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Abstract
Main conclusion  Immunocytochemical and molecular analyses reveal that the disassembly of the cell wall may be 
mediated by changes in the level and subcellular location of extensin protein and hemicelluloses during olive-fruit 
abscission.

Abstract  Although cell-wall modification is believed to underlie the changes in organ abscission, information concerning 
the changes in cell-wall proteins and hemicellulose polysaccharides is still limited. The aim of this work was to analyze the 
spatio–temporal patterns of the distribution of different extensin proteins and hemicelluloses in the abscission zone (AZ) 
during natural ripe-fruit abscission in olive (Olea europaea L.). In this study, we employed immunogold labeling in the 
ripe-fruit AZ during olive AZ cell separation, using an expanded set of monoclonal antibodies that recognize different types 
of hemicelluloses (LM11, LM15, and LM21), callose (anti-(1,3)-β-d-glucan) and extensin (JIM19) epitopes, and transmis-
sion electron microscopy imaging. Our data demonstrate that AZ cell separation was accompanied by a loss of the JIM19 
extensin epitopes and a reduction in the detection of the LM15 xyloglucan epitopes in AZ cell walls, whereas AZ cells were 
found to be enriched with respect to the xylan and callose levels of the cell wall during olive ripe-fruit abscission. By con-
trast, AZ cell-wall polysaccharide remodeling did not involve mannans. Moreover, in ripe-fruit AZ, quantitative RT-PCR 
analysis revealed that OeEXT1, OeEXT2, OeXTH9, and OeXTH13 genes were downregulated during abscission, whereas 
the expression of OeXTH1, OeXTH5, and OeXTH14 genes increased during abscission. Taken together, the results indicate 
that AZ cell-wall dynamics during olive ripe-fruit abscission involves extensin protein and hemicellulose modifications, as 
well as related expressed genes. This is the first study available demonstrating temporal degradation of extensin protein and 
hemicelluloses in the AZ at the subcellular level.
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Abbreviations
AGP	� Arabinogalactan protein
AZ	� Abscission zone
DPA	� Days post-anthesis
EGase	� Endo-β-1,4-glucanase

EXP	� Expansin
XET	� Xyloglucan endotransglucosylase
XTH	� Xyloglucan endotransglucosylase-hydrolase

Introduction

Organ abscission involves numerous modifications to the 
abscission zone (AZ) cell wall, a structure composed of 
polysaccharides (mainly pectin, hemicellulose, and cellu-
lose), as well as structural and polysaccharide-modifying 
proteins, and this composition differs between different 
plant species (Wolf et al. 2012; Voiniciuc et al. 2018). 
Because pectins are the major structural components 
of the middle lamella at intercellular junctions and the 
corners of intercellular spaces, where they contribute to 
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cell separation (Bouton et al. 2002; McCartney and Knox 
2002; Caffall and Mohnen 2009; Wolf et al. 2009; Lev-
esque-Tremblay et al. 2015; Voiniciuc et al. 2018), the 
pectin content of the AZ cell walls has received special 
attention regarding composition and dynamics of their 
components during the abscission process (Uheda and 
Nakamura 2000; Lee et  al. 2008, 2016; Bowling and 
Vaughn 2011; Iwai et  al. 2013; Tsuchiya et  al. 2015; 
Roongsattham et al. 2016; Merelo et al. 2017; Parra et al. 
2020). However, the dynamics of other components of 
AZ cell wall, such as the hemicellulose, has been left 
behind. Hemicelluloses are estimated to account for about 
one third of all components available in plants and are 
the second heteropolymers present in nature (Chaikum-
pollert et al. 2004). Hemicellulose polysaccharides are 
structurally diverse, including xyloglucans, xylans, and 
mannans (O’Neill and York 2003; Liepman et al. 2007), 
which are involved in the cross-linking of cellulose micro-
fibrils (Scheller and Ulvskov 2010; Palmer et al. 2015). 
Xyloglucan is the predominant hemicellulose in the pri-
mary cell walls of nongraminaceous species (Cosgrove 
1997; Pauly and Keegstra 2016; Voiniciuc et al. 2018) 
and it functions as a tether between cellulose microfibrils 
(Carpita and Gibeaut 1993; Marcus et al. 2008; Hayashi 
and Kaida 2011). Meanwhile, xylans and mannans are the 
two major classes of hemicelluloses that accumulate in 
secondary cell walls but are also components of primary 
walls of dicots (Hervé et  al. 2009; Scheller and Ulvs-
kov 2010; Mortimer et al. 2015; Voiniciuc et al. 2018). 
Although advanced techniques to monitor hemicellulose 
polysaccharides with the genomics data have identified 
hemicellulose metabolism-related genes involved in the 
abscission process (Tucker et al. 2007; Agustí et al. 2008; 
Merelo et al. 2017; Cai and Lashbrook 2008; Meir et al. 
2010; Singh et al. 2011; Corbacho et al. 2013; Li et al. 
2015; Tsuchiya et al. 2015; Glazinska et al. 2017), the 
spatio–temporal organization, and the regulation of AZ 
cell-wall hemicellulose synthesis and degradation, as well 
as the dynamics of AZ cell-wall assemblies during organ 
abscission, remain unclear. In particular, the dynamics of 
mannan, using immunocytochemistry method, have yet to 
be explored in organ abscission, and, to date, only a few 
studies have provided information on the degradation of 
xyloglucan and xylan polysaccharides in AZ cell walls 
(Lee et al. 2008; Iwai et al. 2013; Tsuchiya et al. 2015). 
In poinsettia, at a late stage of floral abscission, xylan 
and xyloglucan epitopes have been shown to be present 
together with lignin around the AZ and in distal tissues 
using immunohistochemistry (Lee et al. 2008). Similarly, 
in tomato, an increase has been observed in LM15 labeling 
of xyloglucan specifically at the AZ during floral abscis-
sion, but not at the AZ during ripe-fruit abscission, sug-
gesting that floral abscission and fruit abscission, which 

occurs post-ripening, are regulated by different mecha-
nisms. Floral abscission occurs through the remodeling 
of cell-wall polysaccharides, and fruit abscission through 
lignification (Iwai et al. 2013).

The hemicellulosic components of the plant cell wall 
include a variety of polysaccharides with linear or branched 
polymers derived from sugars such as d-xylose, d-galac-
tose, d-mannose, d-glucose, and l-arabinose (Voiniciuc 
et al. 2018). The degradation of hemicellulose structures 
involves the concerted action of a variety of hydrolytic 
enzymes (Voiniciuc et al. 2018). In the enzymatic disas-
sembly of hemicellulose polysaccharides, the involvement 
of xyloglucan endotransglucosylase-hydrolase (XTH), 
endo-β-1,4-glucanase (EGase) and expansin (EXP) have 
been investigated in organ abscission (Roberts et al. 2002; 
Belfield et al. 2005; Tucker et al. 2007; Agustí et al. 2008; 
Cai and Lashbrook 2008; Singh et al. 2011; Tsuchiya et al. 
2015). During rose-petal abscission, it has been shown that 
cell-wall remodeling of the xyloglucan moieties through the 
xyloglucan endotransglucosylase (XET) action of XTHs 
may be key for cell separation (Singh et al. 2011). The pat-
tern of xyloglucan degrading enzyme activity in abscission 
is apparently complex (Singh et al. 2011; Tsuchiya et al. 
2015; Prakash et al. 2017) and may reflect a combination 
of hydrolases, transglucosylases, and/or enzymes with both 
activities.

Among the AZ cell-wall proteins, AGPs and extensins 
are major members of the plant cell-wall hydroxyproline-
rich glycoproteins (HRGPs) superfamily and recent findings 
suggest that wall ion-regulated intermolecular interaction/
adhesions between AGPs and/or extensins may be involved 
in maintaining wall–plasma membrane integrity during 
cell-wall loosening processes such as cell-wall expansion 
(Tan et al. 2018). AGPs are a constituent of floral AZs dur-
ing and soon after complete cell separation in Arabidopsis 
(Stenvik et al. 2006; Seifert and Roberts 2007; Cho et al. 
2008), however, the role of cell-wall extensin proteins in 
abscission processes is comparatively less known. Extensins, 
like AGPs, are important in plant growth, development, and 
defense (Lamport et al. 2011; Saha et al. 2013; Liu et al. 
2016; Showalter and Basu 2016; Doll et al. 2020; Zdanio 
et al. 2020). Previously, the preferential accumulation of 
SAC5, a proline-rich protein, has been shown in the dehis-
cence zone of the oilseed ripe pod (Coupe et al. 1993). In 
Arabidopsis, the extensin gene atext1, induced by a variety 
of biotic and abiotic stresses, is expressed in AZ during flo-
ral abscission (Merkouropoulos and Shirsat 2003). Never-
theless, to date, the dynamics of extensin, using immunocy-
tochemistry method, have yet to be thoroughly investigated 
in the abscission process.

Olive (Olea europaea L), one of the most economically 
important fruit trees worldwide, includes such cultivars as 
‘Picual’, which undergoes massive natural fruit abscission 
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after fruit ripening (Gomez-Jimenez et al. 2010a). For this 
and other cultivars, applications of ethephon or 1-aminocy-
clopropane-1-carboxylate (ACC) promote fruit abscission 
(Barranco et al. 2004; Burns et al. 2008; Parra-Lobato and 
Gomez-Jimenez 2011). In general, fleshy-fruit abscission 
after ripening is a genetically programmed process (Périn 
et al. 2002), and a developmentally controlled program of 
cell separation that occurs through the dissolution of AZ cell 
walls (Bleecker and Patterson 1997; Patterson 2001; Rob-
erts et al. 2002; McManus 2008; Niederhuth et al. 2013; 
Patharkar and Walker 2018; Meir et al. 2019). The pres-
ence of the AZ is an agronomically important trait in many 
species in terms of the ease of fruit detachment at harvest 
(Roberts et al. 2002; Xie et al. 2013; Patharkar and Walker 
2018; Meir et al. 2019; Tranbarger and Tadeo 2020). The 
olive fruit, like other fleshy-fruit, has several AZs in the 
pedicel (Bartolini et al. 1993), but only one AZ (i.e. located 
between the pedicel and fruit), is selectively activated after 
fruit ripening (Gomez-Jimenez et al. 2010a; Parra-Lobato 
and Gomez-Jimenez 2011). In a previous study, we reported 
on the comparison of the Picual fruit AZ transcriptomes 
at two different stages during AZ cell separation (pre-
abscission vs. abscission) using the RNA-Seq technique 
(Gil-Amado and Gomez-Jimenez 2013). Among the dif-
ferentially expressed genes in the olive AZ during ripe-
fruit abscission, we have identified several genes involved 
in cell-wall metabolism (Gil-Amado and Gomez-Jimenez 
2013), indicating that this process of cell-wall disassembly 
requires many enzymes acting in concert. Recently, we have 
demonstrated that the changes detected in AZ cell-wall poly-
saccharides during olive ripe-fruit abscission are related to 
pectic polysaccharide de-esterification and solubilization 
(Parra et al. 2020). In olive-fruit AZ, abscission is associated 
with an increase of de-esterified pectins, by the detection of 
the LM19 homogalacturonan epitope, mainly in the middle 
lamella and cellular junctions (Parra et al. 2020). Likewise, 
the abundance of the highly methylesterified homogalactu-
ronan epitope recognized by the LM20 antibody diminished 
during olive ripe-fruit abscission, as did the abundance of 
LM5 for 1,4-galactan and LM6 for 1,5-arabinan (Parra et al. 
2020). In addition, sugar compositional analyses in the olive 
AZ of both stages showed that the sugar composition of 
noncellulosic monosaccharide residues in the AZ cell-wall 
material was different during abscission (Parra et al. 2020), 
but the dynamics of hemicelluloses have yet to be explored 
using immunocytochemistry in olive-fruit abscission.

In the present study, we performed a detailed analysis of 
the changes in AZ cell-wall hemicelluloses at spatio–tem-
poral pattern during olive ripe-fruit abscission. We used 
immunogold labeling to study the distribution of hemicel-
luloses (including xyloglucan, xylan, and mannan), extensin, 
and callose epitopes in the fruit AZ, quantifying and com-
paring their relative levels and subcellular location during 

olive-fruit AZ cell separation. In addition, we explored 
the transcriptional regulation of genes that encode XTH 
(OeXTH1, OeXTH5, OeXTH9, OeXTH13, and OeXTH14) 
and extensin (OeEXT1 and OeEXT2) proteins in the ripe-
fruit AZ during abscission in olive.

Materials and methods

Plant material

Three trees of olive (Olea europaea L. cultivar ‘Picual’) 
that entered full bloom on the same day were selected from 
an orchard located in Badajoz (Spain). This olive cultivar 
exhibits massive natural fruit abscission after ripening, and 
ripe-fruit abscission occurs in the pedicel-fruit AZ (Gomez-
Jimenez et al. 2010a; Parra-Lobato and Gomez-Jimenez 
2011). Olive flowers were tagged on the day of pollination 
and the AZ samples were collected from olive fruits subse-
quently harvested at two specified stages during ripe-fruit 
AZ cell separation: pre-abscission (unseparated AZ cells) 
and abscission (partially separated AZ cells) stages (Gil-
Amado and Gomez-Jimenez 2013; Parra-Lobato et al. 2017; 
Parra et al. 2020). Fruit AZs from three trees were collected 
in the seasons 2016 and 2017 at the two stages. At each 
stage, 150 fruit AZs per tree were collected for analysis. 
Fruit AZ from each tree formed a biological replicate. The 
fruit AZs were manually dissected from longitudinal sec-
tions of the samples with a razor blade into pieces to a maxi-
mum width of 1 mm on each side of the abscission fracture 
plane (Gil-Amado and Gomez-Jimenez 2013; Parra-Lobato 
et al. 2017; Parra et al. 2020). Fruit AZ samples containing 
mesocarp or pedicel/calyx-like tissues were discarded (Parra 
et al. 2013). For the cytological study, five fruit AZs per tree 
were collected at each stage, cut into pieces approximately 
0.3–0.6 mm thick, and rapidly fixed for 2 h in ethanol-acetic 
acid (3:1, v/v) at room temperature. The samples were rinsed 
three times in 70% ethanol, dehydrated by an ethanol series, 
and embedded in Technovit 7100 (Kulzer). Sections (1 mm) 
made with glass knives were stained with 0.04% (w/v) tolui-
dine blue and photographed using a Zeiss Axiophot micro-
scope coupled to a Spot digital camera (Diagnostic Instru-
ments) (Fig. 1).

Immunogold labeling

All immunocytochemistry experiments were performed 
using multiple sections taken from embedded AZ tissue for 
each stage from three biological replicates. At each stage, 
five fruit AZs per tree were examined per replicate (n = 15). 
Freshly excised AZ samples at two stages (pre-abscission 
and abscission) were fixed in 4% (w/v) paraformaldehyde 
and 0.25% (w/v) glutaraldehyde in 0.1 M phosphate buffer 
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(pH 7.2), and placed under vacuum for 1 h and then at 4 °C 
overnight. After dehydration in a graded ethanol series, the 
material was embedded in LR White resin, as described by 
Olmos et al. (2017). Ultrathin sections (70 nm) were made 
with a Leica EM UC6 ultramicrotome (Leica Mycrosystems, 
Hernalser Hauptstraße, Vienna, Austria) and collected on 
formvar-coated nickel grids. The grids were placed in phos-
phate-buffered saline (PBS) with 5% bovine serum albumin 
(BSA) for 30 min at room temperature and then incubated 

for 2 h with the primary monoclonal antibodies diluted (1:5) 
in PBS containing 5% BSA. The primary antibodies used 
were JIM19 (extensin), LM11 (xylan), LM15 (xyloglucan), 
and LM21 (mannan) from PlantProbes (Leeds, UK), and 
anti-1,3-β-glucan (callose) from Biosupplies (Parkville, 
VIC, Australia). The sections were washed three times in 
PBS and incubated with the secondary antibody (goat anti-
rat coupled with 15-nm colloidal gold, BioCell Interna-
tional) diluted 1:50 in PBS supplemented with 1% BSA. The 
grids were washed in buffer and distilled water and dried at 
37 °C. Controls were run every time for each of the antibod-
ies by omitting incubation with the primary antibody (Sup-
plementary Fig. S1). Samples were examined using a TEM 
TECNAI G2 20 Twin transmission electron microscope.

Quantitative analysis of immunogold labeling

The images were captured directly with a CCD SIS Meg-
aView camera and then analyzed by means of the software 
AnalySIS® version 3.0. (Soft Imaging System GmbH, Mün-
ster, Germany). The software AnalySIS®Gold was used for 
manually identifying the particles. Also, the cell-wall area, 
the plasma-membrane length, and the cytoplasm were meas-
ured manually using the software AnalySIS®. The statistical 
analysis included an examination of at least 3 different AZs 
per stage and per antibody. For the statistical treatment of the 
data, the software Statistix 8 (NH Analytical Software, Rose-
ville, MN, USA) was used, and the statistical differences 
were analyzed using the unpaired Student’s t test (p < 0.05).

Quantitative RT‑PCR

Previously published RNA-Seq data (Gil-Amado and 
Gomez-Jimenez 2013), were mined for cell-wall remode-
ling-related genes. Expression levels were determined for 
genes encoding the extensin (OeEXT1, OeEXT2), and XTH 
(OeXTH1, OeXTH5, OeXTH9, OeXTH1, and OeXTH14; 
EC:2.4.1.207) proteins. The sequences were confirmed and 
deposited in the GenBank database (Supplementary Data 
Table S1). The phylogenetic analysis was performed by 
comparing the conserved domains of EXT (Supplementary 
Fig. S2), and XTH (Supplementary Fig. S3) sequences from 
our work and Arabidopsis (https​://www.arabi​dopsi​s.org/). 
Total RNA (2 µg) was reverse transcribed with random hex-
amers and Superscript III (Invitrogen), according to the man-
ufacturer’s instructions. Purified cDNA (2 ng) was used as 
a template for quantitative RT-PCR (qRT-PCR). qRT-PCR 
assays were performed with gene-specific primers (Supple-
mentary Data Table S1). The cDNA was amplified using a 
SYBRGreen-PCR Master kit (Applied Biosystems) contain-
ing an AmpliTaq Gold polymerase on an iCycler (BioRad 
Munich), following the protocol provided by the supplier. 
Samples were subjected to thermal cycling conditions of 

Fig. 1   Tissues of olive (Olea europaea L. cv Picual) used for this 
study. a Longitudinal section of the transition zone between the pedi-
cel (top) and fruit (bottom) showing the AZ of olive ripe-fruit. b Lon-
gitudinal sections of the ripe-fruit AZ at the pre-abscission (unsepa-
rated AZ cells), and abscission (partially separated AZ cells) stages 
were stained with toluidine blue. Scale bars 15 µm in b 

https://www.arabidopsis.org/
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DNA polymerase activation at 94 °C, 45 s at 55 °C, 45 s at 
72 °C, and 45 s at 80 °C; a final elongation step of 7 min 
at 72 °C was performed. The melting curve was designed 
to increase by 0.5 °C every 10 s from 62 °C. The ampli-
con was analyzed by electrophoresis and sequenced once 
for confirmation of identity. qRT-PCR efficiency was esti-
mated via a calibration dilution curve and slope calculation. 
Expression levels were determined as the number of cycles 
needed for the amplification to reach a threshold fixed in the 
exponential phase of the PCR (CT). The data were normal-
ized for the quantity of the Olea europaea ubiquitin (OeUB) 
gene (Gomez-Jimenez et al. 2010b). For each sample, three 
biological replicates with three technical repeats each were 
analyzed. Each biological replicate corresponds to pooled 
AZs from each tree.

Phylogenetic analysis

Phylogenetic trees were constructed based on similarity 
searches performed with BLASTp programs with default 
parameters in protein sequence databases provided by the 
National Center for Biotechnology Information server 
(http://www.ncbi.nlm.nih.gov). Amino acid sequences were 
aligned with ClustalW (version 2.0.3) (Thompson et al. 
1994).

Accession numbers

Accession numbers for the genes studied in this work 
are: OeEXT1 (MT753446), OeEXT2 (MT753447), 
OeXTH5  (MT753448),  OeXTH14  (MT753449), 
OeXTH9  (MT753450), OeXTH13 (MT753451), and 
OeXTH1 (MT753452).

Statistical analysis

Significance analysis of corresponding experimental data 
was conducted using Statistix 8 software (NH Analytical 
Software, Roseville, MN, USA). Two-tailed Student’s t test 
was performed to evaluate statistically significant differ-
ences between stages. The values p < 0.05 were considered 
statistically significant. For each sample, three independent 
biological replicates with at least three technical repeats each 
were analyzed.

Results

Immunolocalization of hemicelluloses in the fruit AZ 
during abscission

In ‘Picual’ olive, the ripe-fruit abscission depends on the 
activation of the AZ located between the pedicel and fruit 

(Fig. 1a). The fruit-detachment force significantly weakens 
during ‘Picual’ fruit ripening, coinciding with a peak content 
of 1-aminocyclopropane-1-carboxylic acid, an ethylene pre-
cursor, in the AZ at 217 days post-anthesis (DPA), at which 
time abscission occurs (Parra-Lobato and Gomez-Jimenez 
2011). For this work, we selected the Picual fruit AZ tissue 
at two different stages during AZ cell separation: pre-abscis-
sion (unseparated AZ cells) and abscission (partially sepa-
rated AZ cells). Initially, thin sections from each AZ at the 
two stages were labeled with toluidine blue (Fig. 1b). This 
showed major differences in AZ cell size between the two 
stages. Furthermore, under the light microscope, the inter-
cellular spaces in the AZ at the abscission stage appeared 
larger than at the pre-abscission stage, indicating some loss 
of cell-to-cell adhesion at these points (Fig. 1b). As in our 
previous study (Parra et al. 2020), the olive AZ cells at the 
abscission stage appeared to be enlarged, and separated from 
each other, generating the abscission plane during ripe-fruit 
abscission.

The ultrastructural immunolocalization of different types 
of hemicellulose epitopes (LM11, LM15, and LM21) were 
analyzed by immunogold labeling in ripe-fruit AZ longi-
tudinal sections at both stages (pre-abscission and abscis-
sion) during olive AZ cell separation. For the immunolo-
calization of xylans, we used LM11 monoclonal antibody 
which recognizes arabinoxylan and low-substituted xylans 
(McCartney et al. 2005). Probing the fruit AZ sections with 
LM11 indicated a higher density of labeling in the AZ cells 
at the abscission stage than that at the pre-abscission stage 
(Table 1). An examination of the labeling pattern at the 
ultrastructural level revealed labeling mainly in the cyto-
plasm (Fig. 2a–f). In the AZ cell wall, including the tricel-
lular junction zones, our analysis indicated that the LM11 
epitope was sparse, and we found no preferred location 
of this epitope in the middle lamella (Fig. 2a–f). Control 
reaction performed by omitting the incubation of AZ tis-
sue sections with primary antibody showed no immunogold 
labeling (Supplementary Fig. S1). Thus, the LM11 epitope 
showed a notable increase in the olive AZ cells especially 
in the cytoplasm during ripe-fruit abscission.

Xyloglucan was detected using LM15, an antibody cross-
reacting with the XXXG motif of xyloglucan (Marcus et al. 
2008). In contrast to the LM11 epitope, the density of LM15 
labeling decreased in olive AZ cells during ripe-fruit abscis-
sion (Table 1, Fig. 3a–f). In the AZ cells, low levels of labe-
ling for LM15 were apparent with some labeling in the cell 
walls and within the cell walls, especially in the inner region 
close to the plasmalemma, but absent from the tricellular 
junctions (Fig. 3b, e). Immunogold labeling with LM15 
antibody was very scarce in cytoplasm and vacuole, show-
ing a higher density in AZ cells at pre-abscission stage in 
comparison with AZ cells at the abscission stage (Table 1, 
Fig. 3a–f). Negative controls showed no significant labeling 

http://www.ncbi.nlm.nih.gov
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(Supplementary Fig. S1). Thus, the ripe-fruit abscission led 
to a decline of the LM15 xylan epitope in the olive AZ cell 
walls.

For the inmunolocalization of mannan epitopes within 
the AZ cells, we used the LM21 monoclonal antibody which 

is known to bind to heteromannans including glucoman-
nan and galactomannan (Marcus et al. 2010). The density 
of LM21 mannan epitope labeling was relatively low and 
remained unchanged in the AZ cell during olive ripe-fruit 
abscission (Table 1, Fig. 4a–f). Incubation of ripe-fruit AZ 

Table 1   Quantification of 
immunogold labeling with 
JIM19, LM11, LM15, and 
LM21 antibodies during olive 
ripe-fruit abscission

Data are means of fruit AZ ± SD (n = 15) of three biological replicates per stage and per antibody. Five 
fruit AZs from each tree formed a biological replicate. Statistically significant differences based on 
unpaired Student’s t test at p < 0.05 are denoted by an asterisk

Number of gold particles

Cell-wall (µm2) Cytoplasm (µm2) Vacuole (µm2)

JIM19
 AZ at pre-abscission stage 1.58 ± 0.32* 11.45 ± 0.20* 0.24 ± 0.16
 AZ at abscission stage 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

LM11
 AZ at pre-abscission stage 0.35 ± 0.10 2.08 ± 0.15 0.76 ± 0.35
 AZ at abscission stage 1.90 ± 0.12* 7.37 ± 0.31* 0.48 ± 0.27

LM15
 AZ at pre-abscission stage 3.49 ± 0.46* 0.59 ± 0.15* 0.46 ± 0.17*
 AZ at abscission stage 1.06 ± 0.13 0.25 ± 0.18 0.22 ± 0.13

LM21
 AZ at pre-abscission stage 1.25 ± 0.26 2.12 ± 0.39 1.25 ± 0.43
 AZ at abscission stage 1.48 ± 0.31 2.75 ± 0.58 1.04 ± 0.61

Fig. 2   Immunolocalization of xylan epitope (LM11) in the AZ cells 
during ripe-fruit abscission in olive (Olea europaea L. cultivar ‘Pic-
ual’). Transmission electron micrographs of cell junctions from lon-

gitudinal sections of the fruit AZ at the a–c pre-abscission and d–f 
abscission stages. CW cell-wall, cyt cytoplasm, ML middle lamella, 
TCJ tricellular junction, v vacuole. Scale bars 1 µm
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sections with LM21 revealed that the cell walls were lightly 
labeled and that labeling was detectable mainly in the cyto-
plasm of the AZ cell at both stages (Fig. 4a–f). Negative 
controls showed no significant labeling (Supplementary Fig. 
S1). Thus, similar distribution of mannans in the AZ cells 
occurred during olive ripe-fruit abscission.

Immunolocalization of extensin protein in the AZ 
cells during olive‑fruit abscission

Next, to investigate a relationship between the abscission 
process and the distribution of extensin protein in the ripe-
fruit AZ, we located the JIM19 epitope using immunogold 
labeling in ripe-fruit AZ longitudinal sections at two differ-
ent stages during olive AZ cell separation (pre-abscission 
and abscission stages). JIM19 showed the higher density of 
labeling in AZ cells at the pre-abscission stage in compari-
son with AZ cells at the abscission stage (Table 1, Fig. 5a–f). 
Our data indicated a complete absence of JIM19 labeling in 
the ripe-fruit AZ at the abscission stage (Fig. 5d–f). Ultra-
structural localization of extensins in the olive AZ showed 
their presence in the cell wall and especially in the cyto-
plasm, but JIM19 labeling was absent from the cell junc-
tions regions of AZ cells at both stages (Fig. 5a–f). Con-
trol reaction by omitting JIM19 showed no labeling after 

immunogold reaction (Supplementary Fig. S1). Hence, our 
data revealed a loss in extensin epitopes in the ripe-fruit AZ 
cells during abscission.

Immunolocalization of callose in the AZ cells 
during olive‑fruit abscission

The presence of callose was determined using a (1,3)-β-d-
glucan-specific monoclonal antibody (Meikle et al. 1991). 
The ultrastructural location of callose in the olive AZ 
showed its presence in the cell wall, the cytoplasm, and the 
plasmodesmatal connections on the cell wall (Fig. 6a, b, d, 
e), but callose labeling was absent from the tricellular junc-
tions (Fig. 6c, f). The pattern of callose labeling changed in 
the AZ cells during ripe-fruit abscission (Fig. 6). At the pre-
abscission stage, the epitope was found to be most abundant 
in the cytoplasm of the AZ cells, showing slightly higher 
density in AZ cells at pre-abscission in comparison with 
AZ cells at the abscission stage (Table 2, Fig. 6). By con-
trast, at the abscission stage, the epitope was more abundant 
in middle lamella region of the AZ cells, showing higher 
density in AZ cell walls at the abscission stage in compari-
son with AZ cell walls at the pre-abscission stage (Table 2, 
Fig. 6). Controls in which the primary antibody was omitted 
resulted in a complete lack of labeling (Supplementary Fig. 

Fig. 3   Immunolocalization of xyloglucan epitope (LM15) in the AZ 
cells during ripe-fruit abscission in olive (Olea europaea L. cultivar 
‘Picual’). Transmission electron micrographs of cell junctions from 

longitudinal sections of the fruit AZ at the a–c pre-abscission and d–f 
abscission stages. CW cell-wall, cyt cytoplasm, ML middle lamella, 
TCJ tricellular junction, v vacuole. Scale bars 1 µm
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S1). Therefore, the level and distribution of callose in the AZ 
cells varies during olive ripe-fruit abscission.

Extensin and xyloglucan endotransglycosylase/
hydrolase gene expression during olive‑fruit 
abscission

To gain information concerning cell-wall dynamics dur-
ing ripe-fruit abscission, we examined the expression of 
the genes encoding the extensin (OeEXT1 and OeEXT2) 
and the XTH (OeXTH1, OeXTH5, OeXTH9, OeXTH13, 
and OeXTH14) proteins, as representative hemicellulose 
metabolism-related genes, in the olive-fruit AZ using qRT-
PCR (Fig. 7; Supplementary Data Table S1, Fig. S2 and 
S3). The OeXTH1, OeXTH5, and OeXTH14 transcript lev-
els rose 7.7‐, 8.5-, and 6.4-fold in the AZ at the abscission 
stage in comparison with those recorded in the AZ at the 
pre‐abscission stage (Fig. 7), parallel to the xyloglucan level 
decrease (Fig. 3), whereas our data indicate that OeXTH9 
and OeXTH13 were downregulated in the ripe-fruit AZ 
during abscission. The expression of OeEXT1 and OeEXT2 
was also downregulated in the ripe-fruit AZ during abscis-
sion in association with lower extensin labeling density 
(Figs. 5, 7). Thus, ripe-fruit abscission induced the expres-
sion of OeXTH1, OeXTH5, and OeXTH14 in the olive AZ, 

suggesting that these genes could be strongly associated with 
AZ cell separation during ripe-fruit abscission.

Discussion

Cell wall structural proteins and hemicellulosic matrix may 
be essential to the structural integrity of the cell wall, but 
to date few studies have shown the disassembly of hemi-
cellulose in organ abscission processes. In particular, the 
subcellular location of these cell-wall components in the 
AZ remains to be determined. In the present study, with 
the use of immunogold labeling and transmission electron 
microscopy, changes in extensin and hemicellulose level and 
subcellular location were investigated in the AZ by compar-
ing two stages (pre-abscission or unseparated AZ cells, and 
abscission or partially separated AZ cells) during ripe-fruit 
abscission in olive (Olea europaea L. cv. Picual). In addi-
tion, we investigated the relationship between extensin/hemi-
celluloses content and the expression of OeEXT1, OeEXT2, 
OeXTH1, OeXTH5, OeXTH9, OeXTH13 and OeXTH14 
genes, using qRT-PCR, during olive ripe-fruit abscission.

Hemicellulose polysaccharides have not been widely 
found to be related to cell separation processes. In this 
study, the distribution of pattern of xylan and xyloglucan 

Fig. 4   Immunolocalization of mannan epitope (LM21) in the AZ 
cells during ripe-fruit abscission in olive (Olea europaea L. cultivar 
‘Picual’). Transmission electron micrographs of cell junctions from 

longitudinal sections of the fruit AZ at the a–c pre-abscission and d–f 
abscission stages. CW cell-wall, cyt cytoplasm, ML middle lamella, 
TCJ tricellular junction, v vacuole. Scale bars 1 µm
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differed during olive ripe-fruit abscission, while AZ cell-
wall remodeling did not involve mannans. These results 
suggest that xylan and xyloglucan may contribute to olive 
AZ cell separation. Xylan epitopes were generally detected 
by LM11 antibody in the tricellular junction zones of the 
AZ cells, and the levels of xylan epitopes increased during 
ripe-fruit abscission, in parallel with the xylose and arab-
inose content in the carbonate extract of the AZ cell wall 
(Parra et al. 2020), suggesting a novel deposition of xylan 
and arabinoxylan in the AZ cell wall during olive ripe-fruit 
abscission. By contrast, our results indicate decreases in 
LM15 xyloglucan epitopes in AZ cell walls during olive 
AZ cell separation, and no significant labeling from the 
tricellular junction zones. In this case, this decrease of 
xyloglucan content during olive-fruit abscission was con-
sistent with the amount of xylose in the imidazole fraction 
of the AZ cell wall (Parra et al. 2020). These observa-
tions suggest that xylan has a different function from that 
of xyloglucan in ripe-fruit abscission, and that a lower 
xyloglucan level from the AZ cell wall of olive ripe-fruit 
during abscission may contribute by having a loosening 
effect on the cellulose-xyloglucan or pectin-xyloglucan 
network with consequences on cell-wall mechanical prop-
erties. Moreover, our immunocytochemical study showed 
few LM15 epitopes in AZ cell walls. Pectins may have 

masked the epitopes recognized by these anti-xyloglucan 
antibodies, as previously suggested (Marcus et al. 2008; 
Bowling and Vaughn 2011; Saffer 2018). It has been pro-
posed that some subsets of xyloglucan and pectin may be 
covalently linked together (Popper and Fry 2008; Cornu-
ault et al. 2018). In this context, we recently reported that 
natural ripe-fruit abscission is associated with an increase 
in highly de-esterified homogalacturonan pectins, by the 
detection of the LM19 homogalacturonan epitope, from 
the cell walls and from the tricellular junction zones of 
AZ in olive (Parra et al. 2020). The potential masking 
of cell-wall LM15 epitopes by de-esterified homogalac-
turonan pectins in our AZ samples need to be considered. 
However, our biochemical analysis of homogenized cell 
walls also shows many differences in composition between 
stages (Parra et al. 2020). Thus, our results here indicate a 
negative correlation between xyloglucan and xylan in the 
olive AZ during natural ripe-fruit abscission. We conjec-
ture that the appearance of hemicelluloses, such as xylan, 
and the modification of the pectin homogalacturonan back-
bone structure through de-methyl-esterification appears to 
be one mechanism by which cell walls and middle lamella 
of olive-fruit AZ are prepared for enzymatic degradation 
to permit AZ cell separation and collapse, and subse-
quently AZ cell-wall restructuring.

Fig. 5   Immunolocalization of extensin epitope (JIM19) in the AZ 
cells during ripe-fruit abscission in olive (Olea europaea L. cultivar 
‘Picual’). Transmission electron micrographs of cell junctions from 
longitudinal sections of the ripe-fruit AZ at a–c the pre-abscission 

(unseparated AZ cells), and d–f abscission (partially separated AZ 
cells) stages. CW cell-wall, cyt cytoplasm, ML middle lamella, TCJ 
tricellular junction, v vacuole. Scale bars 1 µm
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Few studies have focused on hemicellulose involvement 
in the abscission process in plant species (Lee et al. 2008; 
Iwai et al. 2013; Tsuchiya et al. 2015). Mannan is one of the 
major constituent groups of hemicellulose in the cell wall 
of higher plants and is widely distributed in plant tissues 
(Moreira and Filho 2008; Voiniciuc et al. 2018). It comprises 
linear or branched polymers derived from sugars such as 
d-mannose, d-galactose, and d-glucose (Moreira and Filho 
2008; Voiniciuc et al. 2018). Recent research in our labo-
ratory has revealed that the major sugars identified in the 
olive AZ cell wall were uronic acids and arabinose (Parra 
et al. 2020). The amount of mannose in the carbonate frac-
tion of the AZ cell wall did not change significantly dur-
ing ripe-fruit abscission, while the amount of galactose and 

glucose decreased during ripe-fruit abscission (Parra et al. 
2020). These results are consistent with a similar distribu-
tion of mannans in the AZ cells detected by immunogold 
labeling during olive ripe-fruit abscission in the present 
study. Furthermore, this agrees with our previous results 
demonstrating the non-differential expression of endo-β-
mannanase genes in olive AZ during ripe-fruit abscission 
(Gil-Amado and Gomez-Jimenez 2013), and with those 
from Yan et al. (2012), who reported that soybean endo-β-
mannanase GmMAN1 was not associated with leaf abscis-
sion. In this context, the mannan-degrading enzyme sys-
tems, such as β-mannanase, do not play a key role in organ 
abscission process. Conversely, this contrasts with genes 
annotated as XTH, in which nine members of this family 

Fig. 6   Immunolocalization of callose epitope (anti-(1,3)-β-d-glucan) 
in the AZ cells during ripe-fruit abscission in olive (Olea europaea 
L. cultivar ‘Picual’). Transmission electron micrographs of cell junc-
tions from longitudinal sections of the fruit AZ at the a–c pre-abscis-

sion and d–f abscission stages. CW cell-wall, cyt cytoplasm, ML mid-
dle lamella, TCJ tricellular junction, P plasmodesmata, v vacuole. 
Scale bars 1 µm

Table 2   Quantification of 
immunogold labeling with 
anti-(1,3)-β-d-glucan antibodies 
during ripe-fruit abscission 
in olive (Olea europaea L. cv 
Picual)

Data are means of fruit AZ ± SD (n = 15) of three biological replicate determinations per stage and per anti-
body. Five fruit AZs from each tree formed a biological replicate. Statistically significant differences based 
on unpaired Student’s t test at p < 0.05 are denoted by an asterisk

Number of gold particles

Cell-wall (µm2) Plasmodesmata (µm) Cytoplasm (µm2) Vacuole (µm2)

Anti-(1,3)-β-d-glucan
 AZ at pre-abscission stage 0.61 ± 0.12 4.25 ± 0.40 5.08 ± 0.35 1.24 ± 0.25
 AZ at abscission stage 3.75 ± 0.27* 9.30 ± 0.60* 2.17 ± 0.58* 1.85 ± 0.49
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show a abscission-related differential expression in the 
fruit AZ, suggesting a more important role for members of 
the XTH family in abscission-associated cell-wall changes 
(Gil-Amado and Gomez-Jimenez 2013). Although further 
studies will require to elucidate how the protein levels and 
the enzyme activity of β-mannanase are regulated during 
olive-fruit abscission, our immunological analysis suggests 
that mannan in the AZ may not be depolymerized during 
olive-fruit abscission.

To date, the distribution of xylan and xyloglucan have 
been analyzed only in poinsettia and tomato during floral and 
fruit abscission (Lee et al. 2008; Iwai et al. 2013; Tsuchiya 
et al. 2015). Previous work has indicated the occurrence of 
xylan and xyloglucan epitopes in the cell walls of the AZ 
at a late stage of floral abscission in poinsettia (Lee et al., 
2008). A similar increase in xyloglucan epitopes detected 
via immunohistochemistry has been reported in the tomato 
AZ during floral abscission, but no deposition of cell-wall 
polysaccharides was observed in the AZ during tomato 
ripe-fruit abscission (Iwai et al. 2013). However, our data 
show that the changes in the hemicellulose composition of 
cell walls of the olive-fruit AZ differ from those reported 
in the leaf petiole AZs of poinsettia (Lee et al. 2008) and 
impatiens (Bowling and Vaughn 2011), and in the flower-
petiole AZ of tomato (Iwai et al. 2013; Tsuchiya et al. 2015). 
The reason for this variation between plant organs remains 
unclear. This discrepancy may be related to the fact that 
the AZ cell-wall remodeling is brought about by suites of 
hemicellulose-degrading enzymes, with varying cocktails 

acting in different plant organs and species. A wide range 
of hemicellulose-degrading enzymes are reportedly associ-
ated with abscission (Roberts et al. 2002; Meir et al. 2010; 
Sun and van Nocker 2010; Zhu et al. 2011; Corbacho et al. 
2013; Gil-Amado and Gomez-Jimenez 2013; Kim et al. 
2015, 2019; Li et al. 2015; Glazinska et al. 2017; Xie et al. 
2018). Xyloglucan degradation is a central factor in wall 
modification that occurs during transient wall loosening 
in expanding cells or in terminal wall degradation dur-
ing fruit ripening and organ abscission (Rose and Bennet 
1999; Rose et al. 2002, 2003; Roberts et al. 2002; Tucker 
et al. 2007; Cai and Lashbrook 2008; Takizawa et al. 2014; 
Tsuchiya et al. 2015). XTHs have dual activities and can 
strengthen or loosen cell walls in different contexts (Rose 
et al. 2002; Eklöf and Brumer 2010). It has been proposed 
that some XTHs catalyze a type of cell-wall loosening that 
leads to extension both by cutting and restructuring the exist-
ing wall-bound xyloglucans (Rose et al. 2002; Eklöf and 
Brumer 2010). Here, we show that, consistent with the low 
xyloglucan content found in the olive AZ at the abscission 
stage, the process of ripe-fruit separation in olive is closely 
associated with the differential expression of five XTH genes 
(OeXTH1, OeXTH5, OeXTH9, OeXTH13, and OeXTH14). 
Although the role of individual XTHs is unknown, our 
results suggest that XTH enzymes may be required to allow 
abscission-related changes in the cell walls of olive-fruit 
AZ. Olive ripe-fruit abscission induced the expression of 
OeXTH1, OeXTH5, and OeXTH14, whereas OeXTH9 and 
OeXTH13 expression decreased in the ripe-fruit AZ during 
AZ cell separation. These results suggest that the role of 
OeXTH9 and OeXTH13 in the AZ are related to the main-
tenance of the structural integrity of the cell wall, and the 
decrease in OeXTH9 and OeXTH13 expression during olive 
AZ cell separation may contribute to cell-wall loosening, 
which is regulated through different XTH genes, such as 
OeXTH1, OeXTH5, and OeXTH14. These XTH genes may 
have hydrolase and endotransglucosylase activity in olive-
fruit AZ. This agrees with our previous results in which 
we demonstrated the down-regulation of CmXTH13 gene 
in the AZ during late induction of melon ripe-fruit abscis-
sion, suggesting that CmXTH13 action may not be important 
for wall restructuring after AZ cell separation (Corbacho 
et al. 2013). The expression of other XTH genes has been 
previously shown to be associated with abscission in soy-
bean (XET1 and XET2 Tucker et al. 2007), citrus (XTH1 
and XTH2, Agusti et al. 2008; XTH16, XTH24, and XTH28, 
Merelo et al. 2017), Arabidopsis (XTH7, XTH12, XTH14 
and XTH28, Cai and Lashbrook 2008), tomato (XET-BR1, 
Meir et al. 2010; Tsuchiya et al. 2015), rose (Singh et al. 
2011), litchi (Li et al. 2015), and yellow lupine (Glazin-
ska et al. 2017). In Arabidopsis floral organ abscission, 
XTHs are active in AZs over all stages from pre-pol-
lination to organ shed (Cai and Lashbrook 2008). The 

Fig. 7   Gene expression of OeEXT1, OeEXT2, OeXTH1, OeXTH5, 
OeXTH9, OeXTH13 and OeXTH14 mRNAs in the AZ during olive 
ripe-fruit abscission. Total RNAs were isolated from AZ at two dif-
ferent stages (pre-abscission and abscission) during fruit AZ cell sep-
aration. Data are the means ± SD of three biological replicates with 
three technical repeats each and were obtained by qRT-PCR normal-
ized against Olea europaea ubiquitin. Statistically significant differ-
ences based on unpaired Student’s t test at p < 0.05 are denoted by an 
asterisk
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expression of XTH12 and XTH28 increased continually in 
the stamen AZ during flower development, while expression 
of XTH14 and XTH7 decreased during early flower devel-
opment stages and increased during the progress of stamen 
abscission (Cai and Lashbrook 2008). In tomato, XET-
BR1 gene expression increased significantly and remained 
high in the AZ after flower removal (Meir et al. 2010). 
Likewise, the cell-wall remodeling through rearrangement 
of the cell-wall xyloglucans by the XET action of one to 
several XTHs might be a major determinant in rose-petal 
abscission (Singh et al. 2011). Altogether, the analysis has 
identified several candidate genes/proteins possibly involved 
in the AZ cell-wall modifications observed during natural 
ripe olive-fruit abscission. Experiments are still needed to 
elucidate how the protein levels and the enzyme activity 
of XTH are regulated during olive-fruit abscission. Based 
on immunological and expression analyses, we hypothesize 
that the differences in the bulk of hydrolases and cell-wall 
hemicellulose remodeling proteins between AZs may reflect 
differences in cell-wall hemicellulose composition of the AZ 
in different plant organs and species.

Various proteins involved in the reconstruction of cell 
walls remodel the chemical structure and interactions of 
cell-wall pectin, hemicelluloses, and cellulose in the cell 
wall (Wolf et al. 2012; Voiniciuc et al. 2018). Extensins 
constitute one of the classes of plant structural cell-wall 
proteins (Lamport et al. 2011; Liu et al. 2016), but the role 
in abscission played by these cell-wall proteins has received 
little attention. No reports are available on the distribution 
of extensin in the AZ, using immunomicroscopic methods, 
during organ abscission. Here, we found that natural ripe-
fruit abscission is associated with an extensin protein loss, 
by the detection of the JIM19 extensin epitope, from the 
cell wall and especially from the cytoplasm of the AZ cells 
in olive. The reason for extensin absence in olive AZ cell at 
the abscission stage is not clear. Adhesion changes regulated 
by different cell-wall ions may modulate the interactions of 
AGPs and/or extensins in specific biological process (Tan 
et al. 2018). In the present study, our data suggest that a loss 
of extensin proteins during ripe-fruit abscission could be 
a mechanism to facilitate AZ cell-wall loosening and AZ 
cell separation. Extensins occur in multigene families and 
each member may be expressed in a tissue-specific manner 
and likely fulfills a different function (Lamport et al. 2011; 
Liu et al. 2016; Showalter and Basu 2016; Doll et al. 2020). 
In the present study, our data reveal the down-regulation 
of two genes encoding extensin (OeEXT1 and OeEXT2) in 
olive AZ during ripe-fruit abscission, verifying our pyrose-
quencing data (Gil-Amado and Gomez-Jimenez 2013), and 
supporting the contention that these transcripts are reduced 
in the olive AZ throughout abscission. These results sug-
gest that extensin in the olive-fruit AZ could be involved in 
the maintenance of the structural integrity of the cell wall, 

and the decrease in OeEXT1 and OeEXT2 expression may 
contribute to olive-fruit AZ cell separation. However, these 
results differ significantly from those of other plant species 
during ripe-fruit abscission; an accumulation of EXT1-EXT4 
expression has been found in the AZ during both the early 
and late induction of ripe-fruit abscission in melon (Corba-
cho et al. 2013), as also indicated during floral organ abscis-
sion in Arabidopsis (Merkouropoulos and Shirsat 2003). The 
EXT1-EXT4 gene is induced by wounding, and by a range 
of stimuli such as abscisic acid (ABA), jasmonic-acid (JA), 
and salicylic-acid (SA) (Merkouropoulos and Shirsat 2003). 
Thus, our data reveal a relationship between extensin pro-
tein/gene expression and ripe-fruit abscission in olive, indi-
cating that fruit abscission process in olive is accompanied 
by the loss of extensin proteins epitopes and reduction of 
OeEXT1 and OeEXT2 gene expression in the AZ cells.

Callose stabilizes membranes, providing a spreading 
force for microtubules, but also acts as a developmental 
regulator of symplasmic continuity (Chen and Kim 2009). 
Its exact role in abscission is still unknown. In the present 
study, our data imply that callose deposition especially from 
the plasmodesmatal connections on the AZ cell wall can 
exert a positive effect on wall remodeling during olive ripe-
fruit abscission, or that the high callose level in the AZ cell 
walls enhances abscission signaling in olive. We have pre-
viously reported that, during olive ripe-fruit abscission, the 
down-regulation of a gene encoding one callose synthase 
and up-regulation of one gene encoding β-1,3-glucanase in 
the AZ (Gil-Amado and Gomez-Jimenez 2013). By contrast, 
two callose synthases were preferentially expressed in the 
petiolar cortical cells during citrus leaf ethylene-promoted 
abscission (Agusti et al. 2009). One of the functions of the 
cell wall is to constitute a defensive barrier to prevent the 
penetration of pathogens into the plant tissues (Kruger et al. 
2002). Callose is deposited between the plasmalemma and 
the cell wall in close proximity to the site of invasion of 
the pathogen. We might envisage that the deposition of cal-
lose in the AZ is a protective response against the foresee-
able attack of pathogens when fruits are finally detached. 
However, it has been shown that callose participates in 
fine-tuning the opening/closure dynamics of the plasmodes-
mata (Sun et al. 2019) and that AZ cells are connected by 
abundant plasmodesmata pores (Sexton and Roberts 1982). 
Thus, it would be reasonable to propose that abscission 
activation promotes callose deposition in plasmodesmata 
to stop cell-to-cell communication in the fruit AZ and to 
other surrounding cell types. It has been reported that there 
was callose deposition in leaf petiole AZs during abscission 
alongside lignin deposition suggesting that it may be neces-
sary to prevent water loss after abscission (Poovaiah 1974; 
Jaffe and Goren 1988). Based on the above reasoning and 
our data, we suggest that, for the AZ cell walls of olive ripe-
fruit, an increase in the occurrence of callose in or around 
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plasmodesmata can be associated with the isolation of AZs 
from the cellular environment during abscission.

Conclusion

The results presented here, concerning the distribution of 
extensin and hemicellulose epitopes in the AZ of olive ripe-
fruit, indicate some spatio–temporal similarities and differ-
ences during AZ cell separation. The immunocytochemical 
study using antibodies specific for extensin and hemicel-
luloses combined with gene expression study provide new 
insight on level and subcellular distribution of different types 
of AZ cell-wall components during fleshy-fruit abscission. 
This work reveals a mechanism for enabling AZ cell sepa-
ration, which was associated with a loss of extensin and 
lower xyloglucan level, with novel deposition of xylan and 
callose, as well as with a significant up-regulation of genes 
encoding XTH enzyme involved in cell-wall loosening in the 
AZ during olive ripe-fruit abscission. Therefore, the com-
plementary pattern of increased xylan labeling density and 
the lack of extensin detection in the olive AZ were related to 
AZ cell separation, while no differences in the distribution 
of mannans were found in olive AZ cell during ripe-fruit 
abscission. These results point to new questions about the 
role of extensin and hemicelluloses in cell separation. This 
is the first available immunocytochemical study concerning 
the temporal degradation of cell-wall extensin protein and 
hemicelluloses in the AZ at the subcellular level.
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