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Abstract

Plant lipid transfer proteins (LTPs) constitute a family of small proteins recognized as being extracellular. In agreement 
with this notion, several lines of evidence have shown the apoplastic localization of HaAP10, a LTP from Helianthus 
annuus dry seeds. However, HaAP10 was recently detected intracellularly in imbibing seeds. To clarify its distribution, 
immunolocalization experiments were performed during the course of germination and confirmed its intracellular 
localization upon early seed imbibition. Further assays using a hydrophobic dye, FM4-64, inhibitors of vesicular traffic, 
and immunolocalization of the pectin rhamnogalacturonan-II, allowed the conclusion that endocytosis is activated as 
soon as seed imbibition starts. Furthermore, this study demonstrated that HaAP10 is endocytosed throughout imbibi-
tion. Biochemical and cellular approaches indicate that the intracellular fraction of this LTP appears associated with 
oil bodies and some evidence also suggest its presence in glyoxysomes. So, HaAP10 is apoplastic in dry seeds and 
upon imbibition is rapidly internalized and relocalized to organelles involved in lipid metabolism. The results suggest 
that HaAP10 may be acting as a fatty acid shuttle between the oil body and the glyoxysome during seed germination. 
This concept is consistent with the initial proposition that LTPs participate in the intracellular transfer of lipids which 
was further denied based on their apparent extracellular localization. This report reveals for the first time the relocali-
zation of a lipid transfer protein and opens new perspectives on its role.
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Introduction

Lipid transfer proteins (LTPs) constitute a family of cationic 
peptides largely distributed in the plant kingdom (Carvalho 
and Gomes, 2007). Their denomination is due to the ability of 
LTPs to facilitate the transfer of phospholipids and fatty acids 
between artificial membranes in vitro (Kader, 1996). This obser-
vation was further validated by the detection of a hydrophobic 
binding cavity in the structure of several LTPs (Yeats and Rose, 
2008). Immunochemical, tissue printing, and proteomic studies 
performed in diverse species have shown the extracellular locali-
zation of LTPs from barley (Skriver et al., 1992), Arabidopsis 
(Maldonado et  al., 2002), tobacco (Dani et  al., 2005), grape 
(Coutos-Thevenot et  al., 1993), soybean (Djordjevic et  al., 

2007), and mungbean (Kusumawati et al., 2008), among others. 
Their targeting to the secretory pathway is also supported by the 
presence of a signal peptide in the amino terminus of all the LTPs 
studied so far. On the other hand, although LTPs are recognized 
as apoplastic proteins, some experimental evidence has shown 
that certain members of the family can be found intracellularly 
(Tsuboi et al., 1992; Carvalho et al., 2004; Diz et al., 2011).

The role of LTPs is still a matter of discussion, which is cer-
tainly a consequence of the large number of isoforms present 
in each plant, with different tissue and developmental expres-
sion patterns. As an example, at least 15 genes were originally 
detected in Arabidopsis (Arondel et al., 2000) and, according to 
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their annotation in databanks, the family could comprise much 
more members. LTPs have been implicated in several physi-
ological roles such as wax assembly (Hollenbach et al., 1997), 
antimicrobial defence (García-Olmedo et al., 1995), seed stor-
age lipid mobilization (Tsuboi et  al., 1992), pollen tube adhe-
sion (Park and Lord, 2003), and plant signalling (Buhot et al., 
2001). However, direct evidence on the function of LTPs has 
been only provided by a few reports so far. Hence, DEFECTIVE 
IN INDUCED RESISTANCE 1 is implicated in Arabidopsis 
defence signalling (Maldonado et  al., 2002), a glycosylphos-
phatidylinositol-anchored LTP1 was shown to participate in 
cuticular wax deposition (DeBono et al., 2009), and Arabidopsis 
LTP5 plays a role in pollen tube tip growth and fertilization 
(Chae et al., 2009).

LTPs have been isolated from seeds of several species such as 
onion (Cammue et al., 1995), radish (Terras et al., 1992), maize 
(Sossountzov et al., 1991), wheat (Boutrot et al., 2005), chilli 
pepper (Diz et al., 2011), cumin (Zaman and Abbasi, 2009), and 
coffee (Zottich et al., 2011), and have been characterized as anti-
microbial peptides since they exert antifungal and/or antibacte-
rial activity in vitro. A previous work (Regente and de la Canal, 
2000) studied a LTP from sunflower (Helianthus annuus) seeds, 
HaAP10 (H. annuus antifungal protein 10 kDa), which displays 
antifungal activity in vitro and is able to disturb phospholipid 
layers leading to fungal membrane permeabilization (Regente 
et  al., 2005). This evidence is in accordance with the role of 
LTPs as extracellular antimicrobial peptides participating in seed 
defence against microorganisms. Surprisingly, Pagnussat et al. 
(2009) reported that HaAP10 shows an unexpected localization 
in germinating seeds using a biochemical approach: a fraction of 
the protein was found peripherically associated with microsomal 
and plasma membrane fractions. Moreover, immunolocaliza-
tion studies indicated that HaAP10 could be found intracellu-
larly in imbibing seeds, associated with unidentified structures 
(Pagnussat et al., 2009).

The aim of this work was to clarify the localization of HaAP10 
during the course of seed germination. Results presented here 
demonstrate that HaAP10 displays extracellular localization in 
dry seeds but, when imbibition starts, this LTP is rapidly targeted 
to intracellular oil mobilization-related structures. This finding 
constitutes a novel issue to understand the role of LTPs in seed 
physiology and germination, supporting the participation of 
these proteins in the mobilization of lipids during germination.

Materials and methods

Plant material
Helianthus annuus L.  seeds, line 10347, were kindly provided by 
Advanta Semillas (Argentina).

Steedman wax sections
Sunflower dry seeds or seeds imbibed in water for different times were 
decorticated, sectioned in 2 µm slices, and embedded in 10% dimethyl-
sulphoxide (DMSO). Then the slices were subjected to a vacuum until 
boiling of the solution was reached (three times). DMSO was then 
replaced with fixative solution (0.05 M phosphate pH 7.4, 10% DMSO, 
4% paraformaldehyde, 1% glutaraldehyde, and 0.06 M sucrose) and 
incubated at 4 °C for 3–4 h. The slices were then dehydrated by running 

them through ethanol series as follows: 30% ethanol in phosphate buffer 
(PBS) 30 min; 50% ethanol 30 min; 70% ethanol 30 min; 90% ethanol 
30 min; 96% ethanol 30 min. Samples were embedded in low-melting-
point Steedman’s wax as previously described (Baluška et al., 1992), 
poured into plastic moulds and the wax was allowed to solidify. Sections 
(10 µm) were cut from these blocks using a rotary microtome, collected 
on 50% (w/v) polyethylenimine-coated slides and dried for 24 h.

Fluorimmunolocalization and confocal microscopy
Seed sections were deparaffinated, rehydrated through ethanol series, 
and blocked as follows in 15-min steps: 100% ethanol, 96% etha-
nol, 90% ethanol, 70% ethanol, 50% ethanol, 30% ethanol, PBS, and 
PBS with 3% bovine serum albumin (BSA). Labelling with HaAP10 
(1:1000) (Pagnussat et  al., 2009) and rhamnogalacturonan II (RG-
II; 1:200) (Matoh et  al., 1998) antiserum, with secondary antibodies 
(1:500) Alexa 488-coupled goat anti-mouse IgG and Alexa 546-cou-
pled goat anti-rabbit IgG, respectively, was carried out according to 
(Gillespie et al., 2005). Microscopic analysis of immunofluorescence-
labelled sections was performed using a Nikon C1 confocal laser 
scanning microscope. All images were acquired with a ×60/1.40/0.13 
oil-immersion lens. Alexa 546-coupled antibody was excited at 543 nm 
and detected at 550–650 nm. N-(3-triethylammoniumpropyl)-4-(6-(4-
diethylaminophenylhexatrienyl) pyridinium dibromide (FM4-64) was 
excited at 488 nm and detected at 650–750 nm. To avoid bleed-through 
in double-labelling experiments, all images were captured using line-
sequential scanning mode. The post-processing of images was carried 
out with the aid of EZ-C1 FreeViewer version 3.2 software, Photoshop 
6.0/CS, and Open Office applications.

Transmission electron microscopy
Sunflower imbibed seeds were cut and fixed as described above. After 
dehydration in graded ethanol series, the tissue was embedded in LR 
White Resin (hard grade; Biocell, Cardiff, UK) and left to polymerize 
at 36 °C. Ultra-thin sections were cut on an ultramicrotome and trans-
ferred onto Formvar-coated nickel grids. The sections were blocked 
with 50 mM glycine, 5% BSA, and 5% normal goat serum in PBS for 
30 min and then washed with wash buffer (WB; 1% BSA and 0.1% gela-
tin in PBS). They were incubated initially with anti-HaAP10 (diluted 
1:50 with WB) at room temperature for 90 min, washed with WB, and 
incubated with the secondary antibody, goat anti-mouse IgG-5 nm gold 
conjugate (diluted 1:50 in WB, Sigma-Aldrich) for 90 min. The sections 
were washed with WB and PBS, post-fixed with 3% glutaraldehyde for 
15 min, washed extensively with distilled water, and contrasted with ice-
cold 2% aqueous uranyl acetate and 1% osmium tetroxide. The labelled 
sections were examined in a LEO 912AB electron microscope (Zeiss, 
Oberkochen).

FM4-64 staining
Decorticated dry seeds were incubated with 50 µM FM4-64 (Molecular 
Probes) and 1 µM Sytox green (Molecular Probes) in PBS buffer and 
kept in the dark at 0 °C for 1 h. Afterwards, seeds were washed twice 
with PBS, sliced by hand, and immediately observed under laser scan-
ning confocal microscope as mentioned above. As a positive control for 
cell death and Sytox green staining, a set of seeds were pre-treated with 
two vacuum pulses of 10% DMSO (Pagnussat et al., 2012).

Purification and protein analysis of oil bodies and glyoxysomes
Seeds imbibed for 24 h were decorticated and placed in cold 0.1 M potas-
sium phosphate buffer (pH 7.2). All further procedures were carried out 
on ice. Seeds were homogenized with five parts (w/v) of 0.1 M potas-
sium phosphate buffer containing 0.33 M sucrose, filtered through three 
layers of Miracloth, and centrifuged at 20,000 g for 20 min. Oil-bodies 
formed a white pad at the surface of the supernatant. After removal, the 
fat pad was mechanically dispersed in 50 mM TRIS-HCl buffer (pH 7.2) 
at a ratio of 60:1 (v/v) buffer to fat (Millichip et al., 1996). The Washing 
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procedure was repeated three times. The preparation was extracted with 
a 3-fold excess of diethyl ether to remove neutral lipids. Proteins were 
recovered by incubation with acetone 20 min at –20 °C and centrifuga-
tion for 15 min at 10,000 g.

Glyoxysomes were isolated using a standard protocol already per-
formed in sunflower cotyledons (Jiang et al., 1994). Seeds imbibed for 
1 h were homogenized in 1 M sucrose, 170 mM Tricine, 10 mM KCl, 
1 mM MgCl2, 1 mM EDTA, 0.9% (w/v) BSA, and 1 mM phenylmeth-
anesulphonylfluoride (pH 7.5). The homogenate was filtered through 
three layers of cheesecloth and centrifuged for 10 min at 1500 g. The 
supernatant was centrifuged for 20 min at 14,000 g to obtain glyoxy-
some-enriched pellets. The pellets were gently suspended in 11 ml 
homogenizing medium. A 5.5 ml suspension of organelles was applied 
on top of a sucrose gradient composed of 4 ml of 60% (w/w), 5 ml of 
57%, 7 ml of 51%, 5 ml of 47%, 5 ml of 42%, and 4 ml of 35% sucrose. 
Sucrose solutions were prepared in 1 mM EDTA, pH 7.5. The gradients 
were centrifuged for 1.5 h at 70,000 g. After centrifugation, gradient 
fractions were further evaluated for catalase activity as a marker protein 
(Jiang et al., 1994) and submitted to Western blotting to detect HaAP10.

SDS-PAGE was performed according to Laemmli (1970). The run-
ning gel was 12% acrylamide and the sample buffer contained 50 mM 
TRIS pH 6.8, 2% SDS, and 10% glycerol. For Western blotting, pro-
teins were electroblotted into a 0.4-µm pore nitrocellulose membrane 
(20 min, 20 V; Trans-blot SD semidry transfer cell, Bio-Rad) in a buffer 
containing 39 mM glycine, 0.0376% SDS, 48 mM TRIS-base, and 20% 
methanol (final pH 9.2). Membranes were then incubated with block-
ing buffer (100 mM TRIS-HCl pH 8 and 1% BSA) for 30 min at room 
temperature and then with primary antibody diluted in blocking buffer. 
Antibodies were diluted as follows: 1:6000 for mouse anti-HaAP10 and 
1:10,000 for rabbit anti-oleosins from Helianthus annuus (Beaudoin 
and Napier, 2000). Blots were washed and then incubated for 2 h with 
horseradish peroxidase-conjugated secondary antibodies: anti-mouse 
IgG (Bio-Rad) at a concentration 1:5000 and anti-rabbit IgG (Bio-Rad) 
at a concentration 1:10,000 in blocking buffer. Signal detection was per-
formed as described elsewhere (Regente and de la Canal, 2000).

Results

Changes in HaAP10 localization during seed imbibition

The extracellular localization of HaAP10 in dry seeds was sup-
ported by biochemical approaches (Regente and de la Canal, 
2000) and the presence of a signal peptide in its cDNA (Regente 
and de la Canal, 2003), but microscopic validation was lack-
ing. Therefore, immunolocalization under confocal microscope 

was performed using a specific HaAP10 antibody. Since previ-
ous evidence has shown HaAP10 accumulation in cotyledons 
(Gonorazky et al., 2005), the analysis was focused to this region 
of the seeds. Immunolocalization experiments confirmed the 
presence of the LTP in the extracellular space of cotyledon par-
enchymatic cells (Fig. 1A), while bright-field showed a profuse 
distribution of oil bodies inside the cells (Fig. 1B). In order to 
evaluate possible changes in HaAP10 localization during seed 
rehydration, fluorimmunolocalization experiments were per-
formed at different stages of imbibition. It can be seen that, 
while HaAP10 exhibited an exclusively apoplastic localization 
in dry seeds (Fig. 2A), after only 20 min of imbibition the protein 
started to be detected inside the cells (Fig. 2B). This localization 

Fig. 1.  Immunolocalization of HaAP10 in cotyledons of sunflower dry seeds. (A) Confocal laser scanning microscopy showing 
immunofluorescence labelling of HaAP10. (B) Merge images of fluorescence and bright-field of section A. Bar, 20 µm (this figure is 
available in colour at JXB online).

Fig. 2.  Immunolocalization of HaAP10 during seed imbibition. 
Confocal laser scanning microscopy showing HaAP10 localization 
in dry seed cotyledon cells (A) or after 20 min (B), 2 h (C), and 
16 h (D) of water imbibition. Bars, 20 µm (this figure is available in 
colour at JXB online).
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was more evident after 2 and 16 h of imbibition (Fig. 2C, D). This 
fast change in HaAP10 localization triggered by seed imbibition, 
in addition to the recent description of endocytosis during early 
germination in Arabidopsis (Pagnussat et al., 2012), prompted 
this study to investigate whether endocytic events could be 
responsible for the appearance of this LTP inside the cells.

HaAP10 is endocytosed during imbibition

FM4-64 dyes are widely used to study endocytosis and vesicle 
trafficking in living eukaryotic cells. Because of their amphiphi-
lic nature, FM dyes are unable to cross membranes and anchor 
to the outlet leaflet of the bilayer (Bolte et al., 2004). To deter-
mine if endocytosis takes place during imbibition of sunflower 
seeds, dry seeds were incubated in the presence of FM4-64 and 
dye internalization was clearly observed 1 h after the beginning 
of imbibition (Supplementary Fig. S1, available at JXB online). 
Absence of Sytox Green fluorescence in the nucleus of the cells 
indicated that they were alive. Thus, the intracellular FM4-64 
signal was not a consequence of cell death but rather an endo-
cytic process operating during sunflower seed germination.

The vesicle trafficking inhibitor brefeldin A (BFA) is exten-
sively used to analyse endocytosis. In plants, treatment with 
this inhibitor leads to the formation of large ‘BFA-induced 
compartments’ in cells that accumulate internalized macro-
molecules via retrograde endocytic pathways (Peyroche et al., 
1999; Lam et  al., 2009). This response constitutes a valuable 
tool to assess if a molecule is actively internalized by endocy-
tosis (Baluška et al., 2002) and so was used to analyse HaAP10 
internalization through fluorimmunolocalization. Fig. 3 shows 
that HaAP10 had a diffuse intracellular localization after 1 h of 
water imbibition (Fig. 3A) while upon BFA treatment the pro-
tein changed its localization, being detected in apparent BFA-
induced compartments (Fig.  3B). In fact, the same behaviour 
was observed for rhamnogalacturonan II (RG-II; Fig. 3C, D), a 
complex pectic polysaccharide present in plant cell walls whose 
endocytosis has been demonstrated in other species (Yu et al., 
2002; Baluška et al., 2005). RG-II constitutes an excellent tool 
to analyse endocytic events since an antibody has been raised 
that only recognizes the extracellularly assembled borate–
RGII complex internalized from the extracellular compartment 
(Matoh et  al., 1998). Fluorimmunolocalization experiments 
showed that in dry sunflower seeds, RG-II epitopes were mainly 
localized in cell walls (Supplementary Fig. S2). On the other 
hand, in imbibed seeds this pectin was also observed inside the 
cells (Fig. 3C), indicating that RG-II may be endocytosed upon 
imbibition. Furthermore, when sunflower seeds were treated 
for 1 h with 5  µM BFA, RG-II accumulated in intracellular 
BFA-induced compartments (Fig. 3D). Merge images between 
immunodetected RG-II and HaAP10 confirmed a strong intra-
cellular co-localization of both epitopes in BFA-induced com-
partments (yellow in Fig. 3F). All together, these results indicate 
that HaAP10 is actively internalized by endocytosis upon early 
imbibition of sunflower seeds.

As a first approach to understand the mechanism operating 
in HaAP10 endocytosis, this study evaluated the effect of wort-
mannin, an inhibitor of phosphatidylinositiol-3-kinase which 
has been shown to interfere with endocytic processes (Reichardt 

et al., 2007; Ebine et al., 2011). Moreover, a recent report showed 
that wortmannin treatment causes aggregation of clathrin at the 
plasma membrane, which might explain its inhibitory effect on 
endocytosis (Ito et al., 2012). Imbibition of sunflower seeds for 
1 h in the presence of 33 µM wortmannin resulted in HaAP10 
retention in the plasma membrane instead of appearing intracel-
lularly (Supplementary Fig. S3). Although additional evidence is 
required to unequivocally identify the endocytosis mechanism, 
the retention of HaAP10 in the plasma membrane upon wort-
mannin treatment suggests that it could be endocytosed via a 
clathrin-dependent pathway.

Intracellular localization of HaAP10

The intracellular distribution of HaAP10 observed in Fig. 2, 
taken in conjunction with the ability of LTPs to interact with 
fatty acid chains, is a reminder of the originally proposed role 
for LTPs: intracellular lipid transfer. Since sunflower seeds 
contain a large number of oil bodies where triacylglycerides 
(TAGs) are stored, this study explored whether HaAP10 is asso-
ciated with these organelles in seeds submitted to imbibition. 
Oil bodies are intracellular compartments composed of a TAG 
matrix surrounded by a phospholipid monolayer stabilized by 
basic proteins called oleosins (Tzen et  al., 1992). As a first 
approach to precisely determine the intracellular localization 
of HaAP10, oil bodies were isolated as previously described 
for sunflower seeds (Millichip et al., 1996) and fractionated by 
SDS-PAGE. Western blotting analysis using antibodies raised 
against sunflower oleosins clearly detected the marker protein 
in the oil body-enriched fraction (Fig. 4). Interestingly, anti-
HaAP10 serum revealed the presence of the LTP in this frac-
tion (Fig.  4), suggesting that it could be associated with oil 
bodies. In order to confirm the association of HaAP10 with oil 
bodies, a cellular approach based on co-immunolocalization 
between HaAP10 and oleosins was performed. As expected, 
in dry seeds both epitopes remained at different localizations: 
HaAP10 extracellularly (green, Fig. 5A) and oleosins in the oil 
bodies (red, Fig. 5A). However, upon imbibition HaAP10 and 
oleosins showed a strong co-localization (yellow, Fig.  5B), 
which indicates that HaAP10 may be found in oil bodies from 
imbibed seeds. Labelling with preimmune serum (Fig. 5C) or 
secondary antibody alone (Fig. 5D) did not show any fluores-
cence, confirming that the signal observed with HaAP10 anti-
bodies is specific. In conclusion, both cellular and biochemical 
approaches showed that HaAP10 is localized in oil bodies dur-
ing germination. However, due to the extensive compacting 
of sunflower seed cells, care must be taken in determining the 
identity of the intracellular compartments with which HaAP10 
is associated. Therefore, TEM was also used to enhance the 
resolution and confirm the subcellular localization of HaAP10. 
Immunolocalization experiments using TEM with second-
ary gold-conjugated antibodies confirmed that HaAP10 was 
localized in oil bodies (Fig. 6) and also seemed to be present 
associated with glyoxysomes (Fig. 6A). Since TEM observa-
tions were not conclusive proof of the presence of HaAP10 
in glyoxysomes, glyoxysome enriched fractions were iso-
lated and examined for HaAP10 presence by Western blot-
ting. Glyoxysome enrichment through a sucrose discontinuous 
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gradient (Jiang et al., 1994) revealed that HaAP10 co-local-
ized with catalase (glyoxysome marker) at the bottom of the 

gradient (Supplementary Fig. S4, fractions 1–4), but was 
also detected thorough the entire gradient, consistent with its 

Fig. 3.  HaAP10 is endocytosed during imbibition and accumulates in BFA-induced compartments. Confocal laser scanning microscopy 
showing immunolocalization of HaAP10 (green; A, B), rhamnogalacturonan II (red; C, D), and merge image (E, F). Seeds were imbibed 
for 1 h in water (A, C, and E) or in 5 µM brefeldin A (B, D, and F) and cotyledons were prepared for immunolocalization. Arrows indicate 
BFA-induced compartments. Bars, 20 µm.
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localization in other compartments. Even though these results 
are not conclusive, they support the presence of HaAP10 in 
glyoxysomes.

Discussion

This paper provides evidence demonstrating that HaAP10, a 
seed-specific lipid transfer protein, is localized in the apoplast 
of dry seeds but changes its distribution when imbibition starts, 
being also associated with oil bodies. In fact, rather fast relocal-
ization of HaAP10 was observed, that became detectable only 
20 minutes after the start of seed rehydration. The experiments 
performed indicate that active endocytosis operates during 
imbibition and is responsible for HaAP10 internalization. The 
endocytosis of HaAP10 may explain previous results showing 
that a fraction of HaAP10 appeared associated with the plasma 
membrane of germinating seeds (Pagnussat et  al., 2009). 
Although the mechanisms determining HaAP10 endocytosis 
are still unknown, this novel concept of relocalization upon 
imbibition sounds physiologically plausible. In fact, develop-
ing seeds are known to accumulate a large number of proteins 
and RNA, which constitute a rapid supply of metabolites when 
activation of quiescent dry seeds takes place. Likewise, in dif-
ferent physiological situations, re-localization of plant proteins 
results in a fast availability of proteins that have been strategi-
cally stored in other compartments, as already described for 
RNA-binding proteins (Campalans et  al., 2004), a cysteine 
protease (Bernoux et al., 2008), or ALY proteins (Uhrig et al., 
2004), among others.

The current observations constitute the first demonstration 
of the re-localization of a LTP and the meaning of this change 
must be analysed in detail. First, the exclusive apoplastic locali-
zation of HaAP10 in dry seeds is consistent with observations 
previously reported. These include the fact that the protein is 
extracted from apoplastic fluids and is even recovered in the 
imbibition milieu (Regente and de la Canal, 2000). In this 
sense, and taking into account the potent antimicrobial activ-
ity and its ability to permeabilize fungal cells (Regente et al., 
2005), the previously suggested role as a defence protein can-
not be excluded. Concerning HaAP10 subcellular localization 
in imbibing seeds, three lines of evidence indicate that it is 
associated with oil bodies. First, this study shows that HaAP10 
co-purifies with oil bodies. Second, HaAP10 co-localizes with 

oleosins under confocal microscopy. Third, immunolocaliza-
tion of HaAP10 and observation under TEM demonstrated its 
association with oil bodies. On the other hand, the apparent 

Fig. 4.  HaAP10 is present in oil body fractions. Immunodetection 
of HaAP10 and oleosins in total soluble (s) and oil body 
(ob) protein fractions. Proteins were extracted as detailed in 
Materials and methods and analysed by SDS-PAGE followed by 
immunoblotting.

Fig. 5.  HaAP10 shows a strong co-localization with oleosins 
in imbibed seeds. Confocal laser scanning microscopy merge 
images of co-immunolocalization experiments between HaAP10 
(green) and oleosins (red) in dry (A) or 1 h imbibed (B) cotyledons 
of sunflower seeds. C and D show control assays using 
preimmune serum or both secondary antibodies respectively. 
Bars, 20 µm.
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association of HaAP10 with glyoxysomes is suggested by TEM 
observations and co-purification with catalase enriched frac-
tions, but remains to be confirmed. The dual localization of 
HaAP10 (extra- and intracellular) suggests that the protein may 
account for different functions in the seeds according to their 
physiological state.

LTPs were discovered when demonstrating the ability of a 
protein isolated from potato tubers to transfer phospholipids 
between membranes in vitro (Kader, 1975). Thereon, other 
LTPs were isolated displaying the same properties and, thus, 
LTPs have been originally proposed to play a major role in the 
intracellular movement of lipids. However, a major constraint 
for that role was the detection of several LTPs located extracel-
lularly or their secretion inferred by the presence of a signal 
peptide in the deduced protein sequence (reviewed in Kader, 
1997). In this context, a possible role of LTPs in the intracel-
lular lipids dynamics became unlikely and in the past years the 
functions assigned to members of the LTP family were related 
to their extracellular location. Interestingly, this paper shows, 
as far as is known for the first time, that a LTP is endocytosed, 
and this change in localization may have relevant consequences 
related to its function. According to the current knowledge, it 
can be speculated that during imbibition HaAP10 is relocalized 
to oil bodies (and probably to glyoxysomes) to participate in the 
degradation of TAGs triggered during seed germination. TAGs 
are the major seed storage reserve in many plant species includ-
ing oil crops such as sunflower and soybean. They accumu-
late into oil bodies during seed maturation and are stored until 
mobilization of reserves is required to sustain seedling growth 
(Huang, 1992; Nonogaki et al., 2000). During lipid mobiliza-
tion, oil body lipases hydrolyse TAGs to produce free fatty acids 
and glycerol. Those fatty acids enter the glyoxysome where 
β-oxidation and part of the glyoxylate cycle occurs (Penfield 
et al., 2005; Graham, 2008). Despite this being a well-known 
pathway, the translocation mechanism used by fatty acids to 
reach glyoxysomes still remains elusive, even though some 

evidence indicate that ABC transporters may contribute to the 
translocation of certain fatty acids (Hayashi et al., 2001; Footitt 
et al., 2002).

Although the extracellular localization of LTPs negated their 
initially proposed role in intracellular lipid transfer, the cur-
rent results demonstrate that HaAP10 relocalizes to intracel-
lular organelles involved in lipid metabolism and may play the 
originally suggested function. Since some seed LTPs have been 
also detected intracellularly (Tsuboi et al., 1992; Carvalho et al., 
2004; Diz et al., 2011), this report opens new perspectives on 
the physiological role of these LTPs. This study postulates the 
internalization of the LTP HaAP10 to participate in the transfer 
of fatty acids to the glyoxysome. Work is in progress to elaborate 
on this hypothesis further.
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Supplementary Fig. S4. HaAP10 is present in glyoxysome 

fractions.

Acknowledgements

This work was funded by the ANPCYT, CONICET, and the 
University of Mar del Plata, Argentina. The authors thank Dr. 
Beaudoin and Dr. Toru Matoh for providing the oleosin and RG-II 
antisera, respectively. L.P. acknowledges Martina Beck for assis-
tance with confocal scanning microscopy and Ursula Mettbach 
for assistance with TEM. L.D.L.C and L.P. are a researcher and a 
doctoral fellow, respectively, from CONICET. L.P. was a recipi-
ent of a European Molecular Biology Organization short-term 
fellowship at the IZMB.

References

Arondel V, Vergnolle C, Cantrel C, Kader J-C. 2000. Lipid transfer 
proteins are encoded by a small multigene family in Arabidopsis 
thaliana. Plant Science 157, 1–12.

Baluška F, Hlavacka A, Samaj J, Palme K, Robinson DG, Matoh 
T, McCurdy DW, Menzel D, Volkmann D. 2002. F-actin-dependent 
endocytosis of cell wall pectins in meristematic root cells. Insights 
from brefeldin A-induced compartments. Plant Physiology 130, 
422–431.

Baluška F, Liners F, Hlavacka A, Schlicht M, Van Cutsem P, 
McCurdy DW, Menzel D. 2005. Cell wall pectins and xyloglucans are 
internalized into dividing root cells and accumulate within cell plates 
during cytokinesis. Protoplasma 225, 141–155.

Baluška F, Parker JS, Barlow PW. 1992. Specific patterns of 
cortical and endoplasmic microtubules associated with cell growth 

Fig. 6.  TEM confirms the presence of HaAP10 in oil bodies. (A) 
Micrograph showing immunogold labelling of HaAP10 in cotyledon 
cells of 1 h water imbibed seeds in apparent glyoxysomes (g) and 
oil bodies (ob). (B) Micrograph of HaAP10 localization in oil bodies. 
Arrows indicate the gathering of gold particles. Bar, 200 nm.

 at m
ilner library illinois state university on D

ecem
ber 6, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


6562  |  Pagnussat et al.

and tissue differentiation in roots of maize (Zea mays L.). Journal of 
Cell Science 103, 191–200.

Beaudoin F, Napier JA. 2000. The targeting and accumulation of 
ectopically expressed oleosin in non-seed tissues of Arabidopsis 
thaliana. Planta 210, 439–445.

Bernoux M, Timmers T, Jauneau A, Brière C, de Wit PJGM, 
Marco Y, Deslandes L. 2008. RD19, an Arabidopsis cysteine 
protease required for RRS1-R-mediated resistance, is relocalized to 
the nucleus by the Ralstonia solanacearum PopP2 effector. The Plant 
Cell 20, 2252–2264.

Bolte S, Talbot C, Boutte Y, Catrice O, Read ND, Satiat-
Jeunemaitre B. 2004. FM-dyes as experimental probes for 
dissecting vesicle trafficking in living plant cells. Journal of Microscopy 
214, 159–173.

Boutrot F, Guirao A, Alary R, Joudrier P, Gautier M-F. 2005. 
Wheat non-specific lipid transfer protein genes display a complex 
pattern of expression in developing seeds. Biochimica et Biophysica 
Acta 1730, 114–125.

Buhot N, Douliez JP, Jacquemard A, et al. 2001. A lipid transfer 
protein binds to a receptor involved in the control of plant defence 
responses. FEBS Letters 509, 27–30.

Cammue B, Thevissen K, Hendriks M, et al. 1995. A potent 
antimicrobial protein from onion seeds showing sequence homology 
to plant lipid transfer proteins. Plant Physiology 109, 445–455.

Campalans A, Kondorosi A, Crespi M. 2004. Enod40, a short 
open reading frame-containing mRNA, induces cytoplasmic 
localization of a nuclear RNA binding protein in Medicago truncatula. 
The Plant Cell 16, 1047–1059.

Carvalho A, Teodoro CE, Da Cunha M, Okorokova-Façanha AL, 
Okorokov LA, Fernandes KVS, Gomes VM. 2004. Intracellular 
localization of a lipid transfer protein in Vigna unguiculata seeds. 
Physiologia Plantarum 122, 328–336.

Carvalho Ade O, Gomes VM. 2007. Role of plant lipid transfer 
proteins in plant cell physiology – a concise review. Peptides 28, 
1144–1153.

Chae K, Kieslich CA, Morikis D, Kim S-C, Lord EM. 2009. A gain-
of-function mutation of Arabidopsis lipid transfer protein 5 disturbs 
pollen tube tip growth and fertilization. The Plant Cell 21, 3902–3914.

Coutos-Thevenot P, Jouenne T, Maes O, Guerbette F, Grosbois 
M, Le Caer JP, Boulay M, Deloire A, Kader JC, Guern J. 1993. 
Four 9-kDa proteins excreted by somatic embryos of grapevine are 
isoforms of lipid-transfer proteins. European Journal of Biochemistry 
217, 885–889.

Dani V, Simon WJ, Duranti M, Croy RRD. 2005. Changes in the 
tobacco leaf apoplast proteome in response to salt stress. Proteomics 
5, 737–745.

DeBono A, Yeats TH, Rose JKC, Bird D, Jetter R, Kunst L, 
Samuels L. 2009. Arabidopsis LTPG is a glycosylphosphatidylinositol-
anchored lipid transfer protein required for export of lipids to the plant 
surface. The Plant Cell 21, 1230–1238.

Diz MS, Carvalho AO, Ribeiro SFF, Da Cunha M, Beltramini L, 
Rodrigues R, Nascimento VV, Machado OLT, Gomes VM. 2011. 
Characterisation, immunolocalisation and antifungal activity of a lipid 
transfer protein from chili pepper (Capsicum annuum) seeds with 

novel α-amylase inhibitory properties. Physiologia Plantarum 142, 
233–246.

Djordjevic MA, Oakes M, Li DX, Hwang CH, Hocart CH, 
Gresshoff PM. 2007. The Glycine max xylem sap and apoplast 
proteome. Journal of Proteome Research 6, 3771–3779.

Ebine K, Fujimoto M, Okatani Y, et al. 2011. A membrane 
trafficking pathway regulated by the plant-specific RAB GTPase 
ARA6. Nature Cell Biology 13, 853–859.

Footitt S, Slocombe SP, Larner V, Kurup S, Wu Y, Larson T, 
Graham I, Baker A, Holdsworth M. 2002. Control of germination 
and lipid mobilization by COMATOSE, the Arabidopsis homologue of 
human ALDP. The EMBO Journal 21, 2912–2922.

García-Olmedo F, Molina A, Segura A, Moreno M. 1995. The 
defensive role of nonspecific lipid-transfer proteins in plants. Trends in 
Microbiology 3, 72–74.

Gillespie J, Rogers SW, Deery M, Dupree P, Rogers JC. 2005. A 
unique family of proteins associated with internalized membranes in 
protein storage vacuoles of the Brassicaceae. The Plant Journal 41, 
429–441.

Gonorazky AG, Regente MC, de la Canal L. 2005. Stress 
induction and antimicrobial properties of a lipid transfer protein 
in germinating sunflower seeds. Journal of Plant Physiology 162, 
618–624.

Graham IA. 2008. Seed storage oil mobilization. Annual Review of 
Plant Biology 59, 115–142.

Hayashi Y, Hayashi M, Hayashi H, Hara-Nishimura I, Nishimura 
M. 2001. Direct interaction between glyoxysomes and lipid bodies 
in cotyledons of the Arabidopsis thaliana ped1 mutant. Protoplasma 
218, 83–94.

Hollenbach B, Schreiber L, Hartung W, Dietz K-J. 1997. 
Cadmium leads to stimulated expression of the lipid transfer protein 
genes in barley: implications for the involvement of lipid transfer 
proteins in wax assembly. Planta 203, 9–19.

Huang AHC. 1992. Oil bodies and oleosins in seeds. Annual Review 
of Plant Physiology and Plant Molecular Biology 43, 177–200.

Ito E, Fujimoto M, Ebine K, Uemura T, Ueda T, Nakano A. 2012. 
Dynamic behavior of clathrin in Arabidopsis thaliana unveiled by live 
imaging. The Plant Journal 69, 204–216.

Jiang LW, Bunkelmann J, Towill L, Kleff S, Trelease RN. 1994. 
Identification of peroxisome membrane proteins (PMPs) in sunflower 
(Helianthus annuus L.) cotyledons and influence of light on the PMP 
developmental pattern. Plant Physiology 106, 293–302.

Kader JC. 1975. Proteins and the intracellular exchange of lipids: 
I. stimulation of phospholipid exchange between mitochondria 
and microsomal fractions by proteins isolated from potato tuber. 
Biochimica et Biophysica Acta 380, 31–44.

Kader J-C. 1996. Lipid transfer proteins in plants. Annual Review of 
Plant Physiology and Plant Molecular Biology 47, 627–654.

Kader J-C. 1997. Lipid-transfer proteins: a puzzling family of plant 
proteins. Trends in Plant Science 2, 66–70.

Kusumawati L, Imin N, Djordjevic MA. 2008. Characterization of 
the secretome of suspension cultures of Medicago species reveals 
proteins important for defense and development. Journal of Proteome 
Research 7, 4508–4520.

 at m
ilner library illinois state university on D

ecem
ber 6, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/


Germination triggers internalization of a lipid transfer protein  |  6563

Laemmli UK. 1970. Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4. Nature 227, 680–685.

Lam SK, Cai Y, Tse YC, Wang J, Law AH, Pimpl P, Chan HY, 
Xia J, Jiang L. 2009. BFA-induced compartments from the Golgi 
apparatus and trans-Golgi network/early endosome are distinct in 
plant cells. The Plant Journal 60, 865–881.

Maldonado AM, Doerner P, Dixon RA, Lamb CJ, Cameron RK. 
2002. A putative lipid transfer protein involved in systemic resistance 
signalling in Arabidopsis. Nature 419, 399–403.

Matoh T, Takasaki M, Takabe K, Kobayashi M. 1998. 
Immunocytochemistry of rhamnogalacturonan II in cell walls of higher 
plants. Plant and Cell Physiology 39, 483–491.

Millichip M, Tatham AS, Jackson F, Griffiths G, Shewry PR, 
Stobart AK. 1996. Purification and characterization of oil-bodies 
(oleosomes) and oil-body boundary proteins (oleosins) from the 
developing cotyledons of sunflower (Helianthus annuus L.). The 
Biochemical Journal 314, 333–337.

Nonogaki H, Gee OH, Bradford KJ. 2000. A germination-
specific endo-beta-mannanase gene is expressed in the micropylar 
endosperm cap of tomato seeds. Plant Physiology 123, 1235–1246.

Pagnussat L, Burbach C, Baluška F, de la Canal L. 2012. Rapid 
endocytosis is triggered upon imbibition in Arabidopsis seeds. Plant 
Signaling and Behavior 7, 416–421.

Pagnussat LA, Lombardo C, Regente M, Pinedo M, Martín 
M, de la Canal L. 2009. Unexpected localization of a lipid transfer 
protein in germinating sunflower seeds. Journal of Plant Physiology 
166, 797–806.

Park SY, Lord EM. 2003. Expression studies of SCA in lily and 
confirmation of its role in pollen tube adhesion. Plant Molecular 
Biology 51, 183–189.

Penfield S, Graham S, Graham IA. 2005. Storage reserve 
mobilization in germinating oilseeds: Arabidopsis as a model system. 
Biochemical Society Transactions 33, 380–383.

Peyroche A, Antonny B, Robineau S, Acker J, Cherfils J, 
Jackson CL. 1999. Brefeldin A acts to stabilize an abortive ARF-
GDP-Sec7 domain protein complex: involvement of specific residues 
of the Sec7 domain. Molecular Cell 3, 275–285.

Regente M, de la Canal L. 2003. A cDNA encoding a putative 
lipid transfer protein expressed in sunflower seeds. Journal of Plant 
Physiology 160, 201–203.

Regente MC, de la Canal L. 2000. Purification, characterization 
and antifungal properties of a lipid-transfer protein from sunflower 
(Helianthus annuus) seeds. Physiologia Plantarum 110, 158–163.

Regente MC, Giudici AM, Villalaín J, de la Canal L. 2005. The 
cytotoxic properties of a plant lipid transfer protein involve membrane 
permeabilization of target cells. Letters in Applied Microbiology 40, 
183–189.

Reichardt I, Stierhof Y-D, Mayer U, Richter S, Schwarz H, 
Schumacher K, Jürgens G. 2007. Plant cytokinesis requires de 
novo secretory trafficking but not endocytosis. Current Biology 17, 
2047–2053.

Skriver K, Leah R, Müller-Uri F, Olsen FL, Mundy J. 1992. 
Structure and expression of the barley lipid transfer protein gene Ltp1. 
Plant Molecular Biology 18, 585–589.

Sossountzov L, Ruiz-Avila L, Vignols F, et al. 1991. Spatial and 
temporal expression of a maize lipid transfer protein gene. The Plant 
Cell 3, 923–933.

Terras FRG, Goderis IJ, Van Leuven F, Vanderleyden J, Cammue 
BPA, Broekaert WF. 1992. In vitro antifungal activity of a radish 
(Raphanus sativus L.) seed protein homologous to nonspecific lipid 
transfer proteins. Plant Physiology 100, 1055–1058.

Tsuboi S, Osafune T, Tsugeki R, Nishimura M, Yamada M. 1992. 
Nonspecific lipid transfer protein in castor bean cotyledon cells: 
subcellular localization and a possible role in lipid metabolism. Journal 
of Biochemistry 111, 500–508.

Tzen JT, Lie GC, Huang AH. 1992. Characterization of the charged 
components and their topology on the surface of plant seed oil 
bodies. Journal of Biological Chemistry 267, 15626–15634.

Uhrig JF, Canto T, Marshall D, MacFarlane SA. 2004. Relocalization 
of nuclear ALY proteins to the cytoplasm by the tomato bushy stunt 
virus P19 pathogenicity protein. Plant Physiology 135, 2411–2423.

Yeats TH, Rose JKC. 2008. The biochemistry and biology of extracellular 
plant lipid-transfer proteins (LTPs). Protein Science 17, 191–198.

Yu Q, Hlavacka A, Matoh T, Volkmann D, Menzel D, Goldbach 
HE, Baluška F. 2002. Short-term boron deprivation inhibits 
endocytosis of cell wall pectins in meristematic cells of maize and 
wheat root apices. Plant Physiology 130, 415–421.

Zaman U, Abbasi A. 2009. Isolation, purification and characterization 
of a nonspecific lipid transfer protein from Cuminum cyminum. 
Phytochemistry 70, 979–987.

Zottich U, Da Cunha M, Carvalho AO, Dias GB, Silva NCM, 
Santos IS, do Nacimento VV, Miguel EC, Machado OLT, Gomes 
VM. 2011. Purification, biochemical characterization and antifungal 
activity of a new lipid transfer protein (LTP) from Coffea canephora 
seeds with α-amylase inhibitor properties. Biochimica et Biophysica 
Acta 1810, 375–383.

 at m
ilner library illinois state university on D

ecem
ber 6, 2012

http://jxb.oxfordjournals.org/
D

ow
nloaded from

 

http://jxb.oxfordjournals.org/

	Online.pdf
	021_EXBOTJ_ers311_online.pdf




