Blot®TurboTM

Transfer System (Bio-Rad). The membrane was blocked for
1 h in solution containing 1 % (w/v) non-fat dry milk in Tris-
buffered saline (TBS) buffer, pH 7.4. Immunodetection of
legumin proteins was carried out by incubation with rabbit
polyclonal antibody (Ab) raised against p1-purified protein
(Alché et al. 2006) diluted 1:500 in TBS buffer containing
1 % (w/v) non-fat dry milk. A DyLight 488 conjugated anti-
rabbit IgG (Agrisera), diluted 1:2000 in TBS buffer for 2 h,
served as the secondary antibody. The signal was detected in
a Pharos FX molecular imager (Bio-Rad). Quantitative anal-
ysis of legumin protein (p1–p5) bands in immunoblot im-
ages was performed using Quantity One 1-D Analysis
Software (Bio-Rad).

Microscopy sample preparation

Cotyledon and endosperm were dissected out from different
stages of development of olive seeds from the olive cv. Picual
and individually processed for light and transmission electron
microscopy. Samples were fixed for 24 h at 4 °C with a mix of
4% (w/v) paraformaldehyde and 0.2% (v/v) glutaraldehyde in

0.1 M cacodylate buffer (pH 7.2). Samples were then
dehydrated throughout an ethanol series and embedded in
Unicryl resin (BBInternational, UK). After ultraviolet light po-
lymerization of samples at −20 °C for 48 h, both semi-thin
(1 μm) and ultra-thin sections (70 nm) were obtained using a
Reichert-Jung Ultracut E microtome (Leica Microsystems,
Germany). Semi-thin sections were placed on BioBondTM

(BBInternational)-coated slides. Ultra-thin sections were
mounted on formwar-coated 200-mesh nickel grids.

Seed tissue cytochemistry

For general sample observations, sections were stained with a
mixture of 0.05 % (w/v) methylene blue and 0.05 % (w/v)
toluidine blue (Zienkiewicz et al. 2011a). For protein staining
and visualization, sections were stained with a solution
consisting in 0.25 % (w/v) Coomassie Brilliant Blue R-250
and 0.05 % (w/v) Coomassie Brilliant Blue G-250 dye in a
solution of methanol/acetic acid/water (5:1:4). The sections
were stained for 5 min at room temperature and washed in
running water for 2 min (Fisher 1968).

For carbohydrates and starch granule identification, period-
ic acid–Schiff (PAS) staining system (Sigma) was used
(Parker 1965). The slides were immersed in 1% (w/v) periodic
acid for 5 min, rinsed in running water for 5 min, and stained
in Schiff’s reagent for 15 min in the dark, followed by incu-
bation with hematoxylin solution for 2 min.

Sudan Black B was used for staining neutral lipids
(Bronner 1975). Sections were stained at 60 °C for 30 min
using a saturated solution of Sudan Black B, prepared in 70 %
(v/v) ethanol. Observations of samples were carried out with
an Axioplan microscope (Carl Zeiss, Germany), and images
were recorded with a ProGres C3 digital camera using the
ProGresCapturePro v2.6 software (Jenoptik AG, Germany).

Nile red was used to selectively fluorescent stain intracel-
lular lipid droplets to study intracellular OBs formation
(Greenspan et al. 1985). Samples were incubated for 10 min
in a solution containing 0.05 mg ml–1 Nile Red (Sigma-
Aldrich) dissolved in acetone. Samples were observed with a
Nikon C1 confocal laser scanning microscope (Nikon, Japan)
using an argon (488) laser. Z-series images were collected and
processed with the software EZ-C1 Gold version 2.10 build
240 (Nikon).

Immunofluorescence analysis of legumin proteins

Immunofluorescence-based cytochemistry was carried out in
semi-thin sections (≈1 μm) through a sequential treatment
with incubation in blocking solution containing 1 % (w/v)
bovine serum albumin (BSA) in phosphate buffered saline
(PBS) solution (pH 7.2), followed by washing steps in PBS
(3×15 min each) and incubation overnight at 4 °C with an
anti-11S antibody (diluted 1:500) (p1 antiserum raised in
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rabbits), additional washing steps in PBS (3×15 min each),
and incubation with secondary anti-rabbit IgG DyLight 488-
conjugated antibody (Agrisera, Sweden) (diluted 1:250 in
blocking solution) for 1 h at 37 °C. In control sections, the
primary Ab was omitted. Samples were maintained with an
anti-fading (Citifluor/glycerol/PBS, Sigma) agent. The sec-
tions were observed and analyzed by using an epifluorescence
Zeiss Axioplan microscope (Carl Zeiss, Germany). Images
were obtained with a ProGres C3 digital camera using the
ProGresCapturePro 2.6 software (Jenoptik AG, Germany).

For immunogold experiments, ultra-thin sections were
treated with a blocking solution (5 % (w/v) (BSA), 0.1 %
(v/v) Tween-20 in PBS), a diluted (1:500) solution of the p1
antiserum in blocking solution, and a 1:1000 secondary anti-
body (goat anti-rabbit IgG/15 nm gold (BBInternational)) so-
lution, and finally samples were contrasted using a 5 % (w/v)
uranyl acetate solution for 30 min at room temperature.
Observations were carried out with a JEM-1011 transmission
electron microscope (JEOL, Japan). Control reactions were
carried out by omitting the primary Ab.

Statistical analyses were performed using SPSS software
(version 14.0; SPSS). Student’s t test was used to compare
means of gold grain counts in PBs from endosperm and cot-
yledon TEM immunogold images compared to controls, as
well as densitometry values of proteins detection in
immunoblots.

Sample processing for scanning electron microscopy

Initial fixation and dehydration of seed tissues was carried out
as described for TEM. After dehydration, samples were criti-
cally point-dried using liquid CO2 as the transition fluid, using
a SEM Polaron CPD 7501 critical point dryer (Quorum
Technologies Ltd., UK). They were mounted on brass discs
with double stick tape and silver cement to ensure a conduc-
tion path from the specimen to the stub, coated with gold
palladium (20:80) in a PolaronE5000 sputter coater, and ob-
served with a GEMINI (FESEM) Carl Zeiss SMT at 25 kV.
Micrographs were collected using secondary electron imaging
and back-scattered electron imaging in topographical and
compositional modes.

Results

We have studied the time course of seed development until its
complete maturation. Figures 1, 2, 3, 4, 5, and 6 show the
differentiation steps of olive seed development, from the flow-
er anthesis as starting time until the mature stage of the seed
(210 DAA). Seed development was accompanied by visual
morphological changes in olive fruit, the color of which
changed from green to deep purple as a result of the
mesocarp maturation.

Cytochemical analysis of developing endosperm
and cotyledon

At the early stages of a fertilized ovule (20DAA) (Figs. 1 and
2), the integuments are around the embryo sac and the nucel-
lus (or nucellus rests). The embryo sac contains the embryo
proper in different stages surrounded by cellular endosperm
(Fig. 1a). In this endosperm, nucleus divides without wall
formation as observed in the magnification detail of Fig. 1a,
and in Fig. 1b where nuclei were detected by DAPI. Proteins
stained with CBB were detected in the whole cytoplasm, and
particularly intensely stained the marginal area of the cyto-
plasm, since a central vacuole appears in the central cell and
pushes the cytoplasm containing the nuclei to the periphery.
PAS staining showed the presence of polysaccharides in the
cytoplasm (Fig. 1c), and differential staining showed the dis-
tribution of storage lipids (Fig. 1d, Sudan Black B, and
Fig. 1e, Nile Red). Small vesicles composed of neutral lipids
(Fig. 1d) were located in the cytoplasm, well visible as numer-
ous red-orange fluorescence spots in fixed seed material
(Fig. 1e). Oil materials enclosed by membranous systems to
form OBs were observed at TEM, showing the cytoplasm
filling up with electron-transparent bodies of 3 μm in diame-
ter, surrounded by electron-dense membrane (Fig. 1f).

At 60 DAA, it was possible to differentiate an immature
embryo from the endosperm in the olive seed. The cytoplasm
of endosperm and cotyledon cells was intensely stained with
CBB (Figs. 2—B1 and 3—B1), which may reflect the inten-
sification of metabolic activity and protein synthesis/
accumulation at this stage. OBs and PBs were more abundant
in endosperm cells (Fig. 2—A1) in comparison to cotyledon
(Fig. 3—A1). Neutral lipids filled up most of the endosperm
cell cytoplasm (Fig. 2—A1 and C1); meanwhile, in the coty-
ledon cells, OBs mainly lined the plasma membrane (Fig. 3—
A1 and C1). In the endosperm cells, proteins were detected in
the cytoplasm and accumulated in areas of emerging PBs
(Fig. 2—B1), while largely remaining in the cytoplasm of
cotyledon cells (Fig. 3—B1).

At a more advanced stage of olive seed development (90
DAA), the cytoplasm in endosperm and cotyledon was full
of multiple vacuoles (Figs. 2—B2 and 3—B2), where PBs
started to be distinguishable, which were more homoge-
neously stained in the endosperm. Endosperm cells
contained vacuoles filled up with proteins and surrounded
by OBs (Figs. 2—B1 and B3 and 3—B1 and B3).
Advanced seed maturation states showed protein compart-
mentalization inside of vacuoles to finally differentiate to
PBs (compare Fig. 3—B3 and B4). This could be a charac-
teristic differential feature between endosperm and cotyle-
don. Both types of tissue showed significant levels of neutral
lipid staining in the cytoplasm surrounding PBs, being more
intensely stained in the endosperm compared to cotyledon
(Figs. 2—A2 and 3—A2).
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At 145 DAA, both endosperm (Fig. 2—ABC3) and cotyle-
don (Fig. 3—ABC3) cells showed multiple PBs in the cyto-
plasm surrounded by small lipid vesicles (Figs. 2—B3 and 3—
B3), where the endosperm exhibited higher number of PBs
homogeneous in electro-density (Fig. 2—C3) compared to
the cotyledon (Fig. 3—C3) where PBs had bigger size and
exhibited differential electro-density. Furthermore, cotyledon’s
OBs were loosely distributed around the PBs in comparison to
endosperm. PAS staining was visible in both endosperm and
cotyledon, mainly staining polysaccharides of the cell walls
from 90 DAA onwards (Figs. 2—B2–B4 and 3—B2–B4).

Characteristics features of mature endosperm
and cotyledon

The mature stage of olive seed was clearly distinguishable
from previous developmental stages since the olive fruit was
changed completely into black color, and mesocarp cells were
full of oil. Themature olive seed consisted of a brown coat and

a relatively thick layer of white endosperm surrounding the
embryo. Endosperm and embryo were clearly distinguishable,
where embryo exhibited two cotyledons and a radicle.

At 210 DAA, the major morphological differences, as well
as cellular distribution of different macromolecular compo-
nents (proteins, lipids, carbohydrates) in endosperm and cot-
yledon cells (Figs. 2—A4–C4 and 3—A4–C4, respectively),
PBs and OBs in endosperm and cotyledon cells (Figs. 2—A4
to C4 and 3—A4 to C4, respectively) were occupying most of
the cytoplasm, and OBs were found as directly surrounding
PBs (Figs. 2—A4 and 3—A4). Unlike in endosperm, howev-
er, the cotyledon OBs were less numerous and more tightly
packed in the cytoplasm. Analysis of endosperm PBs revealed
their similar size (between 15 and 25 μm of diameter) and
intense and homogeneous CCB staining (Fig. 2—B4). In turn,
cotyledon PBs showed significant differences in both size
(between 20 and 45 μm of diameter) and CBB staining distri-
bution. These variations were observed not only among the
cell population but even in the same cell (Fig. 3—B4).

Fig. 1 Histological and
cytochemical analysis of olive
seed embryo sac tissues at early
developmental stage. aOlive seed
at 20 DAA in longitudinal section
stained with toluidine blue. A
detailed view of a small region of
interest is located inside of this
section; bar=20 μm. b DAPI
staining showed nuclei
fluorescence highlighted with
arrows; bar=20 μm. c
Section stained with Coomassie
Brilliant Blue (CBB; blue) and
PAS (pink). Polysaccharides
(pink) are indicated with arrows;
bar=20 μm. d Section stained
with Sudan Black B, showing
lipids inside small vesicles
(arrows) in the cytoplasm;
bar=20 μm. e Fluorescence from
Nile Red staining perfectly
shaped OBs (arrows), revealing
their lipidic nature; bar=10 μm.
f TEM micrograph of the olive
seed cells. OBs with visible
membrane (arrows) are localized
in the cytoplasm; bar=3 μm.
N nuclei, V vacuole
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A broad and faint polysaccharide cytoplasmic staining was
found after using PAS in both endosperm and cotyledon, but
more intense staining was found in cell walls (Figs. 2—B4
and 3—B4), particularly in endosperm cells.

SEM analysis of mature endosperm and cotyledon

Scanning electron micrographs showed evidences of the ar-
chitectural differences between seed tissues at mature stage
(Fig. 4).

Images of the fractured inner layers of the endosperm
(Fig. 4a) showed intact cells with polygonal shape, as well
as a broken cell with lipid vesicles attached to the cell fractures
close to the cell wall. Detailed views of these broken cells
(Fig. 4b) allowed appreciation of cell wall architecture and
spatial disposition of PBs and OBs inside the cells, as well
as fragments of the inter-vesicular cytoplasm matrix, with a

beehive-like structure supporting and maintaining the con-
nected cellular OBs and PBs network.

Furthermore, an aggregate of several OBs has been con-
served in one of the fracture surface cells (Fig. 4c).

Cotyledon cells showed a comparable structure to en-
dosperm. Elongated palisade parenchyma cells with rect-
angle shape were distinguishable from the more rounded
spongy parenchymatous cells of the sub-apical and central
regions of cotyledon (Fig. 4d). A detailed view of the
rounded spongy parenchymatous cells (Fig. 4e) showed
the spatial distribution of PBs and OBs inside the cells,
with the contours of PBs imprinted in the cytoplasm ma-
trix, showing the localization of OBs surrounding PBs.
Aggregated structures composed of several OBs have
been conserved in few of the cells in the fracture in intact
distribution in the cell, as well as the material connecting
these vesicles (Fig. 4f).

Fig. 2 Cytochemical and
ultrastructural study of the
endosperm cells during seed
development. A1–A4 localization
of OBs by confocal laser scanning
microscopy in endosperm cells
stained with Nile Red. Numerous
OBs are indicated with arrows;
bars=20 μm. B1–B4 total
proteins blue staining (CBB) and
pink staining (PAS) cell wall
material in endosperm sections;
bars=20 μm. C1–C4 TEM
micrographs of the endosperm
cells; bars = 10 μm. PB protein
body, OB oil body
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Legumin protein synthesis during seed development

In order to analyze the time-course of SSP synthesis and
compare it with cytochemical observations at different de-
velopmental stages of the endosperm and cotyledon, we
performed protein extractions at the different developmen-
tal stages to detect legumin proteins by immunoblot assays
(Fig. 5a). The legumin levels significantly increased during
seed development. Immunoblot experiments showed the
presence of five bands (p1–p5) representing the reduced
components of legumin proteins, which were cross-
recognized by the p1-antiserum. The specificity of this an-
tibody was demonstrated previously (Alché et al. 2006).
The protein bands were observed in all analyzed stages
after the immunoblot reactions. An initial synthesis of
legumin proteins was distinguishable when whole seeds
were analyzed at 20 DAA and continued with massive

synthesis levels at 60 DAA as it was indicated in endo-
sperm, reaching the highest levels in mature seed stage
(210 DAA). Alternatively, low amount of protein was
immuno-detected at 60 DAA in cotyledon, but a massive
synthesis was noticeable from 90 DAA. From this stage
until 145 DAA, comparable levels of legumin proteins
were immuno-detected in cotyledon and endosperm tissues
(Fig. 5a).

Quantitative analysis of legumin protein (p1–p5 peptides)
bands (Fig. 5b) has shown comparable densitometric profiles
in both seed tissues (cotyledon and endosperm) from 90 to
210 DAA, without statistically significant differences
(p>0.05). Furthermore, the plot showed an increased tenden-
cy in protein quantity, more pronounced in cotyledon com-
pared to endosperm and a comparable (highest) peak at seed
mature stage. However, appreciable statistical differences
(p<0.05) have been found in the level of proteins at 60 DAA.

Fig. 3 Cytochemical and
ultrastructural study of the
cotyledon cells during seed
development. A1–A4 localization
of OBs by confocal laser scanning
microscopy in cotyledon cells
stained with Nile Red. Numerous
OBs are indicated with arrows;
bars=10 μm. B1–B4 total
proteins blue staining (CBB) and
pink staining (PAS) cell wall
material in cotyledon sections;
bars=20 μm. C1–C4 TEM
micrographs of the cotyledon
cells; bars=10 μm. PB protein
body, OB oil body
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PBs formation during olive seed development

Legumin proteins have been used as molecular biomarker to
study the biogenesis of PBs during seed (endosperm and em-
bryo) development and maturation by using immunofluores-
cence and TEM assays.

At 20 DAA, small proteinaceous accumulations were vis-
ible for the first time in seed tissues. They were located in the
marginal cytoplasm, around a large central vacuole, corre-
sponding to legumin proteins as it was corroborated by immu-
nofluorescence (Fig. 6—A0) and immunogold (Fig. 6—B0)
detection.

From this stage onward, a SSP synthesis and gradual de-
velopmental accumulation were observable within the endo-
sperm and cotyledon (Fig. 6). Two different patterns of PB
formation were distinguishable in seed tissues—a feature that

may differentiate endosperm and cotyledon developmental
process, particularly from 90 to 145 DAA.

At 60 DAA, immunofluorescence in both storage tissues
appeared diffusely distributed within the cytoplasm.
Endosperm cells exhibited increasing protein accumulation
in the cytoplasm, but fluorescent and immunogold labeling
was markedly detected in areas of emerging PBs (Fig. 6—
A1 and A2), while cotyledon cells showed lightly diffuse
cytoplasmic fluorescence, with few protein clusters of irregu-
lar shape more densely marked by gold grains (Fig. 6—B1
and B2).

At 90 DAA, endosperm cells showed dense cytoplasmic
florescence and abundant immunogold labeling, accompanied
by the presence of numerous vesicles in formation, character-
ized by regular and increasing size (Fig. 6—A3 and A4).
Cotyledon cells showed a full cytoplasm of diffuse

Fig. 4 Scanning electron microscopy analysis of mature endosperm and
cotyledon. a View of endosperm complete and broken cells, showing the
disposition of OBs; bar=2 μm. b Detailed view of the fracture surface,
where particularly are appreciated the spatial disposition and contours of
PBs and OBs based in their fingerprints; bar=10 μm. c Detailed view of
OBs aggregate in an endosperm cell. Some degree of OB coalescence is
appreciated in the cells, a phenomenon which may be probably correlated
with the reduced amount (extraction) of oil-body associated proteins in

the endosperm; bar=2 μm. d View of the parenchymatous cells in coty-
ledon. OBs are conserved in the upper layer cells close to the cell wall.
Inter-vacuolar material was patent in the lower layers of cells as a beehive-
like structure; bar=10 μm. e OB details connected by inter-vacuolar
material. No protein bodies are visible in the surface of the fractured cells;
bar=2 μm. f Detailed view of OBs aggregates; bar=2 μm. IVM inter-
vesicular material, PB protein body, OB oil body, W cell wall
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fluorescence, accompanied by the apparition of legumin-rich
protein bodies (Fig. 6—B3, arrows). Gold grains were located
mainly in the diffuse material of the cytoplasm, but also inside
of the forming PBs (Fig. 6—B4). These observations may
suggest a two-step PB formation process: (1) in endosperm
cells, by increasing size and fluorescence intensity of
membranous-evolved bodies; (2) in cotyledon cells, by the
accumulation of proteins in the whole cytoplasm followed
by further compartmentalization in few large protein bodies
after reaching a critical size/mass and proteins.

At 145 DAA, endosperm cells showed small and numerous
well-defined PBs, occupying most of the cell area.
Proteinaceous material was still being compartmentalized in-
side PBs. The fluorescence of low intensity was detected in
just-emerged PBs (Fig. 6—A5) and gold grains were almost
exclusively detecting proteins inside of PBs (Fig. 6—A6).
Beside legumin proteins accumulated in PBs, diffuse cyto-
plasmic signal was still visible in both types of tissue, partic-
ularly more abundant in cotyledon cells. Intensively labelled
and well-defined PBs, as well as a rich pool of proteinaceous
material distributed in the cytoplasm, were distinguishable at
this stage in cotyledon cells (Fig. 6—B5). This pattern was
confirmed at TEM level by abundant immunogold labeling of
defined PBs (Fig. 6—B6).

At mature stage (210 DAA), a homogeneous population of
PBs was observed in endosperm cells, with small differences

in fluorescence signal intensity (Fig. 6—A7), in addition to a
characteristic regular shape and their large number per cell.
Immunogold assay showed numerous gold grains in PBs,
pointing to the accumulation of SSPs (Fig. 6—A8). On the
other hand, large differences in fluorescence intensity were
found among PB population in cotyledon cells (Fig. 6—B7).
Moreover, a broad range of PBs of different sizes and their
variable number per cell were also other main features that
distinguished cotyledon cells from endosperm. Cotyledon
PBs also showed strong gold labelling (Fig. 6—B8).

Negative controls (omitting P1 antibody) were performed
for both, immunofluorescence (Fig. S1a) and immunogold
(Fig. S1b) assays for every single stage of the seed develop-
ment and maturation. In the first case, no fluorescence was
detected besides a low level of auto-fluorescence mainly from
cell walls in immunofluorescence assays. In addition, signifi-
cant statistical differences (p<0.05) were found in gold grain
amounts when compared with negative control immunogold
images at TEM (5±2 gold grains) and those from endosperm
(448±23 gold grains) or cotyledon (387±34 gold grains).

Discussion

Overall, seed developmental processes in monocot and dicot
plants are essentially comparable. These include a

Fig. 5 Immunoblot analysis of
legumin proteins during seed
development. a Immunoblot of
total protein extracts obtained
from olive endosperm and
cotyledon at different stages of
development. PVDF membranes
transferred with protein extracts
were probed with a polyclonal
antiserum raised against
p1-purified protein (Alché et al.
2006). Different subunits that
integrate legumin proteins are
highlighted as P1-P5.
b Quantitative densitometric
analysis of legumin proteins
(p1-p5 peptides) in immunoblot
images by using Quantity One
1-D Analysis Software
(Bio-Rad). Tendency (continuous
and dashed) lines are plotted for
cotyledon and endosperm,
respectively
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morphogenetic phase characterized by intense cell prolifera-
tion, a transition to a phase of accumulation of macromole-
cules and metabolites that involves a switch from maternal to
filial control and a maturation phase characterized by the com-
pletion of the storage reserve accumulation. Also, a quiescent
state of the embryo is frequently established, where the seed
undergoes dehydration (Vicente-Carbajosa and Carbonero
2005). However, the details of seed development vary consid-
erably among different species evenwithin the same taxonom-
ic group (Sreenivasulu and Wobus 2013).

Much of our current knowledge about seed development
and maturation processes, including reserve macromolecule

synthesis and accumulation, and the regulation of these phys-
iological processes come from monocot seed studies, i.e., ce-
reals (Li et al. 2013). Available information from dicotyledon-
ous seeds focusing into tissue cytochemical and ultra-
structural organization is limited to a few species, and this
information in oleaginous species is even more scarce
(Ferreira Moura et al. 2010).

The current study characterizes different stages of olive
seed development at cytological level, revealing specific fea-
tures and events that define the course of seed physiological
changes during its maturation. In addition, our study showed
the correlation between key developmental changes occurring

Fig. 6 Localization of legumin
proteins in the endosperm and
cotyledon cells during seed
development. A0
immunofluorescence localization
of legumin protein clusters in the
marginal side of the cytoplasm is
visible for the first time at
20DAA. Upper right image is the
negative control (omitting anti-P1
protein–primary antibody)
showing only a low level of
auto-fluorescence; bar=10 μm.
B0 ultrastructural localization of
legumin proteins. Gold particles
are localized in the cytoplasm
(arrows); bar=5 μm.
Immunofluorescence localization
of legumin proteins in endosperm
(A1, A3, A5, A7) and cotyledon
(B1, B3, B5, B7) tissues.
Fluorescent labeling of legumin
proteins is located in the
cytoplasm (arrows). The proteins
may accumulate in the ER as
consequence of these protein
syntheses at a co-translational
insertion into the ER’s lumen, and
further formation of pre-vacuolar
compartments either via the Golgi
or directly from the ER, and
finally storage into large
vacuoles. At mature stage,
immunofluorescence indicates
the presence of legumin proteins
mainly inside the PBs; bars=
20 μm. Ultrastructural
localization of legumin proteins in
endosperm (A2, A4, A6, A8) and
cotyledon (B2, B4, B6, B8)
tissues. Gold labeling (arrows) is
present mainly in PB matrix;
bars=20 μm. PB protein body,
OB oil body
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in the olive seed and changes in the structural organization of
endosperm and cotyledon cells. Using legumin proteins as a
molecular maker, we observed that SSP synthesis and their
cytoplasmic accumulation started at 20 DAA, and these data
are in accordance with the previous reports on legumin gene
family transcript expression in other plant species, i.e.,
Medicago truncatula (Gallardo et al. 2008), Lupinus
angustifolius (Foley et al. 2011 and 2015). SSP synthesis
and accumulation as well as PB formation have been shown
to be non-synchronic and tissue-dependent developmental
processes. This is reflected in a differential rate of legumin
protein synthesis, being more advanced in endosperm, where
a high peak of legumin levels was observed at 60 DAA. This
massive synthesis increased through the course of seed devel-
opment. However, cotyledon exhibited a massive peak of SSP
synthesis at 90 DAA. In addition, cytochemical observations
showed that when PB formation is almost complete in endo-
sperm cells, this tissue exhibited a population of PBs similar in
size, while in cotyledon cells only few well-formed PBs were
found at that time. This suggests temporal differences in PB
formation patterns between two analyzed seed tissues
(Abirached-Darmency et al. 2012), occurring slower in coty-
ledon cells and continued almost until the mature stage.
Moreover, PB formation time-course in olive endosperm
may be characterized by a more gradual SSP synthesis during
seed development, especially from 60 to 210 DAA, as the
increase of fluorescence intensity corresponding to the
legumin marker was observed in the initial vacuoles, filling
up from cytoplasmic proteinaceous content and accompanied
by a massive peak of legumin protein level at 60 DAA. Olive
cotyledon cells may be characterized also by an accumulation
of proteins in the ER distributed in the whole cytoplasm as a
consequence of these protein syntheses at a co-translational
insertion into the ER’s lumen. Further formation of pre-
vacuoles either via the Golgi or directly from the ER would
happens, resulting in compartmentalization into large
vacuoles (Frigerio et al. 2008). These events were correlated
with a delayed peak of legumin synthesis (in comparison to
endosperm) observed at 90 DAA and its weak variations until
the mature stage of the seed.

The bulk of SSP synthesis and accumulation took place at
the early–middle stage of seed development, unlike many oth-
er species where synthesis is more intensive at late stages of
seed development, constituting a sink of nitrogen (Müntz et al.
2001). Our observations in olive seed tissues point out a dif-
ferent temporal pattern of PB formation when compared with
species like V. faba, where the main storage phase of protein
deposition starts in cotyledon, with a short period of formation
of a few, little protein bodies in the embryo proper at early
globular stage (Panitz et al. 1995) or with SSP synthesis in
Lathyrus tuberosus where synthesis starts even earlier (15
DAA) (Knake-Sobkowicz and Marciniak 2005). The patterns
of SSP synthesis in olive seem to be similar in turn to the

expression profile of seed protein genes in some species
(Gallardo et al. 2003, 2007). InM. truncatula, this expression
rates decline during the late seed maturation period (145 DAA
onward) before lipid accumulation is completed (Morton et al.
1995). However, we observed that in olive legumin proteins
synthesis continues until mature stage (210 DAA) in both
endosperm and cotyledon.

Lipids also accumulate in large quantity in differentiating
olive seed tissues. During olive seed development, an increas-
ing population of OBs was observed in endosperm and coty-
ledon cells. Moreover, the lipid synthesis rates seem to be
positively correlated with SSP accumulation. Indeed it was
shown that the timing of oleosin, vicilin, and legumin biosyn-
thesis is consistent with a highly coordinated production of
both oil and protein bodies in M. truncatula seeds (Wang
et al. 2012).

At seed maturity, our observations particularly indicated
that cellular arrangement of OBs is not random and differs
between endosperm and cotyledon cells, which are clearly
observed in our characterization of endosperm and cotyledon
at SEM. OBs are located around PBs, showing uniformity in
size and shape in endosperm, but a broad range of sizes and
number of PBs per cell were found in cotyledon cells.
Furthermore, in most of the cotyledon cells, OBs surround
PBs and line the plasma membrane but are rarely found as
free in the cytoplasm. These features may depend on the seed
species (Tonnet and Snudden 1974) in addition to a particular
physicochemical relationship of OBs with PBs (Djemel et al.
2005; Lott and Buttrose 1978).

A feature that may also characterize the developmental
differentiation of olive cotyledon and endosperm processes
could be the close interrelationship between PB and OB for-
mation, which may be established in both seed tissues, and
where the OB population may be dependent on PB formation,
especially in cotyledon cells. This relationship may be
highlighted because of the fact that there is a spatial–function-
al relationship between PBs and several key enzymes (phos-
pholipase A, lipase, and lipoxygenase) involved in storage
lipid mobilization from OBs in olive cotyledon cells
(Zienkiewicz et al. 2014). OBs in cotyledon cells are gradually
formed along with a massive synthesis of proteins from 90
DAA. Meanwhile, lipid and protein synthesis and accumula-
tion seem to be happening in a parallel and progressive fash-
ion in endosperm at 60 DAA.

Time-course and patterns of PB formation are important
features that may distinguish the differentiation process in
olive endosperm and cotyledon. These developmental fea-
tures are distinctive of particular seed species and may be
largely influenced by the length of period of time when mas-
sive storage protein synthesis and accumulation take place
(Gallardo et al. 2003, 2007). Furthermore, translation and accu-
mulation of legumin proteins is a highly coordinated process
reflected in PB and OB formation, and this coordination also
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involves acquiring a characteristic protein/lipid ratio (Wang
et al. 2012). The comparison of legumin protein accumulation
in endosperm and cotyledon showed that these processes are
not accomplished at the same rate (synchronously) in olive
(Wang et al. 2013). PB formation in cotyledon cells starts after
a massive protein synthesis, when the whole cytoplasm is full
of SSPs, and after reaching a critical protein mass, the central
vacuole initiates progressive division and compartmentaliza-
tion, which may promote cytoplasm division and proteins into
protein storage vacuoles (PSVs), and further formation of ma-
ture PBs (Abirached-Darmency et al. 2012; Hoh et al. 1995).
The cytoplasm of cotyledon cells is divided in three to four
large vacuoles with different stages of maturation (145 DAA)
as a concomitant process with the apparition of PBs, with
noticeable differential protein content and size. These differ-
ences are more patented in PBs at maturation stage (Jimenez-
Lopez and Hernandez-Soriano 2013, 2014). Protein accumula-
tion time-course and PB formation may be strongly influenced
by differences in the relative abundance and differential
targeting of proteins to vesicles during PB formation as well
as might depend on the polypeptide composition of mature
SSPs (Herman and Larkins 1999).

At the end of the olive seed developmental process, the
cells of endosperm and cotyledon exhibit a cytoplasm full of
PBs containing a major amount of legumin proteins (Alché
et al. 2006; Zienkiewicz et al. 2011a; Jimenez-Lopez and
Hernandez-Soriano 2013, 2014). However, the presence of
different populations of these PBs is a major feature that also
distinguishes both tissues (Jimenez-Lopez and Hernandez-
Soriano 2013, 2014). Olive endosperm and cotyledon cell
might be characterized and differentiated by these specific
features (Abirached-Darmency et al. 2012) using legumin pro-
teins as biomarker, i.e., cotyledon PB population is distin-
guishable by noticeable differences in morphometric charac-
teristics, number per cell (about 16 PBs per cell), stainability
(CBB), electron density at TEM level, and immunofluores-
cence labeling for both, PBs inside individual cells and among
the whole analyzed population of cotyledon cells. However,
PB population among endosperm cells was more homoge-
neous in terms of the features mentioned above. These cyto-
chemical and morphometric differences between endosperm
and cotyledon during PB biogenesis are clearly distinguish-
able in the mature seed, whichmight be due to some extension
in SSP synthesis, accumulation, and packaging into PB during
endosperm and cotyledon differentiation (in Arabidopsis,
Shimada et al. 2003; in olive, Jimenez-Lopez and
Hernandez-Soriano 2013, 2014). As we suggested previously,
this heterogeneity of PBs in size and number per cell may be
also the result of a different mechanism at the level of selective
accumulation and packaging of mature polypeptides of the
SSPs inside the different PBs (Jimenez-Lopez and
Hernandez-Soriano 2013, 2014). Additionally, variability of
PB populations may also be strongly influenced by the type of

cell in these seed storage tissues, SSP synthesis, and transport
(targeting) inside PSVs via ER–Golgi and/or direct ER–
vacuole pathways, which ultimately depend on the cellular
conditions (Herman and Larkins 1999; Müntz 1998).

This study is of great interest in order to assess the potential
uses of the olive seed (see the review of Rodriguez et al.
2008), particularly for alimentary purposes. Initial characteri-
zation of the digestibility of 11S globulins and PBs (in tissue)
has been carried out, and allergenicity has been preliminarily
assessed for this material (Zienkiewicz et al. 2011b). This
source of protein and oil currently considered as a by-
product of olive oil and table olive industries may represent
a valuable source of food for animals, and even for human
consumption. Therefore, studies as the present one are needed
to characterize in detail the raw material, helping to develop
industrial, nutritional, productive, and even biotechnological
aspects of their use.

In the present study, differential features were observ-
able in both endosperm and cotyledon during develop-
mental differentiation, markedly characterizing this pro-
cess as (1) tissue specific, including differential rates
(asynchronous time-course) of SSP synthesis and accumu-
lation, (2) tissue-dependent patterns of PB formation, and
(3) differential populations of PBs in cotyledon cells,
clearly distinguishable at mature stage (inside individual
cells and between cells), (4) differential morphometric
(size and shape) characteristics and tight association of
OBs with PBs, particularly in cotyledon cells, which
may point out a tight spatio-functional relationship be-
tween PBs and OBs.

These differential features significantly emphasize the spe-
cific nature and functional and physiological roles that each
seed tissue is being developmentally strengthened to drive
plant growth and development.
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