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A morphological analysis of fresh and brine-cured olives attacked by Bactrocera
oleae using light microscopy and ESEM-EDS
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The present study investigated the morphology of fresh and brine-cured table olives (TOs) as well as the
changes that occur when drupes are attacked by the fruit fly Bactrocera oleae. Morphological analyses were
performed using light microscopy (LM) and environmental scanning electron microscopy coupled with energy
dispersive spectroscopy (ESEM-EDS). The LM analysis was carried out with bright-field microscopy to eval-
uate sections stained with either PAS or Azan mixtures as well as unstained sections observed at fluorescence
microscopy. The results of the analyses showed that: i) Azan and PAS staining played a useful complementary
role, increasing the information provided by the histological analysis. Indeed, in both fresh and brine-cured
TOs, epidermal layers and mesocarpal cells were clearly revealed, including sclereid cells. The histological
analysis allowed also identifying the presence of secoiridoid-biophenols (seco-BPs) in both cell walls and vac-
uoles, as well as in the drupe regions that had been attacked by fruit flies, where they were found at higher con-
centrations; ii) In fresh and brine-cured olives, the excitation at 480 nm revealed the distribution of the fluo-
rophores, among which the seco-BP are enclosed; iii) the ESEM-EDS analysis revealed the natural morphology
of fresh olives, including the dimensions of their cell layers and the size and depth of the mechanical barriers
of suberized or necrotic cells around the larva holes. In addition, the elemental composition of regions of inter-
est of the drupe was determined in fresh and brine-cured TOs. The results highlighted the effectiveness of com-
bined use of LM and ESEM-EDS in order to obtain a picture, as complete as possible, of the structural mor-
phology of TOs. Such analytical combined approach can be used to support multidisciplinary studies aimed at
the selection of new cultivars more resistant to fly attack.
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Introduction

The olive (Olea europaea L.) is a drupe whose shape may be
elongated, ovoid or spheroidal depending on the cultivar and the
growing conditions. A section of the fruit shows three well defined
layers: epicarp (or skin), mesocarp (or pulp) and endocarp (or
stone). The morphological structure of olive fruit is well described
by several authors.!-* The epicarp constitutes 1-3% of the fruit; its
color varies from green to dark purple, to nearly black, depending
on the ripening time and the particular cultivar. It is composed of
an external waxy layer consisting of epicuticular waxes, a cuticle
of cutin, intracuticular waxes and a monolayer of pyramidal epi-
dermal cells. The cuticle confers rigidity to the tissues, acts as a
barrier to biotic and abiotic stresses and increases the impermeabil-
ity of the epicarp to water. The mesocarp constitutes 65-85% of the
fruit and consists of 2-3 layers of elongated cells, close to the layer
of epidermal cells, which are composed of the hypodermis and
several layers of rounded and gradually more elongated parenchy-
mal cells containing vacuoles with oil droplets and phenols. Most
of the oil (8-30 g/100 g of fresh pulp) and compounds which have
the organoleptic properties of the fruit accumulate in the mesocarp.
The distinguishing elements of the mesocarp are the sclereids, cells
with thick lignified cell walls.* The number and distribution of
these protecting stone cells vary according to the different varieties
of olives. Sclereids can occur in very irregular shapes, although
they are usually isodiametric or branched. They generally have a
mechanical function, bringing rigidity to the tissues.** Individual
stone cells are implicated also in endocarp tissue sclerification.®
The endocarp constitutes 15-22% of the fruit and is composed of a
woody coating (sclerenchyma) which encloses the seed and con-
tains small quantities of oil. A complete description of its morphol-
ogy has been reported for the first time by Zafra et al.”

The cultivated olive tree is widespread in almost all the regions
of Italy and is grown from sea level up to about 900 meters above
sea level. The presence of the olive tree in Italy dates back over
thousand years, thus favoring a high level of biodiversity as high-
lighted by the 395 different varieties of cultivated olive trees
reported in the Italian Register of Olive Cultivation (Reg. EEC
154/75).8 Only some varieties of Olea europaea cultivated in Italy
are specifically suitable for being processed as table olives (TOs),
depending on the olive’s pulp/stone ratio and texture.’

Cultivation techniques, such as fertilization, pruning, irriga-
tion, tillage, and the systems for the harvest, transport and storage
of the olives destined for processing as TOs are often the same as
those adopted for olive groves destined for oil production. Indeed,
little consideration is given to the particular concerns associated
with TOs such as parasitic attacks, dents and size.'°

The principal pest affecting Olea europaea L. in the
Mediterranean Region is an insect (fly) named Bactrocera oleae
(Rossi) (= Dacus oleae) (Diptera: Tephritidae).!! The monitoring of
the olive fruit fly does not take into account that the intervention
threshold for TOs should be lower than the threshold for olives
grown for producing oil. For Italian olive groves destined for olive
oil production, the active infestation threshold is about 10-15%, at
which point the trees are treated with larvicides. However, a num-
ber of studies, which may lead to a modification of the intervention
threshold are currently underway.'?!3 The threshold is considerably
lower (max 1%) for TOs, since even non-fertile or feeding stings
of the fly can disfigure the drupes and depreciate their worth.'
Notably, the average annual product loss in the Mediterranean
basin due to the fruit fly is 30%, but in some years, the percentage
can even reach 100%, representing a significant economic issue.

The percentage of infestation of olives depends on the type of
cultivar and the degree of ripening of the drupes, while the size of
the fruit is not a significant factor. % In addition, the epicarp, and in

OPEN 8ACCESS

[European Journal of Histochemistry 2020; 64:3149]

particular, the epicuticular and cuticular waxes (principally maslin-
ic acid), seem to play a crucial role in providing protection from
pathogens.'>-'7 In addition, olives, contain several natural compo-
nents, such as phytoalexins, which are differently involved in the
defense, development and communication of the fruit. Finally, the
secoiridoid-biophenols (seco-BPs), in addition to their antioxidant
properties, provide a chemical barrier against harmful fungi and a
toxic defense alarm against insects.'®

In light of these particular characteristics of the olive that may
play an important protecting role against fly attacks, an assessment
of the morphological structure and ultrastructure of the drupe
could yield valuable information. Hence, in the present study,
using optical and electron microscopy, we investigated the mor-
phology of fresh and brine-cured TOs as well as the changes that
occur when drupes are attacked by the fruit fly Bactrocera oleae.
Specifically, we performed the following analyses: i) light
microscopy analysis of olive tissues stained with Azan and period-
ic acid-Schiff (PAS) methods; ii) fluorescence light microscopy
analysis to identify and characterize the seco-BPs in olive tissues;
iii) ESEM-EDS analysis to assess the dimensions of cell layers and
holes excavated by the larvae in the drupe.

Materials and Methods
Olive fruit collection and pre-treatment

The olives (Olea europaea L.) were hand-harvested at their
mature-green stage of ripening (in mid-October 2019) according to
the “Catalogue Field of Olive Varieties” of CREA-IT Citta
Sant’ Angelo (Italy).

The collected drupes were divided into two groups. The fruits
of the first group immediately underwent the sample treatment for
light and electron microscopy (fresh olives), while the drupes of
the second group were first processed as ‘treated green olives in
brine’ (Spanish style) according to the trade standards applying to
TOs (brine-cured olives).!” After debittering and washings, the
olives were submersed in a 6% NaCl solution (brine) and left to
develop a spontaneous lactic fermentation. After 2 months of stor-
age in this brine, when the pH reached a value of 4.0+0.2, the
olives were removed for analysis.

Bright-field and fluorescence microscopy analysis

The drupes were fixed by immersion in 10% buffered formalin
solution (pH 7 + 0.2). The fresh olives were kept immersed for 65 h,
while the brine-treated olives only for 5 min, since they looked
already softened, and then easily cuttable, by the 2-months treat-
ment with NaCl solution.

The samples were then cut along the transverse and longitudi-
nal planes and, after the elimination of the stone, dehydrated with
alcohol and immersed in liquid paraffin using the Shandon
Excelsior TM Processor (Thermo Electron Corporation, Waltham,
MA, USA). After the processing cycle, the samples were embed-
ded in paraffin blocks using a Tissue-Tek Tissue Embedding
Console System (Diapath, Bergamo, Italy).

The paraftin blocks were cut into 4-um-thick sections with an
RM2255 microtome (Leica Biosystem, Wetzlar, Germany). The
sections were collected on slides and kept in an oven at 40°C
overnight. The slides were then deparaffinized with xylene, hydrat-
ed with alcohol and distilled water. Both the deparaffinization and
hydration processes were performed using an Autostainer XL
ST5010 (Leica Biosystem).

The sections obtained using the above described procedure
were divided into two groups. The slides of the first group under-
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went staining with Azan trichrome or periodic acid—Schift (PAS)
counterstained with Carazzi hematoxylin in order to stain the
nuclei, following the procedure adopted by Panato et al.?® The
slides belonging to the second group did not undergo any staining
procedure. The light microscopy analysis was performed using a
Leica DM 2500 microscope provided with the ICC50W digital
camera (Leica Microsystem GmbH).

In the unstained 4-pum-thick sections, the fluorescent signal
was detected, at average excitation wavelength 480 and 530 emis-
sion. In this range, there is the maximun of absorbance of olive oil
phenols, as seen by Zandomeneghi et al.?!

ESEM-EDS analysis

The analyses were performed as reported in a previous paper
by the same research group.?> Briefly, immediately prior to the
analyses, fresh and brine-cured olive drupes were cut into perpen-
dicular slices (transversal or longitudinal sections) with a sharp
stainless steel razor. The slices were deposited onto the aluminum
specimen stubs, previously covered with a conductive carbon
adhesive disk (TAAB Ltd., Berks, UK), and analyzed using a FEI
Quanta 200 FEG environmental scanning electron microscope
(FEL Hillsboro, OR, USA) equipped with an energy dispersive X-
ray spectrometer (EDAX Inc., Mahwah, NJ, USA). The analyses
were performed using a focalized electron beam in a vacuum elec-
tron gun pressure of 5.0 e-6 mbar. The ESEM was used in a low
vacuum mode with a specimen chamber pressure set from 0.80 to
0.91 mbar, an accelerating voltage of 15-20 kV, and a magnifica-
tion ranging between about 50 and 3300x. The images were
obtained by means of the secondary and back-scattered electron
detector.

The spectrometer unit was equipped with an ECON (Edax car-
bon oxygen nitrogen) 6 utw X-ray detector and Genesis Analysis
software. Each sample was analyzed with a time count of 100 sec
and an Amp time of 51, while the probe current was 290 pA. In
order to obtain the semiquantitative data, each analysis has been
repeated 10 times for similar morphological feature.

Results

Figure 1 shows the longitudinal sections of the fresh and brine-
cured olive tissues stained with Azan or PAS and examined by
light microscopy and unstained sections observed at fluorescence
microscopy.

The analyses of both the fresh and brine-cured Azan-stained
TOs (Figure 1 A,B and 1E, respectively) clearly show the drupe
morphology. From the outer to the inner layer it comprises the fol-
lowing components: the epicarp, with the cuticle and a monolayer
of pyramidal epidermal cells; the mesocarp, with its layers of elon-
gated cells (hypoderm) and, contiguously, several layers of round-
ed and gradually elongated parenchymal cells, including some
sclereids stained in pale pink. Magenta-stained phenolic vacuoles
are found in all of the layers.

On the other hand, due to the violet staining of the PAS-stained
fresh and brine-cured TO sections (Figure 1 C,D and 1G, respec-
tively), the epidermal layers, as well as the mesocarp with the scle-
reids, are more evident than in the Azan stained sections. However,
the phenolic vacuoles are not as distinguishable with the PAS
staining as they are with the Azan staining because of the low con-
trast with the violet staining of the cell walls.

The images of the brine-cured TO sections, obtained by expos-
ing the unstained slides to the excitation light of 480 nm (Figure 1
F,H), allow us to clearly distinguish the network of cell walls due
to the presence of phenolic compounds and other fluorophores,
located in the vacuoles of the epidermal cells, which showed the
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highest fluorescence signals.?

The images in Figure 2 show the microscopic analysis of the
fresh drupe sections attacked by Bactrocera oleae. In particular,
the Azan and PAS stained sections (Figure 2 A,B) show the tunnels
dug by the larva, and the pupal chamber. It is worth mentioning
that the staining of the cell layers next to the larva damage appears
more intense than that of the other layers. Both Azan and PAS
allow staining the pupa, and it is highly likely that the pink section
comprises the digestive apparatus.? Figure 2 C,D show the trans-
versal drupe section (stained by Azan and PAS, respectively) of the
part of the pupal chamber close to the epicarp. The marked pink
PAS staining of the cells along the border of the hole may suggest
the presence of a higher concentration of secondary metabolites
such as callose, in these cells.?* Figure 2 E,F shows, at a higher
magnification, the edge of the pupal chamber in proximity to the

Figure 1. Fresh and brine-cured olive tissue sections examined at
bright-field and fluorescence microscopy. A,B) Fresh sections
stained with Azan trichrome; C,D) fresh sections stained with the
periodic acid—Schiff (PAS); E) brine-cured section stained with
Azan trichrome; F) unstained brine-cured section observed under
fluorescent light; G) brine-cured section stained with the periodic
acid-Schiff (PAS); H) unstained brine-cured section observed at
fluorescence microscopy. ¢, cuticle; ep, epidermal cells; hy, hypo-
derm; m, mesocarp; sc, sclereid; arrow, accumulation of biophe-
nols. Scale bars: A,C) 100 pm; B,D,E-H) 50 pm.
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hole in the cuticle. The increase in the staining intensity still sug-
gests an activation of the production of secondary metabolites,
which also involves the sclereid cells. Analysis at fluorescence
microscopy (Figure 2 G,H) confirmed the higher phenolic concen-
tration in the cells bordering the pupal chamber as well as in the
cell walls of the sclereids.

Figure 3 shows the ESEM analysis of sections of drupes
attacked by Bactrocera oleae. The tunnels dug by the larva and the
pupal chamber are shown in Figure 3 A and B, respectively. The
pupal chamber locates at the bottom of the tunnel, which stretches
from the middle of the mesocarp towards the hypodermal layer
(Figure 3B). The diameter of the bulge measures 1.56 £+ 0.23 mm,
corresponding to the diameter of the pupal chamber. Figure 3C
shows the exit hole of the pupa observed from the outside of the
epicarp. Figure 3D shows the area around the tunnels, highlighting
the dramatic morphological changes in the cells bordering the hole.
The oil drops are only maintained in a few cells, while most of the
other cells are empty and compressed. At higher magnifications
(Figure 3 E,F), it is possible to observe the morphological changes

Figure 2. Fresh olive fruit tissue sections attacked by Bactrocera
oleae examined at bright-field and fluorescence microscopy. A,C)
Sections stained with Azan trichrome; B,D) sections stained with
the periodic acid—Schiff (PAS); E,F) details of suberized area near
epidermis; G) unstained sections of the hole zone observed at
fluorescence microscopy; H) details of the area with suberized
cells. ¢, cuticle; ep, epidermal cells; hy, hypoderm; m, mesocarp;
la, larva; h, exit hole; t, tunnel dug by larva; pc, pupal chamber;
arrow, limit of bulge area; *, suberized cells. Scale bars: A) 500
pm; B,G) 200 pm; C,D) 1 mm; E,EH) 100 pm.

Table 1. Elemental composition examined by the ESEM-EDS in
the same samples as Figure 4A (fresh olives) and 4C (in-brine
olives). Wt% = weight percent concentration. The data are
expressed as mean of 10 measurements and the coefficient of vari-
ation was <5%.

C 78.05 61.36
N 0.50 3.39
0 18.12 25.34
Na 0.72 5.46
Mg 0.19 0.13

0.55 0.17
S 0 0.20
Cl 0.41 3.09
K 0 0.18
Ca 1.46 0.68

Figure 3. Fresh olive fruit tissues attacked by Bactrocera oleae
examined by ESEM. A) Tunnels dug by the larvae; B) area around
the hole seen from the inside; C) area around the hole seen from
the outside; D) area around the tunnel; E,F) details of area
around the tunnel rich in oil and biophenols. t, tunnel dug by
larva; ep, epidermal cells; h, exit hole; pc, pupal chamber; o, oil
droplet; *, suberized cells; arrow, accumulation of biophenols.
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that occur on the area surrounding the parasite wound with a cur-
tain of suberized and necrotic cells.? Inside the cells that contain
no oil, a droplet similar to the accumulation of biophenols
described in Figure 1 is also detectable.

Figure 4 shows the ESEM-EDS analysis of the drupe together
with its elemental composition. Figure 4A shows cells from a fresh
olive with details of the oil droplets. The elemental pattern shown
in Figure 4B was obtained by analyzing the squared area highlight-
ed in Figure 4A and looks compatible with the presence of triglyc-
erides, vegetal origin and low concentration of salts. Figure 4C
shows cells of the cell walls of a brine-cured olive, with salt for-
mations on the epidermal layer. The pattern shown in Figure 4D
reveals the elemental composition of the squared area reported in
Figure 4C. As expected, there is a significant presence of the
cations Na, Mg, K and Ca in these brine-cured olive cells. The
presence of parasite within the sample does not affect the EDS ele-
mental composition (data not shown).

Finally, Table 1 shows the concentrations of all the elements
detected in the EDS analysis as weight percent values of the ele-
ments. Overall, the semiquantitative data confirm the elemental
composition of a vegetal sample as well as the elemental addition
due to the brining process. Being the elemental analysis semiquan-
titative with a cut-off at 100%, the addition of Na and Cl in brine-
cured samples produces a relatively small imbalance of the other
elements compared to the fresh samples.

Discussion

In this work, LM and ESEM-EDS analyses were used to obtain
as much information as possible on the morphology of both fresh
and brine-cured TOs in an intact state and after being attacked by
flies. The olive sections for LM analysis were treated with the
alcohol series, thus leaving the tissue architecture deprived of
water and oil. The ESEM-EDS analysis was performed on fresh
olive samples, without any chemical treatments, thus allowing us
to observe the tissue morphology as well as to draw the elemental
composition directly on the food matrix.

Sections for the LM analysis were stained with both the Azan
and PAS methods.?® The Azan and PAS staining provided comple-
mentary information on the drupe structure. In particular, the Azan
staining highlights the phenolic vacuoles in magenta, thus creating
a marked contrast with the blue cell walls. On the other hand, the
PAS staining highlights the epicuticular layers and cell walls in a
showy pink. Unstained sections, observed at fluorescence
microscopy,?!' revealed that most of the fluorophores detected at
530-nm emission following 480-nm excitation, including seco-BP,
remained firmly bound to the cells’ walls. Observations based on a
qualitative analysis suggest that the brine-cured olives have a
lower content of fluorophores, and very likely of seco-BP, than
fresh olives. Only a specific investigation would allow drawing
reliable quantitative data, as the assessment of the fluorescent
intensity needs to know which specific fluorophores are present
and calibration curves with standard molecules are to be made.?

|
e

Figure 4. Fresh and brine-cured olive tissues examined by ESEM and respective EDS spectra. A) Fresh olive mesocarp cells with oil
droplets; C) external epicarp cells of brine-cured olives with NaCl crystals. B and D, respective EDS spectra. The graphs are represen-

tative of a single analyzed area.
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It is noteworthy that despite the subjectively observed lower
fluorescence in the brine-cured olives, the content of phenols is
still remarkable and it is reasonable to suppose that their health
protecting effect remained significant in the fruit.>?’ Sections of
olives that had been attacked by flies were analyzed in both fresh
and brine-cured olive sections in order to evaluate the size and area
of the tunnels, holes and pupa. The regions of olive tissues around
the hole, stained by both PAS and Azan, revealed that phenol com-
pounds, mostly the seco-BPs, are concentrated in the regions of the
parasite attack. Seco-BPs belong to the coordinated gene system of
defense that is triggered in the event of pest attacks, together with
structural changes to circumscribe the damaged area.?
Specifically, seco-BPs play an important role in internal communi-
cation since increases in their concentration are directly linked to
tissue repair mechanisms.?’ The active metabolism and production
of secondary metabolites in these regions were confirmed by the
analysis at fluorescence microscopy, which showed an increase in
intensity.

The developmental stages and characteristics of the niche
where the larvae and pupae evolve were thoroughly investigated
by ESEM-EDS analysis. The larva galleries and their irregular and
tortuous tunnels increase in size as the larvae grow. Sometimes the
tunnels have bifurcations with a secondary branch, which is gener-
ally a dead end. The ESEM analysis provided the exact measure-
ments of the hole diameters and areas,?as well the presence of lay-
ers of cells with suberized walls around the tunnel walls. It is high-
ly likely that the insect attack causes an increase in the suberization
of the walls since suberin deposition protects the olive fruit tissues
from more extensive damage and contributes to the creation of an
impermeable chemical-physical barrier that limits the attack.?

EDS allowed evaluating the elemental concentration in the part
of the cells containing deposits of primary and secondary metabo-
lites as well as residual compounds used in processing.”? For
instance, the oil droplets inside the cells showed fat components
containing only traces of minerals. On the contrary, the brine-cured
olives showed a very high concentration of ions, i.e. Ca, K, S, P
and Mg, in addition to Na and CI. No variations have been detected
in EDS elemental composition by comparing sound as parasitized
samples.

The insights and data provided by these combined microscopy
techniques may be useful in the control of fresh and brine-cured
olives in terms of their nutritional and morphological characteris-
tics. This work promotes a multidisciplinary approach to develop
practical solutions to control the TO food line and to face serious
emerging olive diseases. Differences in the tolerance of olive cul-
tivars to fly attacks are related to chemical factors and morpholog-
ical changes that yield mechanical barriers. Therefore, the selec-
tion of more resistant and tolerant cultivars may be guided also by
the morphological analysis of the epidermal layer dimensions and
resistance. Seco-BPs play a role in structuring the cell wall skele-
ton'® and their concentration is very important in the defense
against fruit flies. Hence, the ability to describe the progressive
morphological changes that occur during the parasite attack by
combining measurements of seco-BPs using fluorescence
microscopy and measurements of the suberized layers by ESEM
could provide insights into the linkage between morphology and
gene activation phases.?’ In this kind of approach, microscopy and
molecular biology investigations may be complementary tools.>
The EDS elemental composition of the brine-cured TOs, combined
with the fluorescence analysis of the phenolic pool, allows us to
control TO salt treatments and washing times in order to adapt the
transformation processes to each specific olive cultivar. Hence, we
can minimize losses of seco-BPs in the processing and avoid the
use of excessive quantities of salt.
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