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Oil bodies (OBs) are seed-specific lipid storage organelles that allow the accumulation of neutral lipids that sustain plantlet
development after the onset of germination. OBs are covered with specific proteins embedded in a single layer of phospholipids.
Using fluorescent dyes and confocal microscopy, we monitored the dynamics of OBs in living Arabidopsis (Arabidopsis thaliana)
embryos at different stages of development. Analyses were carried out with different genotypes: the wild type and three
mutants affected in the accumulation of various oleosins (OLE1, OLE2, and OLE4), three major OB proteins. Image
acquisition was followed by a detailed statistical analysis of OB size and distribution during seed development in the four
dimensions (x, y, z, and t). Our results indicate that OB size increases sharply during seed maturation, in part by OB fusion, and
then decreases until the end of the maturation process. In single, double, and triple mutant backgrounds, the size and spatial
distribution of OBs are modified, affecting in turn the total lipid content, which suggests that the oleosins studied have specific
functions in the dynamics of lipid accumulation.

The seed is a complex, specific structure that allows
a quiescent plant embryo to cope with unfavorable
germinating conditions and also permits dissemina-
tion of the species. To achieve these functions, seeds
accumulate reserve compounds that will ensure the
survival of the embryo and fuel the growth of the
plantlet upon germination. Accumulation of lipids
occurs in many eukaryotic cells and is a rather com-
mon means of storing carbon and energy. Lipid
droplets (LDs) can be found in all eukaryotes, such
as yeast (Saccharomyces cerevisiae; Leber et al., 1994),
mammals (Murphy, 2001; Hodges and Wu, 2010),
Caenorhabditis elegans (Zhang et al., 2010; Mak, 2012),
Drosophila melanogaster (Beller et al., 2006, 2010), and
plants (Hsieh and Huang, 2004), but also in prokaryotes
(Wältermann et al., 2005). The basic structure of an LD
is a core of neutral lipids covered by a phospholipid

monolayer. LDs differ between species by the set of
proteins covering their surface, the nature of the lipids
stored, and their turnover. Nevertheless, they appar-
ently always ensure the same function in the cell (i.e.
energy storage; Murphy, 2012). In Brassicacea species
such as Arabidopsis (Arabidopsis thaliana), seed reserves
are mainly composed of carbohydrates, proteins, and
lipids (Baud et al., 2002). The lipids are primarily stored
as triacylglycerols (TAGs) in LDs, more commonly called
oil bodies (OBs; Hsieh and Huang, 2004; Chapman et al.,
2012; Chapman and Ohlrogge, 2012) of diameter 0.5 to
2 mm (Tzen et al., 1993).

The protein composition of seed OBs has been de-
termined for several plant species, including Brassica
napus (Katavic et al., 2006; Jolivet et al., 2009) and
Arabidopsis (Jolivet et al., 2004; D’Andréa et al., 2007;
Vermachova et al., 2011). In Arabidopsis, 10 proteins
have been identified, and seed-specific oleosins repre-
sent up to 79% of the OB proteins (Jolivet et al., 2004;
D’Andréa et al., 2007; Vermachova et al., 2011). Oleo-
sins are rather small proteins of 18.5 to 21.2 kD with a
specific and highly conserved central hydrophobic
domain of 72 amino acid residues flanked by hydro-
philic domains of variable size and amino acid com-
position (Qu and Huang, 1990; Tzen et al., 1990, 1992;
Huang, 1996; Hsieh and Huang, 2004). It is generally
agreed that oleosins cover the OB surface, with their
central hydrophobic domain inserted in the TAG
through the phospholipid layer (Tzen and Huang,
1992). Besides their structural function in OBs, oleosins
may serve as docking stations for other proteins at its
surface (Wilfling et al., 2013) and may participate
in the biosynthesis and mobilization of plant oils
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(Parthibane et al., 2012a, 2012b). Oleosins are probably
involved in OB stability (Leprince et al., 1998; Shimada
et al., 2008) and in the regulation of OB repulsion
(Heneen et al., 2008), preventing the coalescence of
OBs into a single organelle (Schmidt and Herman,
2008). Nevertheless, the precise functions of oleosins
in OB biogenesis and dynamics have not yet been
established.
Global analysis of seed lipids can be performed using

gas chromatography (Li et al., 2006), which allows the
precise determination of both lipid content and fatty
acid composition. Recently, direct organelle mass
spectrometry has been used to visualize the lipid com-
position of cotton (Gossypium hirsutum) seed OBs (Horn
et al., 2011). Nevertheless, in both cases, the methods
are destructive. To observe lipid accumulation at the
subcellular level, well-known nondestructive tech-
niques for lipid visualization have been adapted to
seeds. Third harmonic generation microscopy (Débarre
et al., 2006) and label-free coherent anti-Stokes Raman
scattering microscopy (Paar et al., 2012) allow dyeless
observation of LDs but require very specific equipment.
Magnetic resonance imaging enables topographic
analysis of lipid distribution in cereal grains (Neuberger
et al., 2008) and in submillimeter-sized seeds like those
of tobacco (Nicotiana tabacum; Fuchs et al., 2013). Nev-
ertheless, the use of fluorescent dyes such as Nile Red
(Greenspan and Fowler, 1985), BODIPY (Pagano et al.,
1991), or LipidTOX (Invitrogen) associated with confo-
cal microscopy is also a powerful way to monitor LDs
in living organisms.
Despite knowledge accumulated on this topic

(Brasaemle and Wolins, 2012; Chapman et al., 2012),
little is known about OB dynamics during seed mat-
uration. In this article, we investigate this question by
monitoring the evolution of OBs in living Arabidopsis
embryos over time. This analysis showed a marked
change in OB size at 9 to 10 d after flowering (DAF).
We then examined single, double, and triple mutants
of the major oleosins found in developing seeds
(OLE1 [At4g25140], OLE2 [At5g40420], and OLE4
[At3g01570]; Jolivet et al., 2004). We analyzed the
OB dynamics in these mutant backgrounds as if they
would contain only these three proteins. We show that
the lack of specific oleosins influences the dynamics and
distribution of OBs during seed maturation, which in
turn affects lipid accumulation. These results pave the
way for analyzing specific functions of oleosins in the
synthesis, growth, and evolution of OBs.

RESULTS

Oleosins and Storage Compound Accumulation

Several complementary techniques were used to
study the spatiotemporal dynamics of oleosin expres-
sion. A quantitative reverse transcription (RT)-PCR
approach first confirmed that oleosins were highly and
specifically expressed in silique material. The relative

expression profiles of the oleosins OLE1, OLE2, OLE3,
OLE4, and OLE5 were investigated in siliques 4 to 22
DAF (Fig. 1A).

OLE1, OLE2, and OLE3 relative transcript levels
were low during early silique development and in-
creased sharply 9 to 15 DAF, corresponding to the
onset of seed maturation; mRNA levels reached their
maximal value at 16 to 18 DAF and then gradually
decreased throughout the maturation phase. Tran-
script accumulation for OLE4 was much lower than for
OLE1, OLE2, and OLE3 and also decreased at 18 DAF.
In contrast, OLE5 showed low mRNA abundance,
which decreased earlier than the other oleosins, start-
ing 13 DAF (Fig. 1A).

Specific antibodies against each oleosin (D’Andréa
et al., 2007) were used to investigate the temporal ac-
cumulation of oleosins by western blot (Fig. 1B). The
content of each oleosin was determined quantitatively
during seed development and expressed as a percent-
age of its mature seed content (Fig. 1B). In a manner
compatible with the accumulation of their respective
transcripts, OLE5 was the first protein detected, fol-
lowed by OLE1, OLE2, and OLE4, and then OLE3. All
oleosins accumulated during embryo development and
were present in mature seeds. It is noteworthy that
OLE5, although present in mature seeds, at maturity
contained only three-fourths of its maximal level.

Another question was the potential redundancy be-
tween oleosins. To address this question, we obtained
ole1, ole2, and ole4 mutants. Immunolocalization of the
oleosins OLE1, OLE2, and OLE4 in their respective
mutant backgrounds (Supplemental Fig. S1) confirmed
that the ole1, ole2, and ole4 mutants used in this study
are null mutants. Protein extracts from the wild type
and the different single, double, and triple mutants
were resolved by SDS-PAGE and stained with Coo-
massie blue (Supplemental Fig. S2A). Results of image
analysis (Supplemental Fig. S2A) showed that defi-
ciency in one or several oleosins was not compensated
by an increase in the others. 12S and 2S storage proteins
were also resolved (Supplemental Fig. S2A). While
oleosin deficiency led in some cases to a reduced 12S
and 2S storage protein content compared with the wild
type (Supplemental Fig. S2B), with the exception of
the ole1ole4 double mutant, the ratio between 12S and
2S storage proteins was not significantly affected
(Supplemental Fig. S2C). In contrast, the total fatty acid
content appeared more susceptible to a deficiency in
one or more oleosins, as in all cases it was decreased
compared with the wild type (Supplemental Fig. S2B).

OB Accumulation during Seed Formation
and Germination

During wild-type seed development, at the early
heart stage (7 DAF), OBs were scattered regularly in
the embryo cells (Fig. 2A). The average estimated
volume of OB (VOB) was 0.096 mm3 (after segmenta-
tion). This volume increased during embryo growth,
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with a marked increase after 9 DAF, at the transition
between torpedo (9 DAF) and U-shaped (11 DAF)
stages (Fig. 4A). At 11 DAF (Fig. 2A) the OBs de-
creased in size and were pushed to the edges of the
cell, the cell center being occupied by protein bodies
(PBs) and other intracellular components (nucleus,
Golgi network, etc.). After 11 DAF, it was no longer
possible to discriminate OBs with confocal micros-
copy, as they were too close together. The OB distri-
bution during embryo development was not affected
in the ole1, ole2, or ole4 single mutants (Fig. 2B). In
double mutants, the OB accumulation pattern changed,
especially after 9 DAF, when OBs displayed a different
spatial distribution. In the ole1ole2ole4 mutant, the VOB
continued to increase after 9 DAF, reaching an average
of 2.5 mm3 at 11 DAF.

During germination, after a 1-h imbibition of dry
mature seeds, rehydration was not complete, only
minor changes in the transcriptome were observed
(Preston et al., 2009), and the OBs were still located
on the edges of the cell. They were of very small size,
and individual OBs could not be distinguished in the
single mutants. After 24 h of imbibition, the OBs

began to increase in size and reduce in number. After
48 h of imbibition, OBs began to be distinguishable
(Fig. 2B). In the double and triple mutants, the OB
distribution was affected. In 1-h imbibed seeds,
compared with the wild type and single mutants, the
ole2ole4 mutant contained larger OBs, and those of
ole1ole4 and ole1ole2 were less compacted. The ole2ole4
OBs remained voluminous from the dry stage to 48 h
after imbibition. In the ole1ole2ole4 mutant, the aver-
age VOB was rather constant (between 8 and 9 mm3)
from 1-h imbibed seeds until 48 h after imbibition
(Fig. 2B). In the case of large OBs, the PBs were
pushed to the sides of cells by the OBs (Supplemental
Fig. S3), indicating a structural flexibility of the PBs
when confronted with increased VOB.

Characterizing OB Dynamics

We wanted to address the distribution of OBs in the
plant cells where OBs are normally distributed. OB
dynamics in the wild type and oleosin mutant lines
could be studied most easily if both OBs and cell walls

Figure 1. Oleosin accumulation pat-
tern during seed development. The
abundance of oleosin mRNA (A) and
oleosin protein accumulation (B) were
determined in Arabidopsis siliques
collected 7 to 22 DAF. Seeds were
mature at 22 DAF. The abundance of
oleosin mRNA was assessed by quan-
titative RT-PCR, and EF1aA1 was used
as a control. Oleosin protein accumu-
lation was measured by immunoblot
using specific sera. Five seed-specific
oleosins were quantified: OLE1 (black
squares), OLE2 (white triangles), OLE3
(black triangles), OLE4 (white circles),
and OLE5 (black circles). Luminescent
signals from immunoblots, recorded
using the LAS-3000 imaging system
and quantified with the MultiGauge
software, were within the linear range,
allowing quantitative determination of
oleosin content. For each oleosin, data
were expressed as the percentage of the
mature seed content of that oleosin,
regardless of its relative amount among
OB proteins. The inset in B shows OB
proteins resolved by SDS-PAGE and
stained with silver nitrate (column a) or
Coomassie blue (column b) to illustrate
the relative content of each oleosin in
purified Arabidopsis OBs.
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of living cells could be stained. Unfortunately, as Nile
Red was not compatible with cell wall stains, no
fluorescent dye allowed discriminating OBs from cell
walls in living embryos (Fig. 3, A1 and B1). Conse-
quently, individual plant cells could not be detected,
and we used estimators of the distance between each
OB and its neighbors to answer the question of dis-
tribution in the three-dimensional (3D) space. We have
segmented the OB (Fig. 3, A2 and B2) and defined a
volume containing all the OBs (the convex envelope;
Fig. 3, A3, B3, and C3). This 3D space was thus divided
independently of the cellular segmentation in regions
using Voronoï diagrams (Fig. 3, A4, B4, and C4). The
distance to the next neighbor or the minimal distance
between OBs (Fig. 4C) was computed, and the Voronoï
cell corresponded to the junction of all the points at
half the minimal distance between the surface of two
OBs. Therefore, the outer surface of all the Voronoï
cells defined a global volume (the convex envelope)

that resembled the surface of the organ considered
(embryo cotyledon or hypocotyl) without the outer
plant cell walls (Fig. 3, B3 and B4).

Use of the Voronoï cells allowed calculating the
“local fraction” (floc) estimator (i.e. the ratio of vol-
umes between a given OB and the Voronoï cell con-
taining it), and therefore estimating densities of OBs
and compaction processes, independently of the plant
cell walls (Fig. 4B). To evaluate the spatial distribution
of OBs during seed development, we designed a
pipeline based on morphological operators for the
quantitative analysis and characterization of OB size
and organization. The pipeline was implemented in a
3D imaging and analysis software, Avizo-Fire (Bur-
lington). It processed laser scanning microscope image
stacks of OBs, yielding a mathematical representation
of segmented OB images built on watershed-based
techniques. Three estimators were used: the VOB, the
floc, and the distance of each OB to its nearest neighbor

Figure 2. Phenotypes of OBs stained
with Nile Red in different genetic
backgrounds during seed maturation
(A) and imbibition (B). Red squares on
the photographs of developing embryos
at 7, 9, and 11 DAF (bottom) indicate
the localization of image acquisition.
Col0, Columbia wild type; hr, hours
after imbibition start. Bars = 10 mm.
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(Fig. 4). These estimators are detailed in “Materials
and Methods.” Because the population of OBs con-
tains small and large OBs, and the growing process is
expected to be continuous between small and large
OBs, we used different representations of the statistical
distribution of the OB populations: the mean of vol-
ume, the median of volume, and the mean of the first
and last quantiles (Fig. 4A).

To go further in the analysis of OB size and dy-
namics in the different genotypes, a linear mathemat-
ical model was developed (Trigui et al., 2012), and a
statistical analysis of it using a quantile regression
(Trigui et al., 2013) was performed (Table I), which
confirmed that the VOB increased significantly as a

function of time (DAF) regardless of the genotype
(P , 2 3 10210). The maximum rate of increase oc-
curred between 9 and 10 DAF, as the log(VOB) was
increased by approximately 0.35 mm3 with respect to
the intercept (7 DAF; fitted value = 21.120 6 0.009;
Supplemental Table S1). Focusing first on OBs lacking
OLE1, OLE2, and OLE4 proteins (ole1ole2ole4 mutant),
the increase of VOB (Fig. 4A, mean of volume) indi-
cated a fusion process, even without the effect of the
studied oleosin. Adding OLE4 oleosin (ole1ole2 mutant)
resulted in a decrease of the VOB compared with the
ole1ole2ole4mutant (Fig. 4A; fitted value =20.026 0.008;
Supplemental Table S1). Similarly, OBs containing
only OLE1 oleosin (ole2ole4 mutant) were smaller

Figure 3. Sequential steps of image processing and 3D volume rendering. This example is taken from a 10-DAF ole1ole2ole4
sample image with a resolution of 512 3 512 3 512 pixels. A, Segmentation: crude acquired images (1), segmented OBs (2),
convex envelope (3), and Voronoı̈ cell processing (4). B, 3D volume rendering of the image stack for each step. C, Transverse
section and orthoslice of the 3D reconstruction showing individual OBs (3) and individual OBs with the shape of the Voronoı̈
cells (4).

1870 Plant Physiol. Vol. 164, 2014

Miquel et al.

http://www.plantphysiol.org/cgi/content/full/pp.113.233262/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.233262/DC1


than OBs of ole1ole2ole4 mutant (Fig. 4A; fitted value =
20.091 6 0.009; Supplemental Table S1). In addition,
OLE1 acted more efficiently then OLE4 in decreasing
VOB (ole2ole4 compared with ole1ole2; Fig. 4A;
Supplemental Table S1). On the other hand, the effect
of OLE2 was shown to increase the VOB (fitted value =

0.156 6 0.007; Supplemental Table S1): the VOB in the
ole1ole4 mutant is greater than that of ole1ole2ole4
(Fig. 4A). The mutant (ole2) with OLE1 and OLE4 to-
gether exhibited a reduction of the mean VOB compared
with ole1ole2ole4, but their interaction seemed to be neg-
ligible (P = 0.031; Supplemental Table S1), suggesting a

Figure 4. Distribution of volume (A),
spatial disposition (B), and minimal
distance (C) of OBs during seed devel-
opment of oleosin mutants. Col0, Co-
lumbia wild type.
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simple additive effect. The minimal VOB was obtained
by this mutant background (Fig. 4A). However, the
interaction between OLE2 and OLE4 was significant
(fitted value = 20.127 6 0.012; Supplemental Table S1)
and acted by reducing the VOB even if OLE2 acted to
increase VOB. The common presence of OLE2 with
OLE1 (in mutant ole4) led to a reduction of the VOB
when compared with the mutant ole1ole2ole4. This re-
duction was even larger than when it was present with
OLE4 (mutant ole1). This result is in agreement with
OLE1 being more effective than OLE4 in preventing
OB fusion.

Finally, when considering the wild type, the VOB
obtained by the contribution of OLE1, OLE2, and
OLE4 was reduced compared with the ole1ole2ole4
mutant, and its effect was significant (fitted value =
0.126 6 0.019; Supplemental Table S1). The presence of
these oleosins on the surface of OBs modulates the
fusion process by both contributing to and preventing
OB growth.

Analysis of the evolution of the Voronoï cell volume
showed a global decrease of this volume between
7 and 8 DAF, then an increase during maturation from
8 DAF on, except for the ole2 mutant (Fig. 4B). At the
beginning of embryo development, fusion events
would be rather scarce, while small OBs started filling
the cell, thus limiting the space occupied by each OB.
As OB density increased, OBs would fuse to optimize
cell space, as shown by an increase in the volume of
the Voronoï cell (Fig. 4B). The minimal distance be-
tween OBs decreased over time, indicating an increase
in OB density (Fig. 4C), but the evolution of the curve
was different for the ole2 mutant, which exhibited a
low distance between OBs, which was confirmed by
the presence of OB aggregates at 11 DAF (Fig. 2A;
Supplemental Fig. S4).

Similar to the volume, the floc decreased signi-
ficantly as a function of time (DAF; Fig. 4B;
Supplemental Table S1; P , 2 3 10210) but more

linearly between 8 and 11 DAF [log(floc) increased by
approximately 1.5 per time step]. While the effects of
OLE1 and OLE4 contributed to a low decrease (fitted
value =20.0786 0.007 and20.0536 0.006, respectively;
Supplemental Table S1) of the floc, OLE2 contributed
to its increase (fitted value = 0.155 6 0.006;
Supplemental Table S1). The double and triple inter-
actions involving OLE2 (OLE2:OLE4, OLE1:OLE2, and
OLE1:OLE2:OLE4) were shown to have a synergistic
effect on the VOB (P = 7.8129; Supplemental Table S1).

OB Fusion

In order to monitor OB behavior, 3D time-lapse live-
cell imaging of developing embryos was performed. No
specific OB movement of large amplitude was detected.
Nevertheless, long acquisition of immobilized embryos
at early torpedo stage showed fusions of OBs of similar
or different sizes, resulting in larger OBs (Fig. 5;
Supplemental Video S1). In a wild-type embryo, a typical
fusion event was completed in about 15 min.

DISCUSSION

The processes of OB synthesis and dynamics are still
largely unknown (Robenek et al., 2006; Ploegh, 2007;
Walther and Farese, 2009; Yang et al., 2012). Con-
cerning OB synthesis, the currently favored model is
that they originate from discrete regions of the endo-
plasmic reticulum (ER) where enzymes for neutral
lipid biosynthetic machinery are located (Lacey et al.,
1999; Martin and Parton, 2006; Shockey et al., 2006).
However, no exact mechanism has been described so
far that can explain, for example, why the phospho-
lipid composition of the half membrane enclosing OBs
is different from that of the cytosolic leaflet of the ER
membrane (Tauchi-Sato et al., 2002).

Table I. Quantile regression analysis

A variance analysis using a quantile regression statistical model was performed on the mathematical
model (see “Materials and Methods”) developed to study the effect of oleosins, the developmental stage,
and the interactions of all these factors on VOB. Fitted estimate values of VOB, SE, and P are given for factors
affecting VOB. Intercept was 7 DAF.

Sample
t = 0.25 t = 0.5 t = 0.75

Estimate 6 SE P Estimate 6 SE P Estimate 6 SE P

Intercept 21.479 6 0.016 0.000 21.186 6 0.010 0.000 0.828 6 0.012 0.000
8 DAF 0.130 6 0.010 0.000 0.191 6 0.010 0.000 0.226 6 0.013 0.000
9 DAF 0.246 6 0.009 0.000 0.355 6 0.010 0.000 0.469 6 0.012 0.000
10 DAF 0.538 6 0.011 0.000 0.733 6 0.011 0.000 0.902 6 0.013 0.000
11 DAF 0.722 6 0.014 0.000 0.950 6 0.012 0.000 1.114 6 0.014 0.000
OLE1 20.058 6 0.011 0.000 20.056 6 0.011 0.000 20.104 6 0.013 0.000
OLE2 0.137 6 0.011 0.000 0.195 6 0.011 0.000 0.210 6 0.011 0.000
OLE4 20.037 6 0.011 0.001 20.004 6 0.011 0.712 0.008 6 0.012 0.490
OLE1:OLE4 20.038 6 0.016 0.020 20.066 6 0.017 0.000 20.029 6 0.020 0.134
OLE2:OLE4 20.089 6 0.017 0.000 20.156 6 0.017 0.000 20.190 6 0.017 0.000
OLE1:OLE2 20.139 6 0.018 0.000 20.168 6 0.017 0.000 20.126 6 0.018 0.000
OLE1:OLE2:OLE4 0.138 6 0.026 0.000 0.179 6 0.026 0.000 0.106 6 0.028 0.000
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For OB dynamics and, especially, OB maturation,
several proposals have been made (Yang et al., 2012).
First, small OBs would bud off the ER at sites spe-
cialized in TAG biosynthesis and would then expand
by recruiting enzymes of this biosynthetic pathway
(McFie et al., 2011; Wilfling et al., 2013). Second, OBs
would remain tethered to the ER, filling with neutral
lipids until an optimal size is reached, allowing their
release into the cytosol. Third, large OBs could also
result from the fusion or coalescence of smaller ones
(Gong et al., 2011; Ariotti et al., 2012). These different
mechanisms may depend on the type of LD, on cell
type, and on the neutral lipids accumulated (Cheng
et al., 2009; Thiam et al., 2013). In addition to the
biophysics at play, the protein complement of OBs is
consequential (Krahmer et al., 2013; Thiam et al., 2013),
and specific proteins presumably play specific roles. In
the case of seed OBs, the role of the conserved family
of oleosins is still not clear (Chapman et al., 2012;
Murphy, 2012). The analysis presented here was made
on living material and represents a comprehensive
analysis of OB dynamics in developing embryos,
without any treatment but Nile Red staining for the
visualization of neutral lipids. After a size increase, at
least in part by fusion, during embryo development,
OB size decreases during maturation and reaches a
size smaller than the optical resolution of standard
confocal microscopes after 12 d of seed development.
We did not address the question of de novo OB for-
mation itself but, rather, OB dynamics after they
have been released from the ER. Thus, our study was

mainly based on image analysis and focused on both
the first half of seed development and very early seed
imbibition, the latter to provide an image of the very
last phase of seed development. We have chosen to
model OB population dynamics to (1) better estimate
the volumes of the OBs in the developing embryos
and (2) estimate the relationships between OBs in a 3D
space and evaluate their relationships with their
neighbors. This time-course analysis differs from pre-
vious studies based on mature seed OBs and thus of-
fers a new perspective on the subcellular events linked
to OB growth. Finally, it allowed drawing conclusions
and new hypotheses about the role of oleosins in OB
dynamics.

Five of the 16 members of the Arabidopsis oleosin
family are specifically expressed in seeds (Kim et al.,
2002; Jolivet et al., 2004; D’Andréa et al., 2007; Liu et al.,
2012). In this study, we focused on the most abundant
oleosins, OLE1, OLE2, and OLE4. At the time, only a
leaky mutant (i.e. with some protein accumulated in
seeds) was available for OLE3 (Shimada et al., 2008),
which was not useful for evaluation of its role in OB
growth. No mutant was available for OLE5, which
exhibits a different expression pattern, both in terms of
intensity and timing of expression, when compared
with other members of the family (Fig. 1), although
OLE2 and OLE5 originated from a duplication of
OLE3 and OLE1, respectively (Liu et al., 2012). We
focused our study on single, double, and triple oleosin
mutants and excluded the use of antisense or RNA
interference approaches to reduce the risk of cross

Figure 5. Fusion of OBs. OBs in living torpedo (10 DAF) Columbia embryos immobilized in low-melting agarose were stained
with Nile Red and observed with a confocal laser scanning microscope during 1 h (one z-stack each 2 min). The time series
images presented were extracted each 7.5 min. Image stacks were processed with the 3D medical image-processing software
OsiriX for volume rendering.
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effects between oleosins. Lack of oleosin was associated
in previous studies with delayed germination (Siloto
et al., 2006) or lower freezing tolerance (Shimada et al.,
2008). We have investigated the germination capabil-
ities of the mutants already characterized and avail-
able in the frame of this study, and in our culture
conditions no specific delay in germination was ob-
served on freshly harvested seed batches.

OBs Exhibit Volume Variations during Seed Development

We have constructed a treatment pipeline that
allowed processing of the image data and trans-
forming them into computational objects after seg-
mentation. Doing so, we have eliminated the possible
errors of manual diameter measurements, and we
have increased the size of the population of mea-
sured OBs. Furthermore, we worked with measured
volumes and not with extracted diameters, thus
making the analysis much more robust. During early
seed maturation in wild-type seeds, OB mean volume
increased sharply and then reached a maximum be-
fore decreasing until the end of the maturation to
sizes below the resolution of conventional confocal
microscopes. At the same time, at first the distance
between OBs grows and then it decreases, thus in-
creasing the compaction of OBs. We have shown in
planta that the increase in OB size is at least partly
due to OB fusions and, thus, not only from additional
cargo originating from the ER, as suggested previ-
ously (Walther and Farese, 2009). We have shown
that either the size of OBs or the distance between
them is disturbed in oleosin mutants, and in partic-
ular, the lack of OLE2 decreased the minimal dis-
tance between OBs. This is consistent with the
median size of the Voronoï volumes, which is an
indicator of the spatial distribution between an OB
and all the other OBs in the vicinity, which remains
at the same level between 9 and 11 DAF when
compared with the control. From these data, we can
conclude that one of the putative roles of the oleosin
OLE2 could be to maintain the distance between OBs,
limiting too-close contacts and fusions. Nevertheless,
the ole2 mutant showed aggregates of smaller sized
OBs that are not fused (Fig. 2A; Supplemental
Fig. S4), thus indicating that the role of OLE2 is not to
prevent fusions.

The decrease in OB size during early seed matura-
tion (11 DAF) is more surprising. At the end of seed
maturation, when the seed has reached the desicca-
tion stage, the OBs are highly compacted and small
(Mansfield and Briarty, 1992). Nevertheless, we have
shown an increase followed by a decrease in OB size
early during maturation. This variation in OB size is
probably not due to an increase in intracellular space
constraints, since the cell content in OBs is far from its
maximal value. Furthermore, the process is not due to
oil content decrease by lipid breakdown, as occurs
during late maturation (Baud et al., 2002) and seed
germination, since at 11 d after pollination (U-shaped

embryo), the oil production rate and the oil content
increased sharply. One may hypothesize a discrepancy
between the rates of accumulation of oil and oleosins,
limiting transiently the quantity of OBs (or half
membrane) available to absorb the increase in oil
production. From a physical point of view, the opti-
mization of intracellular space by compaction is more
efficient with very small OBs but demands much more
membrane surface. Such a feedback adaptation of OB
production to the rate of oil synthesis may take a few
days. The mechanical process underlying this OB size
variation is also a matter of debate (Walther and Farese,
2009; Yang et al., 2012). Fission or budding processes
could be involved, via the action of specialized proteins
docked to the OB surface, although we have not been
able to detect such events to date. The fact that embryos
are detached from their mother plant when observed
should be considered, since the lipid precursor flux is
thus modified and the observation of fission events is
perhaps just not possible using these techniques. Al-
ternatively, OB size reduction could be obtained by
filling an OB from another through intracellular cargos
or direct filling. Lastly, large OBs could reattach to the
ER to pour their TAG content in newly formed OBs.
Whatever the process involved, oleosins play a role,
since this size variation disappears in oleosin mutants.

Mutants for Specific Oleosins Show Different
Dynamics of OB Growth and Affect Storage
Compound Accumulation

Changes in OB size and distribution did perturb the
flux of lipid accumulation, since a small but significant
decrease in total fatty acids was evidenced in the dif-
ferent mutant backgrounds. The quantity of 12S and 2S
storage proteins accumulated was also modified in
some mutants, but with the exception of the ole1ole4
background, the ratio between those proteins was not
significantly affected. Finally, lack of one or more
oleosins seems to have a low impact on storage protein
accumulation in the seed. Of note is that the shape of
the PBs in the ole1ole2ole4 mutant is completely dif-
ferent from that of the control. In wild-type cells, PBs
are found in the center of the cells and are surrounded
with small OBs, whereas when the mean VOB increases
in the ole1ole2ole4 triple mutant to form one or several
very large OBs in the cell, PBs are pushed to the side of
the cell with a clearly different deposition profile
(Supplemental Fig. S3), as observed previously in an
ole1 mutant (Siloto et al., 2006). This certainly indi-
cates a relative plasticity of PBs and, contrarily, that
increased OB density can perturb the distribution of
accumulated proteins.

Oleosins OLE1, OLE2, and OLE4 Have Different Roles

On the basis of the data accumulated and the sta-
tistical analysis performed, we propose that oleosins
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are not only structural proteins necessary for covering
the OB half membrane but also have specific roles in
OB dynamics during seed development. In the light of
our analyses, five rules can be drawn: (1) fusions can
occur between OBs; (2) oleosins OLE1 and OLE4 limit
OB fusion; (3) oleosin OLE2 promotes OB fusion;
(4) rule 2 is stronger than rule 3; (5) oleosin OLE1 is
more efficient in preventing OB fusion than oleosin OLE4.
These five simple rules are sufficient to explain the

phenotypes observed in OB distribution or size in the
mutant backgrounds. Rule 1 was directly drawn from
observations in the wild type as well as the mutant
genotypes. Rule 2 is rather straightforward: when
lacking oleosins, OBs increased in volume, leading to
very large OBs in the cell, pushing aside the PBs and
other cell contents (Supplemental Fig. S3). Rule 3
addresses a new function specific to oleosin OLE2.
Thus, from these data, one can associate oleosins with
specific OB behavior during oil accumulation. Rule 4
defines the fact that if OBs are not properly covered
with oleosins, they will fuse in spite of factors keeping
them separate, probably in order to optimize the
oleosin-surface ratio.
The main model for OB biogenesis relies on the

budding of LDs from the ER followed by the fusion of
small OBs to form larger ones (Murphy and Vance,
1999; Siloto et al., 2006; Guo et al., 2009), although the
mechanisms underlying the delivery of the newly
synthesized TAGs to the OB remain unclear. While we
did not study these early stages of OB biogenesis, our
data clearly showed that OB growth can occur by fu-
sion. Nile Red staining does not allow discrimination
between two possibilities: (1) the fusion of two OBs
with redistribution of the oleosins and phospholipids
from donor to acceptor, and (2) a net transfer of stor-
age lipids from smaller OBs to larger ones without
redistribution.
In the case of the depletion of one or more oleosins,

fusion is promoted, thus likely maintaining an average
number of oleosin molecules per surface unit of OB.
Recent data suggest that this view of OBs is probably
too simple to explain OB fusions and fragmentations
(fissions), organelle interactions, or the transport
needed for the dynamic variations of VOB (Walther and
Farese, 2009; Thiam et al., 2013). In animals, the net
transfer of storage lipids from smaller LDs to larger
ones without redistribution of LD proteins from donor
to acceptor has been shown (Gong et al., 2011). Also,
the synthesis of TAGs can be directly coupled with the
formation of LDs that share common features with
plant OBs, thus indicating a growth process indepen-
dent of fusions with existing LDs or with the ER
(Wilfling et al., 2013). In that case, one can hypothesize
that the role of the oleosins on the surface of the OB is
not only to ensure the stability of the organelle (role of
OLE1 and OLE4) or the distance between organelles
(role of OLE2) but probably also the docking of en-
zymes of the lipogenic pathway, such as members of
the TAG synthesis machinery (Wilfling et al., 2013),
that will allow direct filling of the OB. These docking

properties could be carried out by OLE1, OLE2, or
OLE4 in addition to their structural functions but also
by other members of the family, such as OLE5 or
OLE3. The fact that OLE1 and OLE5, as well as OLE2
and OLE3, derive from duplications suggests that
these protein may have similar functions. Moreover,
other proteins found in the protein complement of the
OB, such as steroleosins, caleosins, and seed- and
microspore-specific oleosins, also could be involved in
the docking process.

In the future, we aim to use these rules to further
characterize the importance of the different oleosins
in different processes, including the movement of
OBs, the measurement of the fusion rate, and the
movement of oleosins on the surface of OBs. This will
pave the way for the construction and improvement
of a mathematical model of OB dynamics that would
improve our understanding of the roles of OBs in
addition to being the central player in the accumu-
lation of oil.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of Arabidopsis (Arabidopsis thaliana), accession Columbia and oleosin-
deficient mutants, were surface sterilized and stratified for 48 h at 4°C in the
dark. They were then germinated on full-strength Gamborg B5 medium,
pH 5.6 (Duchefa Biochemie; G0210.0050), containing 0.8% (w/v) agar, 1% (w/v)
Suc, and the appropriate selection agent in a growth cabinet (16-h-light/8-h-dark
photoperiod at 150 mmol m22 s21 ; 15°C night/20°C day temperature). After
14 d, the plantlets were transferred to compost, grown in a greenhouse under the
following conditions (13 h of light, diurnal temperature of 25°C, and nocturnal
temperature of 17°C), and irrigated twice per week with mineral nutrient so-
lution. To harvest seeds at defined developmental stages, individual flowers
were tagged on the day of opening, and then opened flowers and developing
siliques were counted daily. Materials used for RNA and protein extractions and
lipid analysis were frozen in liquid nitrogen immediately after harvest and
stored at 280°C prior to analysis. Weight determinations of seed samples were
realized on an M2P balance (Sartorius).

Oleosin-Deficient Mutants

Seeds of ole1 (SM_3_29875; At4g25140), ole2 (SALK 072403; At5g40420),
and ole4 (SM_20767; At3g01570) were obtained from the Nottingham Arabi-
dopsis Stock Centre (NASC). The double (ole1ole2, ole2ole4, and ole1ole4) and
triple (ole1ole2ole4) mutants were generated by crosses between single
mutants.

Fatty Acid Content and Composition

For total fatty acid quantity and composition analyses by gas chromatog-
raphy of the corresponding fatty acylmethyl esters, pools of 20 individual seeds
were placed in a glass reaction tube prior to methanol:sulfuric acid:toluene
(100:2.5:30, v/v/v) with the addition of C17:0 fatty acid as an internal standard
(Li et al., 2006). After derivatization for 1.5 h at 95°C, fatty acid methyl esters
were extracted in hexane, separated bygas chromatography on a 30-m3 0.53-mm
EC-WAX column (Alltech Associates), and quantified using a flame ionization
detector. The gas chromatographwas programmed for an initial temperature of
160°C for 1 min, followed by an increase of 20°C min21 to 190°C and a ramp of
4°C min21 to 230°C, with a 9-min hold of the final temperature.

Imaging

Developing seeds were dissected from siliques for each stage of develop-
ment of interest. Seedswere spread on a glass slide and incubatedwithNile Red
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(Sigma-Aldrich), a neutral lipid stain, at 2 mg mL21 in a 60% (v/v) glycerol
solution. Embryos were removed from the seed teguments by gently pressing
seeds between the slide and lamella and observed after 30 min of incubation in
the dark. For germinating seeds, mature seeds were placed on wet Whatman
paper, stratified for 2 d at 4°C, and then placed in a growth cabinet
(16-h-light/8-h-dark photoperiod at 150 mmol m22 s21 ; 15°C night/20°C day
temperature) for 1, 24, or 48 h. Seed teguments were manually removed, and
the embryos were incubated with Nile Red as described for developing seeds.

Images of dissected Arabidopsis embryos were acquired using an inverted
LEICA SP2-AOBS spectral confocal laser microscope (Leica Microsystems)
using an HCX PL APO CS 40 3 1.25 objective. Fluorescence labeling from Nile
Red was observed with a 488-nm light wavelength generated by an argon
laser and an emission band of 550 to 650 nm. Each image consists of the
maximum projection of 90 to 100 optical sections. Each section is the average
of two scans conducted at the resolution of 512 3 512 pixels with a spatial
resolution of 0.09 mm 3 0.09 mm 3 0.16 mm in the x, y, z referential.

For 3D time-lapse live-cell imaging, developing embryos were stained with
Nile Red and mounted in 0.008% (w/v) low-gelling-point agarose in 50% (v/v)
glycerol in a glass-bottom dish. Images were acquired using an inverted LEICA
tandem SP5-AOBS spectral confocal laser microscope (Leica Microsystems) us-
ing an HCX PL APO CS 403 1.25 objective. Fluorescence labeling fromNile Red
was observed with a 488-nm light wavelength generated by an argon laser and
an emission band of 550 to 650 nm. Each image consists of the maximum pro-
jection of 100 optical sections, and images were acquired every 2 min over a 12-h
period. Each section is the average of eight scans conducted at the resolution of
5123 512 pixels with a spatial resolution of 0.09 mm3 0.09 mm3 0.16 mm in the
x, y, z referential. Image stacks were processed with OsiriX, a medical image-
processing software for 3D rendering

Immunocytochemistry

Siliques of different developmental stages were fixed in 4% (w/v) para-
formaldehyde in phosphate-buffered saline as described previously (Macquet
et al., 2007). Sections of 8 mmwere incubated with the primary antibody raised
against oleosins (D’Andréa et al., 2007) and secondary antibody (anti-Alexa
Fluor 488; Molecular Probes, Invitrogen). Samples were visualized with an
inverted LEICA SP2-AOBS spectral confocal laser microscope (Leica Micro-
systems) equipped with an argon laser.

Quantitative PCR

Frozen tissues were ground in liquid nitrogen, and total RNAwas extracted
using the Sigma-Aldrich GenElute Mammalian Total RNA Miniprep Kit
(Sigma-Aldrich). RNA extraction of dry seeds was performed as described
(Suzuki et al., 2004). An on-column DNase treatment was performed using the
RNase-free DNase 1 (Qiagen). For RT-PCR studies, the DNA-free RNA was
converted into first-strand complementary DNA (cDNA) using the Super-
Script II RT preamplification system for first-strand cDNA synthesis (Invi-
trogen) with oligo(dT)22.

Quantitative PCRwas performed with a LightCycler using SYBR Greenmix
(Roche). Specific primers for OLE1, OLE2, OLE3, OLE4, and OLE5 were
designed using the LightCycler probe design software version 3.5 (for oligo-
nucleotide sequences, see Supplemental Table S2) and tested for efficiency
rates as well as sensibility to dilutions of cDNA samples. EF1aA1 was used as
a control. The parameters for quantitative PCR were as follows: (1) initial
denaturation at 95°C for 8 min; (2) 45 cycles of 94°C for 10 s, 55°C for 10 s, and
72°C for 15 s, with a temperature transition rate of 20°C s21; and (3) deter-
mination of the fusion curve at 94°C for 10 s, 65°C for 30 s, and an increase to
94°C, with a temperature transition rate of 0.1°C s21.

Quantitative Western Blots

Oleosin contents in Arabidopsis developing siliques and mature seeds were
measured by western blot using specific sera against the five seed-specific
oleosins, OLE1, OLE2, OLE3, OLE4, and OLE5 (D’Andréa et al., 2007). Total
protein extracts were prepared by grinding siliques (7–19 DAF) or seeds iso-
lated from siliques (20 and 21 DAF) in 23 Laemmli buffer (125 mM Tris-HCl,
pH 6.8, 4% (v/v) SDS, and 20% (v/v) glycerol) using a glass-glass conical
tissue grinder at the ratio of one silique per 100 mL. After centrifugation,
protein extracts were separated on 4–12% (w/v) NuPAGE gels using MOPS
SDS running buffer (Novex, Life Technologies). Proteins were transferred onto
polyvinylidene difluoride membranes (Immobilon-P 0.45 mm; Millipore) in
NuPAGE transfer buffer (Life Technologies). Saturation and incubation with

antibodies were carried out according to D’Andréa et al. (2007). Luminescent
signals from western blots were recorded using a LAS-3000 luminescent image
analyzer (Fujifilm) and quantified with the MultiGauge software (Fujifilm).
Mature dry seed extract was used as a standard to determine the linear re-
lation between luminescent signal and oleosin content. Using this linear re-
lation, the amount of oleosin in developing seeds was determined from the
luminescent signal (provided that this signal was within the linear range) and
expressed as the percentage of mature seed content.

Quantitative Analyses of OB Size Distribution
and Dispersion

A total of 180 3D stack images were first denoised using Nd Safir
(Boulanger et al., 2010) before being treated within the pipeline. First, the
extraction of the volumes from individualized OBs through the pipeline is
based on the watershed procedure dedicated to the separation of touching
objects (Soille, 2003). The case of nearest OBs is quite abundant in the image
data we analyzed, resulting in overlapped OB segmentation when considering
a simple threshold (Supplemental Fig. S5, A, B, and F). The distance transform
assigns a value to each pixel on an object in the threshold image corresponding
to its distance from the object border. The complement of this result
(Supplemental Fig. S5, C and G) was transformed into its topographical rep-
resentation, forming the catchment basins. The new separated objects corre-
sponding to the OBs are then labeled with a specific color (Supplemental
Fig. S5, D and H). The VOB was obtained by counting the number of voxels
on an object and multiplying by the elementary volume of the voxel.

The floc estimator is based on the concept of the Voronoï diagram. The
Voronoï cells were obtained by dividing the space containing OBs into cells so
that each point of a given cell is equidistant from any OB surface. The floc is so
defined by:

floc ¼
VOB

VC
3ð100 %Þ

where VC is the volume of the Voronoï cell.

In order to determine the boundaries of the sample, and to avoid overes-
timation of OB Voronoï cells on the edge of the sample, we used the convex
envelope (Fig. 3, A3, B3, and C3). Intuitively, the convex envelope is defined
by the smallest convex polygon that contains all the elements T of a finite set E,
where T represents a lipid droplet and E represents the set of lipid droplets.
The corrected Voronoï cells are then computed with respect to the convex
envelope (Fig. 3, A4, B4, and C4).

The VC is determined from labeled components as explained previously for
VOB. Finally, extracting the minimal value across the boundaries of each Voronoï
cell leads to the middistance to the nearest neighbor (Supplemental Fig. S6).

In order to study the influence of each oleosin, the day factor, and their
interactions on both VOB and VC, a mathematical model was developed (Trigui
et al., 2012), and a variance analysis of this model was performed using a
quantile regression (Trigui et al., 2013).

ynijk;t ¼ interceptþDayt þ S1i þ S3j þ S4k
   þ S1 : S3ij þ S1 : S4ik þ S3 : S4jk
   þ S1 : S3 : S4ijk þ «nijk;t

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Validation of antibody specificity on sections of
developing siliques of mutants affected in one oleosin.

Supplemental Figure S2. Effect of oleosin(s) deficiency on protein content.

Supplemental Figure S3. 3D reconstruction of storage lipid and protein
accumulation in the wild-type and ole1ole2 mutant backgrounds in 1-h
imbibed seeds.

Supplemental Figure S4. Distribution of OBs at 12 DAF in wild-type and
ole2 embryos.

Supplemental Figure S5. Segmentation steps of OBs using the watershed
method.

Supplemental Figure S6. Determination of the Voronoï cells and the dis-
tance to the next neighbor estimator steps.
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Supplemental Table S1. Adjusted parameters for the quantile regression
statistical analysis of VOB and floc factors.

Supplemental Table S2. Sequences of quantitative RT-PCR primers used
in this study.

Supplemental Video S1. 3D time-lapse live-cell imaging of wild-type de-
veloping embryos stained with Nile Red.
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