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ABSTRACT 

Olive (Olea europaea L.) tree is one of the most extensive and important agricultural crop in Mediterranean countries 
due to its beneficial health and nutritional properties and its high economic value. Currently, olive tree constitutes the 
sixth most important cultivated plant in the world, spreading from the Mediterranean region of origin to new production 
areas such as Australia, South and North America and South Africa. However, the mobilization processes of storage 
materials i.e. reserve proteins during seed germination, which are largely involved in essential physiological process 
including plant growth and development, remain poorly understood. Morphometric and immunohistochemistry analy- 
ses of protein bodies contained in olive seed storage tissues, cotyledon and endosperm, were performed by using dif- 
ferent microscopy techniques, including light (bright-field and fluorescence) microscopy and transmission electron mi- 
croscopy. Furthermore, we used legumin-like proteins (11S-type globulins) as a molecular marker to study the mobili- 
zation of reserve proteins from PBs of cotyledons at germinating seedling stages by using immunofluorescence assays. 
Results demonstrated that cotyledon and endosperm are characterized by distinct PBs populations containing legu- 
min-like proteins, distinctly discriminated by the number of PBs per cell and tissue, size, immunofluorescence and his- 
tochemical staining. These features reflect differential PBs biogenesis during development and maturation processes in 
olive seed tissues endosperm and cotyledon, in relation to proteins (polypeptides) final composition, SSPs processing 
and/or packaging during seed maturation. Three different mobilization patterns of legumin-like proteins were identified 
for the first time in cotyledon PBs during seedling germinating process. Mature proteins composition and/or processing, 
cell types and enzyme composition and/or differential activation have been discussed as key features determining how 
proteins mobilize from PBs for further degradation in the cotyledon. 
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1. Introduction 

The effective mobilization of seed storage reserves and 
their degradation during seed germination is a crucial 
physiological process in the plants life cycle [1].  

Seed Storage proteins (SSPs) in dicotyledonous plants, 
mainly legumin-like (11S globulins) and vicilin-like (7S 
globulins) proteins, accumulate in specialized storage 
cells of the embryonary axis (cotyledon and endosperm) 

[2], and are protected against uncontrolled premature 
degradation through two major mechanisms, 1) structural 
features that prevent cleavage by proteases simultane- 
ously present in the same compartment [3,4] and 2) pro- 
tein mature forms being transported and deposited into 
large membrane-bounded specialized compartments like 
PBs and protein storage vacuoles (PSVs) protecting them 
from cytoplasmic proteases [2]. PSVs are unique to 
plants, and no equivalent organelle is present in animals 
or yeast [5]. Furthermore, PSVs are not restricted to de- *Corresponding author. 



Protein Bodies in Cotyledon Cells Exhibit Differential Patterns of Legumin-Like  
Proteins Mobilization during Seedling Germinating States 

2445

veloping seed tissue, but also occur in tips cells at the 
primary roots in young germinating seedlings [6].  

SSPs mobilization and degradation are key events 
during seed germination [7]. These are complex and 
multi-stages processes of developing plants, for which 
efficiency of reserve mobilization, and hence of seedling 
establishment itself, depends on the extent of reserve 
accumulation during seed development and maturation 
[8]. SSP degradation takes place after a (long) period of 
rest when seeds germinate and seedlings start growing, 
and where all these proteins are mobilized to nourish the 
seedling for plant development [2,9]. Moreover, the ma- 
jor metabolic events occurring during seed germination 
are different depending of the specie, as well as their ge- 
netically determined diversity seed morphology, physio- 
logical maturity, developmental pattern and chemical 
reserves [2,10,11].  

Mobilization of stored compounds during germination 
does not occur in all cells and seed tissues synchronically, 
following specific spatial and temporal patterns [12,13]. 
Sites of mobilization of the protein reserves coincide 
with the sites of growth and differentiation in the em- 
bryonic axes, such as in the cotyledons, where globulin’s 
breaking down starts in the tissues near to pre-vascular 
strands and then proceeds toward the embryonic shoot. 
This sequence of events is time-schedule designed al- 
lowing the development of the vascular system and to 
continue with the proteins mobilization in the cotyledons 
and transport to the embryo axis cells [12].  

In the present work, we have studied the morphometric 
and immunohistochemical characteristics of the PBs po- 
pulations in mature seed reserve tissues, endosperm and 
cotyledon, and the differential cytological changes that 
occur in olive cotyledon during seed germination, with a 
focus in PBs proteins mobilization toward a better under- 
standing of the physiological process accompanying 
stored (legumin-like) proteins degradation along seed in 
vitro germination stages. 

2. Material and Methods 

2.1. Plant Material 

Mature seeds were obtained from the olive (Olea eu- 
ropaea L.) trees cv. Picual grown in the “Estación Ex- 
perimental del Zaidín”, Granada (Spain). 

2.2. In Vitro Germination of Olive Embryos 

Mature seeds without endocarp were surface-sterilized 
for 1 min with 70% (v/v) ethanol followed by stirring in 
15% (v/v) solution of commercial bleach plus some 
drops of Tween-20 during 10 min. After rinsing five 
times with sterile distilled water, the embryos were sepa- 

rated from the endosperm and placed in sterilized glass 
tubes containing solid medium Murashige and Skoog 
(MS) [14] plus 0.025% activated carbon to prevent the 
interfering secondary metabolites released from embryos. 
Cultures were kept in a growing chamber with cool white 
fluorescent tubes (18 W·m−2 Sylvania, Luxline Plus, Ger- 
many), 16 h light/day, and 24 ± 1˚C of temperature. 
Cotyledons were collected from mature and imbibed (24 
h) seeds at different point-times of in vitro germination 
and seedling growth. 

2.3. Microscopy Sample Preparation 

Cotyledon and endosperm were dissected out from ma- 
ture olive seeds 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 (BBInter- 
national, UK). After ultraviolet light polymerization of 
samples at −20˚C for 48 h, both semi-thin (1 µm) and 
ultra-thin sections (70 nm) were obtained using a Rei- 
chert-Jung Ultracut E microtome (Leica Microsystems, 
Germany). Semi-thin sections were placed on BioBond- 
TM (BBInternational) coated slides. Ultra-thin sections 
were mounted on formwar coated 200 mesh nickel grids. 

2.4. Histochemistry 

For general histological observations, sections were 
stained with a mixture of 0.05% (w/v) methylene blue 
and 0.05% (w/v) Toluidine blue [15]. For protein local- 
ization, sections were stained with Ponceau S according 
to Parker (1965) [16]. Observations were carried out with 
Axioplan microscope (Carl Zeiss, Germany) and images 
were recorded with a ProGres C3 digital camera using 
the ProGres CapturePro v2.6 software (Jenoptik AG, 
Germany). 

2.5. Microscopy Immunolocalization of 
Legumin-Like (11S-Type Globulin) Proteins 

Immunofluorescent cytochemistry was carry out in semi- 
thin sections (1 µm) through a sequential treatment with 
an incubation in blocking solution containing 1% (w/v) 
bovine serum albumin (BSA) in phosphate buffered sa- 
line (PBS) solution (pH 7.2), following by an incubation 
overnight at 4˚C with an anti-11S antibody (diluted 1:500) 
(p1 antiserum raised in rabbits) [17], following by goat- 
anti-rabbit IgG: Alexa Fluor 488-conjugated secondary 
antibody (Molecular Probes, USA) (diluted 1:2000 in 
blocking solution) for 1 h at 37˚C. In control sections the 
primary Ab was omitted. Samples fluorescence was pre- 
served with an anti-fading agent (Citifluor/glycerol/PBS, 
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Sigma). The sections were observed and analyzed in an 
epifluorescence Zeiss Axioplan (Carl Zeiss, Germany) 
using the filter combination: BP365, FT395 and LP397. 
Images were obtained with a ProGres C3 digital camera 
using the ProGres CapturePro 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, a 1:1000 solution of 
the secondary antibody (goat anti-rabbit IgG: 15 nm gold) 
(BBInternational), and finally contrasted using a 5% (w/v) 
uranyl acetate solution for 30 min at room temperature. 
Observations and analyses of samples were carried out 
with a JEM-1011 transmission electron microscope (JE- 
OL, Japan). Control reactions were carried-out by omit- 
ting the primary Ab. 

2.6. Quantitative Parameters and Statistical 
Analyses 

Quantitative morphometric analyses of endosperm and 
cotyledon PBs features (N˚ of PBs/cell, PBs area), Pon- 
ceau S stainability, and immunofluorescence intensity 
analyses were performed on serial semithin and ultrathin 
sections of endosperm and cotyledons from 300 cells 
from 30 sections randomly chosen from 15 mature seeds. 
Parameters measurements were performed with the Im- 
ageJ v1.47 software (NIH, USA).  

Differences among endosperm and cotyledon for PBs 
area, PBs/cell, Ponceau S stainability and immunofluo- 
rescence intensity were examined with Mann-Whitney U 
tests (p < 0.01) using SigmaPlot 12.3 (Systat Software 
Inc., 2011). Two-tails Pearson’s correlation coefficients 
were estimated by using SPSS 21 (2012) to determine 
relationships among these parameters. 

3. Results 

3.1. Analysis of Mature Olive Seed Protein 
Bodies 

Mature olive seeds consist of a brown seed coat (Figure 
1(A)) and a relatively thick layer of white endosperm, 
which surrounds a white embryo (Figures 1(B) and (C)). 
In the mature stage, endosperm and embryo can be 
clearly identified (Figure 1(D)), with the embryo exhi- 
biting two cotyledons and a radicle.  

Mature olive embryos were in vitro germinated, and 
the cotyledon material was processed for microscopy 
analysis of legumin-like (11S-type globulins) proteins. 
These proteins were used as biomarker for the study of 
SSPs mobilization during seeds imbibition and at differ- 
ent seedling germinating stages (Figure 1(E)).  

 

Figure 1. Mature olive seed: macroscopic images and in 
vitro germination. (A) Mature olive seed covered by a thin 
brown coat; (B) horizontal and (C) cross section of the seed 
showing the thin brown coat that is attached to the thick 
white endosperm with embryo; (D) the macroscopic images 
of the dissected embryo from mature seed is showing the 
radicle and cotyledons, and a horizontal cross section of the 
seed without embryo, is showing the endosperm white tissue. 
(E) Consecutive steps of mature embryo in vitro germina-
tion and seedling growth, until the plant was transferred to 
a pot with soil. 
 

Morphological differences of the cells, as well as a 
differential distribution of the storage materials integrat- 
ing both tissues, endosperm and cotyledon, were ob- 
served at the mature stage of olive seed (Figure 2). PBs 
of endosperm and cotyledon cells are discretely occupy- 
ing part of the cytoplasm space, while lipid bodies (LBs) 
of <1 μm of diameter are surrounding PBs, with broader 
distribution in endosperm tissue and completely occupy- 
ing the cytoplasm spaces in between PBs (Figure 2, pic- 
ture 1 and 2). Moreover, LBs distribution in cotyledon 
differed from endosperm tissue, since LBs (>1 μm of 
diameter) are almost exclusively surrounding the PBs 
(Figure 2, picture 3 and 4), providing visible cytoplas- 
mic spaces.  

Endosperm and cotyledon were processed for TEM 
and legumin-like (11S-type globulins) proteins detection 
in PBs. Immunogold assay showed gold grains almost 
exclusively located inside the PBs (gold grains high- 
lighted with arrows) compared to the negative control 
(Figure 2, picture 2 and 4, respectively) in both, en- 
dosperm (Figure 2, picture 1) and cotyledon (Figure 2, 
picture 3). 
Few grains were observed on the LBs near PBs. Ultra- 
structural analysis of endosperm (Figure 2, picture 2) 
showed the presence of the dense PBs (between 1 and 10 
μm of diameter). 

PBs content consisted in electron-dense aggregated 
material, while cotyledon cells (Figure 2, picture 4)   
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Figure 2. Stainability and immunohistochemical analyses of the mature olive endosperm and cotyledon tissues. Ultrastruc-
tural analysis of mature endosperm (1 and 2) and cotyledon (3 and 4) (190DAA), showing PBs surrounded by LBs and filling 
up the cytoplasmic space. Immunogold analysis of both tissues (1 and 3) showed gold grains located almost exclusively in the 
PBs compared to the controls (2 and 4, respectively). Gold grains were highlighted with arrows. Mature endosperm (5) and 
cotyledon (7) semithin sections stained with Toluidine-blue. Similar type of semithin sections (6 and 8, respectively) stained 
with Ponceau S. Immunofluorescence assays showed legumin-like proteins located in endosperm (9) and cotyledon (11) PBs. 
Auto-fluorescence controls did not show significant signal (10 and 12, respectively) coming from PBs of both seed tissues. LB 
= lipid body; N = nucleus; PB = protein body. 
 
showed the presence of lightly dense PBs (between 2 and 
25 μm of diameter). 

of PBs inside individual cells in comparison to cotyledon 
cells (Table 1 and Figure 2, picture 11). Control images 
(Figure 2, pictures 10 and 12) did not show significant 
auto-fluorescence signal for any of the seed tissues ana- 
lyzed. 

The analysis of the endosperm showed regular size 
and distribution of PBs, with an average number per cell 
of 16.50 ± 5.00 (median 16.00) PBs per cell, an average 
PB area of 10.80 ± 8.10 μm2 (median 8.20) (Table 1), 
and homogeneous Toluidine blue color (Figure 2, pic- 
ture 5), and Ponceau S (Figure 2, picture 6) stainability 
(Table 1). Otherwise, the analysis of cotyledon tissue 
showed an irregular distribution of PBs and higher vari- 
ability in PBs number and area that in endosperm, with 
an average number per cell of 5.20 ± 2.00 (median 5.00), 
an average area of 22.70 ± 20.00 μm2 (median 16.00).  

Significant statistical differences (p < 0.001, Mann- 
Whitney U test) were estimated among endosperm and 
cotyledon for PBs area, PBs/cell, Ponceau S stainability 
and immunofluorescence intensity. Pearson’s correlation 
coefficients indicated that no correlation exists among 
the analyzed variables except for a negative correlation 
between PBs area and immunofluorescence intensity in 
cotyledon (Pearson coefficient = −0.218, p = 0.008). 

Differences with endosperm were also determined for 
PBs sizes in individual cells (Table 1) as well as differ- 
ential Toluidine-blue (Figure 2, picture 7) and Ponceau S 
(Figure 2, picture 8) stainability among PBs population 
and cells (Table 1). In addition, histochemical features in 
both tissues were also detected using immunohistochem- 
istry assays, with endosperm (Figure 2, picture 9) exhib- 
iting a more homogeneous immunofluorescence intensity  

3.2. Legumin-Like Proteins Mobilization at 
Different Seedling Germinating Stages 

Marked differences of 11S-type globulin fluorescence 
intensity were found among PBs population in mature 
cotyledons (Figure 3, picture 1), while no significant 
cytoplasmic fluorescence was  detected.  
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Table 1. Morphometric, stainability and immunohistochemistry analyses of olive seed PBs. Average and standard deviation, 
maximum (max), minimum (min) and median values of parameters analyzed of PBs in endosperm and cotyledon cells. 

 Area (μm2) Total N˚ of PBs/cell 

 Endosperm Cotyledon Endosperm Cotyledon 

Average 10.80 ± 8.10 22.70 ± 20.00 16.50 ± 5.00 5.20 ± 2.00 

Max 37.70 97.05 33.00 12.00 

Min 0.44 0.96 5.00 2.00 

Median 8.20 16.00 16.00 5.00 

 Ponceau S stainability (a.u.) Immunofluorescence intensity (a.u.)a 

 Endosperm Cotyledon Endosperm Cotyledon 

Average 146.00 ± 9.00 172.00 ± 13.00 124.80 ± 7.90 133.40 ± 9.60 

Max 161.00 197.00 144.50 150.10 

Min 122.00 138.00 107.30 124.30 

Median 149.00 172.00 134.20 124.10 

aImmunofluorescence intensity values after subtracting auto-fluorescence. a.u. = arbitrary units. 

 
At 15 h of imbibition (Figure 3, picture 2) intense la- 

beling was diffusely visible, reflecting the initiation of 
the re-organization and beginning of proteins mobiliza- 
tion process in PBs when seed metabolism activation 
took place after a quiescence period. 

Further steps of in vitro germination, from 10 to 100 h 
(Figure 3, pictures 2 to 6), showed PBs undergone reor- 
ganization and fusion, leading to a size increase, to fi- 
nally form a single large vacuole full of proteins occu- 
pying the whole cytoplasm after 4 days of in vitro ger- 
mination. Additionally, few bright fluorescent spots ap- 
peared in the marginal side of the cell cytoplasm (Figure 
3, picture 6). 

From the 5th to 10th day of in vitro germination (Fig- 
ure 3, pictures 7 to 24), substantial changes in 11S-type 
protein mobilization occurred among cotyledon cells. 
Three different patterns of proteins mobilization were 
identified, and named as 1) “Holes” (pattern 1); 2) 
“Trees-like Structures” (pattern 2); and 3) “Whole Disin- 
tegration” (pattern 3).  

In the pattern 1 (Figure 3, pictures 7 to 12), the initia- 
tion of regular shape small holes in the marginal cyto- 
plasm can be observed, with an increase in size as more 
protein mobilize from the large vacuole to the cytoplasm 
Similar size was determined for all the cells at equivalent 
time-lapse as the protein degradation progress. 

In the pattern 2 (Figure 3, pictures 13 to 18), an initial 
mark (Figure 3, picture 13, white arrows) is appreciated 
in the periphery of the cytoplasm as the initiation of the 
characteristic “Trees-like Structures” pattern. These 
structures were growing and usually completed at the 
opposite side of the cytoplasm side. Proteins mobiliza- 

tion continued from these structures inside of the large 
vacuole.  

In the pattern 3 (Figure 3, pictures 19 to 24), storage 
proteins from the putative tiny packed state inside of the 
large vacuole are getting loose as the initiation of the 
protein mobilization begins. This model showed that 
proteins are likely to be synchronically mobilized from 
the whole large vacuole.  

A differential feature between these mobilization pat- 
terns is that “Trees-like Structures” and “Whole Disinte- 
gration” displayed an asynchrony in the progression of 
protein mobilization and degradation in comparison with 
the “Holes” pattern when different neighbor cells were 
analyzed. 

The concomitant occurrence of two of the patterns de- 
scribed above for legumin-like proteins mobilization 
have also been frequently observed in several cells of the 
cotyledon (Figure 4).  

After 11 days of germination, the cytoplasm of these 
cells showed variable number of protein clusters of dif-
ferent sizes and irregularly shaped, regardless the mobi-
lization pattern.  

From 11th to 19th day of in vitro germination (Figure 3, 
pictures 25 to 30), the immunofluorescence labeling of 
11S-type globulins have almost disappeared in the cyto- 
plasm, likely due to completed storage proteins mobiliza- 
tion and degradation, which might have occurred in order 
to supply C, N and S to the embryo for the plant devel- 
opment support. In addition, during the last 10 days of 
seedling growth numerous and clearly identifiable chlo- 
roplasts can be observed in the cell cytoplasm (mostly 
due to their auto-fluorescence). 
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Figure 3. Immunofluorescence localization of 11S-type globulins in olive cotyledon cells during seedling germinating states. 
Images 1 to 6 show the cytological changes taking place in cotyledon cells during seed imbibition, and until 100 h of in vitro 
germination. The main feature during this period of germination is the fusion of protein bodies resulting in a big vacuole 
containing the SSPs. Images 7 to 24 show three pathways of SSPs mobilization from PBs during in vitro germination (120 to 
250 h). These pathways are named as “Holes” (images 7 to 12), “Trees-like structures” (images 13 to 18), and “Whole Disin- 
tegration” (images 19 to 24). Images 25 to 30 show the final stages of proteins mobilization and degradation from PBs (280 to 
450 h), where irregular proteins cluster are the rests of SSPs in the final stages of degradation, and chloroplast and cell walls 
auto-fluorescence is increasing. C = cell; CHL = chloroplast; CL = cluster; D = whole disintegration; F = fusion; H = Hole; N 
= nucleus; PB = protein body; T = trees-like structures; V = vesicle; W = cell wall; scale barr = 20 µm. 
 
4. Discussion 

Previous studies have demonstrated that not significant 
degradation and turnover of SSPs occurs at mature stage 
in legume seeds [18], which indicates that suitable stra- 
tegies are protecting storage proteins against a premature  
proteolytic attack [4]. In addition, at the end of seed 
maturation, de novo synthesis of proteins is almost com- 
pleted, in agreement with different species such as Medi- 
cago truncatula, Pisum sativum and Arabidopsis thaliana 

[19-21].  
Furthermore, at mature stage of M. truncatula various 

populations of vicilins PBs have been identified, con- 
comitantly with a peak of vicilins genes expression [22]. 
In the present study, morphometric analysis showed dif- 
ferent populations of PBs in olive cotyledon, containing 
mainly legumin-like proteins when immunohistochemi- 
cal analysis was performed (Figure 2, Table 1). Inter- 
estingly, this is an important feature that may differenti- 
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Figure 4. Mobilization patterns concomitance in cotyledon 
cells of germinating seedling. (A) Patterns 1 and 2; (B) pat- 
terns 1 and 3; and (C) patterns 2 and 3 were found in indi- 
vidual cells during SSPs mobilization and degradation. CL 
= cluster; D = whole disintegration; H = Hole; T = trees-like 
structures; scale barr = 20 µm. 
 
ate olive cotyledon cells from those of the endosperm 
(Figure 2) since homogeneous population of PBs were 
found in endosperm cells after performing stainability 
and immunofluorescence analyses. Additionally, other 
features such as the regular size and equally distributed 
PBs number per cell (Figure 2, Table 1) contribute to 
differentiate cotyledon and endosperm cells when com- 
pared with the heterogeneity of PBs populations present 
in cotyledon tissue. These differences between endo- 
sperm and cotyledon PBs may be due to selective accu- 
mulation/packaging of mature polypeptides as well as 
composition in SSPs inside the different PBs of mature 
polypeptides [23]. Variability of PBs populations at ma- 

ture stages may also be strongly influenced by the type of 
cell in these seed tissues, SSPs synthesis and transport 
inside vacuoles via ER-Golgi and/or direct ER-vacuole 
pathways, which ultimately depend on the cellular condi- 
tions [24,2]. Overall, these differences may also have a 
strong influence in the mobilization of legumin-like and 
other SSPs, according to the differential patterns showed 
in the current study.  

Protein turnover is essential for seed germination and 
plant development [18]. Upon seed germination, s sub- 
stantial proteolysis of SSPs provides the necessary amino 
acids to accomplish different physiological processes 
during plant development [7,9,10]. 

In this study, we have shown that legumin-like pro- 
teins degradation in PBs may start either within the pro- 
tein mass in the large central vacuole (pattern 3 or 
“Whole Disintegration”) with a diffuse fragmentation of 
the proteinaceous masses, or could initiate along the pe- 
riphery (pattern 1 or “Holes”, and pattern 2 or “Trees- 
like Structures”) (Figures 3, 4). The internal character of 
SSPs mobilization and degradation suggests that the pro- 
teolytic enzymes were originated within the proteina- 
ceous mass and accumulated inactively together with 
SSPs waiting for further activation [25]. Otherwise, pe- 
ripheral degradation suggests that the proteolytic en- 
zymes were associated with the delimiting PBs mem- 
brane or originated outside the protein body. This can be 
attributed to some protein bodies not receiving lytic en- 
zymes when they are fashioned or somehow the prote- 
olytic content is not activated when SSPs of these PBs 
have to be mobilized. 

Diverse proteinases are intricately involved in devel- 
opmental changes in plant cells, i.e. endo- and exopepti- 
dases are present in the PBs of dry seeds of many plants 
[26,27], which underestimate the importance of the re- 
gulation of proteolytic processes. Furthermore, plant 
cells contain different types of vacuoles that perform a 
multitude of functions [5,6,28]. The composition and 
architecture of a given vacuole system can change dra- 
matically during seedling germinating stages and plant 
cell development [28,29]. Multiple and sequential proc- 
esses for proteins mobilization and transport into vacu- 
oles as well as processing and degradation by proteinases 
make possible proteins turn-over and plant differentia- 
tion [30]. According to our data, it is plausible that dif- 
ferent patterns of legumin-like protein mobilization are 
occurring in the same cell of the cotyledon, becoming 
evident in specific periods of germination (Figure 4). 
Two degradation patterns can be observed between 100 
and 250 h of germination, while a progressive degrada- 
tion of legumin-like proteins into very small masses or 
clusters was determined between 100 to 130 h of seed 
germination. These patterns of SSPs mobilization and 
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further proteins degradation seem to be characterized by 
a contemporaneous multi-focal activation of proteolytic 
enzymes. These combinations of different degradation 
patterns of SSPs may result either from different protein 
contents and/or from different storage characteristics of 
the proteins, enhancing the efficiency of proteins mobi- 
lization in periods of high amino acids demand such as 
seed germination process. In addition, different prote- 
olytic enzymes originated outside of PBs may be in- 
volved in these patterns since concomitance of external 
patterns of mobilization (Figure 4(A)), or even combina- 
tion of inactively accumulated enzymes and externally 
fused with the same PB are promoting mobilization and 
degradation of SSPs from the same PB (Figures 4(B) 
and (C)). 

The germination process is frequently characterized by 
a tissue-dependent asynchrony, with the germination 
beginning in radical tips, pre-vascular strands, and in 
sub-epidermal cell layers where growth and differentia- 
tion are also being initiated [31]. Moreover, mobilization 
of stored compounds in germinating seeds does not occur 
in all cells and tissues simultaneously but follows spe- 
cific spatial and temporal patterns [12,32], and also vary 
depending of the seed specie and differentially dependent 
in endosperm and cotyledon of the light/dark exposition, 
and/or type of radiation [33]. Vicia sativa showed that 
the first storage proteins to be mobilized were located in 
embryo axis cells, and that mobilization of the globulins 
stored in the cotyledons typically starts thereafter [12,34, 
35]. In the present study, we have showed that legumin- 
like proteins mobilization is a more active process after 
they have been re-located in a large vacuole as a result of 
PBs fusion in cotyledon cells during the early-stages of 
germination in comparison with the imbibition stage 
(Figure 3, picture 6). One of the most important physio- 
logical changes in the seed at this stage is the activation 
of a bulk of proteinases enzymes, necessary for SSPs 
mobilization [36]. However, the possibility of the de 
novo synthesis cannot be ruled out because it would also 
contribute to a certain initial degree of mobilization of 
storage proteins (7S vicilins and 11S legumins) during 
seed imbibition [25,34,37] as observed in the present 
study (Figure 3, picture 2), or after periods of high de- 
mand of amino acids as suggested by the combination of 
mobilization patterns for more efficient and fast SSPs 
degradation (Figure 4). Furthermore, a proteinase pattern 
of genes expression finely controlled may be also re- 
flected in the pattern of mobilization (and break-down) 
during olive seed germination, due to differential content 
and functionality carrying out by legumin-like as well as 
vicilin-like proteins in different PBs [12], markedly high- 
lighted by the significant immunofluorescence intensity 
differences (p < 0.001) estimated amongst PBs in coty- 

ledon and endosperm (Mann-Whitney U test). 
After 5 days of olive seed in vitro germination (Figure 

3, from picture 6), the fluorescence from the 11S globu- 
lins immunolocalization was located in the whole cyto- 
plasm, likely related to the presence of a large central 
vacuole. This transformation is a mechanically-depen- 
dent process that involves vacuoles fusion and membrane 
restructuring, in addition to acidification of the vacuole 
lumen, and mobilization of the stored molecules [5,38]. 
The acidic environment of the vacuolar environment may 
be another additional control mechanism of the SSPs 
mobilization. Low pH facilitates conformational changes 
of proteins and enhances their accessibility to proteinases 
action [39]. Moreover, acidic cysteine proteinases (CPRs) 
families’ papin- and legumain-like cysteine endopepti- 
dases are responsible for the degradation of globulins 
accumulated in the dry seeds and for the initiation of 
globulin mobilization after imbibition [40,41]. CPRs gra- 
dually increase their activity during the seed germination 
[11,40], and play an essential role in the hydrolysis and 
mobilization of proteins during seed germination in cere- 
als [42] and dicotyledonous plants [27]. The activity of 
these proteases during SSPs mobilization is spatio-tem- 
porally highly regulated [43,44], as previously demon- 
strated in vetch cotyledon [12,35,41]. This activity may 
therefore occur in olive cotyledon cells, since no further 
degradation is noticed after seed imbibition, while a pe- 
riod of extensive fusion of PBs is taking place in olive 
cotyledon cells (Figure 3, pictures 3 to 5).  

After 5 days of germination, we have identified three 
different SSPs mobilization patterns in PBs of embryo 
cells (Figure 3, pictures 7 to 24). This is a major feature 
that can differentiate olive seed germination from other 
species. To the best of our knowledge, the present study 
describes for the first time these three patterns of SSPs 
mobilization in PBs of cotyledon cells. These seed pro- 
teins mobilization patterns may occur concomitantly in 
the same type of cell, but individual patterns of proteins 
mobilization in different type of cells of cotyledon may 
not be ruled out. This later possibility is in agreement 
with the fact that differential enzymatic content of lytic 
vacuoles may be developmentally synthesized in a tis- 
sue-specific manner, which may play an important role in 
determining the pattern of SSPs mobilization [6]. Indeed, 
42 proteinases were found to be involved in the germina- 
tion of barley seeds, and 27 among them belonged to the 
CPRs family [45,46]. In addition to previous observa- 
tions, the translocation of proteinases into specific target 
vacuoles for subsequent activation and proteins degrada- 
tion is necessary for SSP mobilization [47]. 

5. Conclusions 

This study substantially helps understanding the com- 
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plexity of antagonistic physiological processes such as 
correct seed proteins’ accumulation and their further mo- 
bilization by orchestrating different physiological proc- 
esses and supporting seedling growth and plant devel-
opment. Several differential features have arisen in PBs 
populations of endosperm and cotyledon, emphasizing 
the specific nature and functionality of each seed tissue. 
These features are developmentally strengthened to drive 
plant growth and development, i.e. endosperm as nurtur-
ing tissue for the embryo to give rise to an entire new 
plant.  

The identification and description of three differential 
cytological patterns of mobilization of seed storage pro- 
teins from PBs of cotyledon cells by using legumin-like 
proteins as a molecular marker may provide a better un- 
derstanding of SSPs differential functionality during seed 
germination. These different mobilization patterns, i.e. 
diffuse fragmentation of the proteins masses (“Whole 
Disintegration” pattern) and peripheral progressive PBs 
erosion (“Holes” and “Trees-like Structures” patterns), 
reflect the implications of different physiological factors 
like mature SSPs properties (polypeptide composition, 
storage and packaging), cotyledon cell types, and the 
vacuolar enzymatic composition and differential prote- 
olytic enzymes activation, in determining the type(s) of 
mobilization(s) pattern(s) and further SSPs degradation 
during the seed germination time-course and plant 
growth. Future studies will remain necessary to better 
understand the nature and functionality of the new cyto- 
logical patterns of SSPs mobilization described in this 
study. 
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