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Introduction

The research context

Olive (Olea europaea) is one of the established and largest crop in term of

foodstuff production in Mediterranean countries, such as Spain, Italy, Greece.

Starting from the last century, the intensive olive crop has been extended in other

Mediterranean countries (e.g. Turkey, Tunisie, Maroc), and exported in several

climate lands (e.g. California, Australia), thus its further expansion worldwide

seems to be the tendency in the next future.

The reason of this achievement moved from the recognition of positive

effects on the human health of olive food, especially virgin olive oil, a

noteworthy component of the Mediterranean diet. In particular, many studies

have shown that diet supplemented with olive oil daily, reduced the frequency of

cardiovascular diseases, offered benefits in terms of colon cancer prevention and

showed anti-inflammatory activities. However all these effects are the result of

the higher levels of olive antioxidant compounds, particularly phenols [1-4].

Among olive phenols a bitter phenol glucoside, oleuropein [5], is largely

accumulated in leaf and fruit and plays a key role in constitutive defence against

pathogens [6] as well as in fruit ripening processes [7]. In particular, when olive

tissues are damaged, an enzyme specifically hydrolyses oleuropein, producing

highly reactive molecules [8].

The antioxidant and antimicrobial activities of oleuropein derivative

molecules against herbivores and insect attacks has been demonstrated in planta

[9] as well as against bacterial strains in vitro [10, 11] and they are recognized as

pharmacologically active molecules [12].

Also during fruit ripening the same enzyme activity is involved in the

progressive degradation of oleuropein, and in the release of glucose and the

aglycones molecules, with the consequent physiological debittering of fruit

tissues [13-15].
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This enzyme involved in the reaction is the -glucosidase (E.C. 3.2.1.21)

belongings to the Gluco Hydrolase enzyme family 1 (GH 1,

http://www.cazy.org/fam/GH1.html). The main characteristics of these enzymes

are reported in Tab. 1.

Tab. 1. Main characteristics of -glucosidases.

Mechanism Retaining
Catalytic
Nucleophile/Base

Glu (experimental)

Catalytic Proton Donor Glu (experimental); absent in plant myrosinases
3D Structure Status Fold: (β/α)
Clan GH-A
Relevant Links CAZypedia HOMSTRAD InterPro PFAM PRINTS PROSITE
Statistics CAZy Entries (1206); GenBank/GenPept (1996); Swissprot (391); 3D

(23); PDB (91); cryst (2)
Taxonomy Archaea (41);  Bacteria (860);  Eukaryota (305)
3D Display GH1_3D

-glucosidases catalyze the hydrolyis of glycosidic linkages in aryl and

alkyl -glucosides and cellobiose (Fig. 1) and occur ubiquitously in plants, fungi,

animals and bacteria. Since -glucosides and -glucosidases are ubiquitous in the

living world, one expects to find structural and catalytic properties shared by all

-glucosidases. In fact a review reported that almost all -glucosidases have

subunit molecular weights of 55 to 65 kDa, acidic pH optima (pH 5-6) and an

absolute requirement for a -glycoside as substrate [16].

-glucosidases from different orders and kingdoms appear to differ in their

specificities for the aglycone linked to the glucosyl group by a -glycosidic bond.

http://www.cazy.org/fam/GH1.html
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Fig. 1. Hydrolysis of the glycosidic bond. In most cases, this reaction is performed by two
catalytic residues of the enzyme: a general acid (proton donor) and a nucleophile/base.

In the past decade, considerable progress has been made on the molecular

biology and biochemistry of -glucosidases. Some data have been available on

very different organisms (plants, fungi, bacteria and humans) and/or related to

specific problems (biomass conversion, cyanogenisis, host-parasite interactions,

Gaucher’s disease). Therefore, it is of interest to underline that research on -

glucosidases has significant implications both scientific and economic. In

humans, one -glucosidase, commonly known as glucocerebrosidase, catalyzes

the degradation of glucosylceramide in the lysosome; the deficiency of the

enzyme leads to an inheredited disease, Gaucher’s disease [17].

-glucosidases of cellulolytic organisms have been the subject of much past

and ongoing research. These enzymes are expected to be targets for genetic

engineering to design and select -glucosidases for specific applications. In fact,

fungal and bacterial -glucosidases appear as natural candidates for engineering

an ideal -glucosidase to be used in the conversion of cellulose to glucose in

industrial scale.

Plant -glucosidases have been known for over 170 years since the

description of the action of emulsin (almound -glucosidases) on amygdalin, the

cyanogenic -D-gentiobioside of almonds, by Liebig e Wöhler in 1837 [18]. In

plants, -glucosidases have been implicated in several key metabolic events and
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growth-related responses [16]. They range from defence against some pathogens

and herbivores through the release of coumarins, thiocyanates, terpenes and

cyanide to the hydrolysis of conjugated phytohormones (e.g., glucosides of

gibberellins, auxins, abscisic acid and cytokinins) and to the fruit ripening

processes.

Plant β-glucosidases have been investigated also for the specificity of their

reaction sites through the crystallography and the deduced 3D structures. The

omodimers of polypeptide chains arranged in a fold (β/α) structures (Fig. 2).

From these data, the absolutely request of aminoacid residues of Glu 358 and

Asp 374 are necessary for enzyme activity.

Fig. 2. The 3D structure of a β/α fold β-glucosidase from higher plant.

O. europaea tissues also contain large amounts of -glucosidase which

specifically hydrolyses oleuropein [7, 9]. The detected changes in -glucosidase

activity and in its products of enzymatic hydrolysis at different stages of fruit

ripening [7] are strictly related to products quality [19-22]. In fact, good-tasting

table olives and olive oil are greatly influenced by the phenolic compounds

which are present in the fruit tissues. Thus, debittering of green olives is a major

challenge in the industrial processing of fruit. In this context, investigations have

been performed to test the efficiency of the enzymatic hydrolysis of oleuropein

by the purified -glucosidase from almond [23] compared with the enzyme from
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the crude extract of olive fruit [9-10]. More recently a bioreactor with the

immobilized recombinant -glycosidase from the archaeon Sulfolobus

solfataricus has been utilized to obtain high reactive molecules from oleuropein

cleavage [24]. The results obtained from these investigations indicate that

heterologous enzymes were not able to produce highly reactive dialdehydes from

oleuropein, which strictly requests olive β-glucosidase.

The research aims

Aim of the present research is to investigate, by in situ β-glucosidase

activity assay and by biochemical analyses

i. the mechanisms which regulate the enzyme expression and its activity on

oleuropein which leads to the sweetening of the ripe olive during fruit

ripening;

ii. the timing of enzyme activity and oleuropein content in fruit tissue
following a mimed pathogen attack (Fig. 3) in two cultivars (Fig. 4)
showing a different susceptibility against olive fly infestation [25].

a b

c

a b

c

Fig. 3. Fly female (Bactrocera oleae) during the attack on olive fruit. By the ovipositor, located
in the end part of her abdomen (a), the fly oviposes the eggs in tissues; developing larvae eat
tissues and make deep tunnels trough the pulp (b) altering the integrity and the quality of fruits
(c).
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Fig. 4. Spread of the cultivars Carolea (a) and Cassanese (b).

The obtained results have been also useful to determine at which ripening

stage the fruit extracts show the highest enzyme activity; these extracts have been

thereafter processed by membrane technology to fractionate and purify β-

glucosidase (Fig. 5).

In this context the purified enzyme was used to develop a bio catalytic

membrane reactor to achieve the oleuropein cleavage able to produce the

bioactive molecules.

Carolea

a

b
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Fig. 5. Schematic draw of membrane diafiltration system.

Research items

Cell and tissue localization of β-glucosidase during the ripening of olive fruit

(Olea europaea) by in situ activity assay

The cytological localization has been performed by the hydrolysis of X-Glc,

a chromogenic synthetic substrate developing an insoluble blue precipitate in the

cells. A strong reaction was detected within nucleus, chloroplasts and cytoplasm

oil droplets. The enzymes kept in chloroplasts and oil droplets showed high

specificity for the exogenous oleuropein respect to those toward X-Glc in the in

situ competitive assay, thus indicating that two different oleuropein-degradative-

β-glucosidases are present in these cell compartments.

Following the fruit ripening, significant variations in the number and

distribution of reactive cells in mesocarp tissues have been observed. In fact, in

immature fruits enzyme activity was not detectable in the outer mesocarp cells,

whereas rare nuclei showed positive reaction in the inner mesocarp cells. Instead,
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in green mature fruits a great number of reactive cells were found distributed in

the whole mesocarp. The β-glucosidase activity appears preferentially localized

in the outer mesocarp cells where a high activity was observable at the level of

chloroplasts. Finally in black fruits numerous reactive cells were located only in

the inner mesocarp close by the woody endocarp, whereas the outer mesocarp

cells are devoted to polymeric anthocyanins accumulation. Thus, β-glucosidase

activity level also decreased during fruit ripening.

These results clearly showed that the variations of oleuropein-degradative-

β-glucosidases activity during ripening seems to be related to a different

competence of single mesocarp cells to synthesize the enzyme isoforms.

Oleuropein-specific-β-glucosidase activity marks the early response of olive

fruits (Olea europaea) to mimed insect attack

Two cultivars of Olea europaea showing different susceptibilities to the fly

infestation have been taken into account: a) cv Carolea, characterized by a high

susceptibility to Bactrocera oleae infestation and b) cv Cassanese showing a low

susceptibility. In both cultivars, the histochemical assay for β-glucosidase

showed that, within 20 min after the injury, a strong enzyme activity was present

in the damaged tissues. Thereafter a progressive enzyme inactivation occurred

starting from tissues around the boundary of the injury and the enzyme activity

disappeared after 60 min. The loss of activity decreased and stopped after 3 h,

whereas the active cells limit reached the distance of 300 + 50 µm from the edge

of injury. Biochemical analyses showed that in injured fruit extracts the β-

glucosidase activity rapidly increased within 20 min from the injury, thereafter it

decreased, reaching values comparable with those in sound fruits. Following the

damage, the oleuropein contents did not change significantly in the high

susceptible cultivar, while it rapidly decreased in the cultivar showing a low
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susceptibility. These results strongly suggest that the olive fruit susceptibility

toward the fly infestation could be related to the ability of the oleuropein-

degradative-β-glucosidase to produce high reactive molecules in the damaged

tissues. As a consequence of injury also a strong peroxidase activity was

thereafter detected. This interesting pathway suggest that also this enzyme was

involved in the following defence response.

Improvement of -glucosidase activity of Olea europaea fruit extracts

processed by membrane technology

The purification of olive β-glucosidase is of high interest for its application

in the food and pharmaceutical fields The enzyme is not yet commercially

available and advanced clean and safe technologies for its purification able to

maintain the functional stability are foreseen. The purification of this protein

from fruit extracts has been already tempted by electrophoresis but either enzyme

deactivation or high background with unclear profiles occurred. Fruit extracts

obtained from the mature green phase of ripening, showing the highest enzyme

activity, were processed by diafiltration and ultrafiltration. Asymmetric

membranes made of polyamide or polysulphone having 50 and 30 kDa molecular

weight cut-off, respectively, were tested for the diafiltration process.

Ultrafiltration membranes made of polyethersulfone with 4 kDa molecular

weight cut-off were used to concentrate the diafiltered permeate solutions. The

efficiency of the separation processes was evaluated by enzyme activity tests

using the hydrolysis of p-D-nitrophenyl- -D-glucopyranoside (pNPGlc) as

reaction model. Qualitative and quantitative electrophoresis were applied to

analyze the composition of protein solution before and after the membrane

separation. In addition dot blot and western blot analyses were applied to verify

the presence of -glucosidase in the processed fractions.
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The process allowed to separate and to identify a major enzyme form with

molecular weight of 65 kDa identified as a putative -glucosidase by a western

blot analysis and enzyme activity assay and a 20 kDa monomeric protein that in

the native extract is combined to form higher molecular weight complexes. The

diafiltration resulted a methodology able to guarantee the protein stability. In

fact, the overall results showed that the -glucosidase functional stability was

preserved during the membrane operations and the removal of 20 kDa proteins

allowed to increase the specific activity of the enzyme of about 52% compared to

the one present in the initial fruit extract.

Immunolocalization of β-glucosidase immobilized within polysulphone

capillary membrane and evaluation of its activity in situ

The new method we performed results from the merging of the classic in

situ enzyme activity assay together with western blot technique. The results

either at low than at high magnification can be easily detectable light

microscopy.

-glucosidase was immobilized by physical method in asymmetric capillary

membranes made of polysulphone having 30 kDa cut-off. Membranes sections

processed with in situ assay showed a blue uniform staining by the insoluble

reaction product. In order to verify if the colour distribution was not due to

product diffusion, but corresponded to the presence of the immobilized enzyme,

an immunolocalization method to localize -glucosidase specifically was also

developed. As result of the antibody recognition, black spots were localized

inside the membrane.

The results obtained by polyclonal antibody against -glucosidase and the

synthetic substrate clearly showed a coherent correlation between the catalytic

activity and the sites of enzyme immobilization.
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Abstract. Olive fruits might be seriously deteriorated by pre- and post-harvested

damage, due to the attack of insects, such as Bactrocera oleae which strongly

alters both table olives and olive oil quality. Defence response in olive fruits

injured both by pathogens and by mechanical damages, the enzyme β-

glucosidase specifically hydrolyses the oleuropein, producing highly reactive

molecules. In situ detection of β-glucosidase activity in olive fruit tissues

following the injury, miming the Bactrocera oleae punctures is reported. The

assay has been performed in two cultivars showing different susceptibilities to

the fly infestation. In both cultivars, the histochemical assay for β-glucosidase

showed that, within 20 min after the injury, a strong enzyme activity can be

observed in the damaged tissues. Thereafter a progressive enzyme inactivation

occurred starting from tissues around the boundary of the injury and the enzyme

activity disappeared during 60 min after injuring. The loss of activity decreased

and stopped after 3 h, whereas the active cells limit reached the distance of 300 +

50 µm from the edge of the injury. Biochemical analyses showed that in injured

fruit extracts the β-glucosidase activity rapidly increased within 20 min from the

injury, thereafter it decreased, reaching values comparable wit those in sound

fruits. Following B. oleae damage, the oleuropein contents did not change

significantly in the high susceptible cultivar, while it rapidly decreased in the

cultivar showing a low susceptibility. Our results strongly suggest that the olive

fruit susceptibility toward the fly infestation could be related to the ability of the

oleuropein-degradative-β-glucosidase to produce the high reactive molecules in

the damaged tissues. As a consequence of injury a strong peroxidase activity was

thereafter detected. This interesting feature suggest that also this enzyme could

play a key role in the following defence response.
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INTRODUCTION

Olive (Olea europaea) is one of the established and largest crop in term of

foodstuff production in Mediterranean countries, such as Spain, Italy, Greece.

Starting from the last century, the intensive olive crop has been extended in other

Mediterranean countries (e.g. Turkey, Tunisie, Maroc), and exported in several

climate lands (e.g. California, Australia), thus its further expansion worldwide

seems to be the tendency in the next future. The reason of this achievement

moved from the recognition of positive effects on the human health of olive food,

especially virgin olive oil. Many studies have shown that diet supplemented with

olive oil daily, reduced the frequency of cardiovascular diseases, offered benefits

in terms of colon cancer prevention and showed anti-inflammatory activities.

However all these effects are the result of the higher levels of olive antioxidant

compounds, particularly phenols, in the blood (Keys et al., 1986; Willett, 1990;

WHO Report, 1990). Unfortunately many problems affect the olive grove with

consequences on the product quality; namely the olive fruits are often seriously

deteriorated by pre- and post-harvest damage, due to the attack of phytophagous

insect, such as the larvae of the olive fly Bactrocera oleae. As it is well known,

while adults of olive fly feed on nectar, honey dew, and other opportunistic

sources of liquid or semi-liquid food that they found on leaves (Rice, 2003), the

developing larvae, from eggs oviposed in fruit tissue by the Bactrocera oleae

females, eat fruit tissues and they makes the deep tunnels trough the pulp,

reaching the stone (Varela and Vossen, 2003). This parasite infestation, causing

large damages in fruits, it alters the quality parameters of the olive oil inducing a

decreasing of phenol fraction and of antioxidant activity (Iannotta et al., 1999a).

Thus the integrate pest management for B. oleae in olive culture assumed

increasing importance and economic relevance. Some biochemical methods

(mass trapping, sexual confusion), together with earlier harvesting, were able to

limit the parasite infestation and offered an alternative way to the use of

chemicals (Iannotta et al., 1994). However, olive cultivars shown a different
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degree of susceptibility to infestation which is ranging from high susceptibility

(more than 10% of infested fruits), moderate susceptibility (3% of infested fruits)

and resistance (less than 0.25 % of infested fruits), that are not influenced by

culture conditions, thus suggesting that resistance or susceptibility have a source

genetically determined (Iannotta et al., 1999b).

In spite of the extensive researches on pest management, very few information is

available on the pattern of constitutive defence in Olea europaea. The defence

molecules in olive are the phenols synthesized and accumulated in fruit tissues

during growth and ripening (Amiot et al., 1989). The major component among

these phenols is the phenolic secoiridoid β-glucoside oleuropein, the bitter

molecule of olive fruit (Soles-Rivas 2000). This compound is responsible for

many features, such as antioxidant and antimicrobial activities (Bisignano et al.,

2001), and has been evoked as defence molecules mechanism against herbivores

and insect attacks (Baidez et al., 2007; Kubo et al., 1993).

In particular, when olive tissues are injured by phatogens or by mechanical

damage, β-glucosidase belongings to the glucohydrolase enzyme family 1 (Esen

1993), specifically hydrolyses oleuropein producing highly reactive molecules

(Bianco et al., 1999). O. europaea fruits contain large amounts of β-glucosidase

which specifically hydrolyses oleuropein (Briante et al., 2002; Konno et al.,

1999). Previously, by in situ assay, we localized in the cell of green olive fruit

mesocarp two oleuropein-degradative-β-glucosidase isoforms in the chloroplasts

and in the oil droplets, respectively (Mazzuca et al., 2006). Since, oleuropein is

stored in the vacuoles of mesocarp cells (Bitonti et al., 1999), the enzymes and

its substrate are kept in different cell compartments. This feature provides a

constitutive pest control system as in the sound fruits oleuropein may be

protected from enzymatic breakdown, thus safeguarding cells from toxic

derivative products. In contrast, the injury by pest destroyed the tissues and of

consequence β-glucosidase, contacting oleuropein, released toxic molecules

which either deterred or inhibited the entry, growth and spread of pest (Mazzuca
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and Uccella, 2002; Konno et al., 1999; Kubo et al., 1993). Thus, the β-

glucosidase play a key role in defence mechanism by storing and releasing the

toxic chemicals from oleuropein.

However, reaction of cells and tissues in olive fruits following pest attack are at

this time unknown. Aim of the present work, by using the in situ assay with the

synthetic substrate X-Glc, specific for the β-glucosidase (Jefferson et al., 1987),

is to define the enzyme behaviour and the oleuropein  contents  in olive fruit

tissues submitted to injuries, miming the Bactrocera oleae punctures. We have

chosen the mimed attack instead the fly punctures, because it allows to control

strictly the timing of enzyme activity in tissues and to increase the number of

synchronous punctures necessary to produce great effects that can be detected by

biochemical analyses. Besides, to our knowledge, the ovipositor does not secret

any molecule, then the response of tissue to the puncture by the microneedle is

consistent with that made by the female fly. The enzyme and substrate

behaviours will be studied in two cultivars showing different susceptibilities to

the fly infestation in order to establish the physiological significance in the

defence response and in the different susceptibility to pest, which are genetically

determined in both selected cultivars. Finally peroxidase activity will also be

determined in injured fruit tissues since this antioxidant enzyme is considered as

important factors in fruit defence mechanisms (Valentines et al., 2005; Keck et

al., 2002; Saniewski et al., 1992).

MATERIALS AND METHODS

Plant materials and fruit injuring

Among the traditional crops growing in the of South of Italy (Calabria) the cv

Carolea, characterized by a high susceptibility to Bactrocera oleae infestation

(10.25% infestation, 12.87 % sterile punctures) and cv Cassanese showing a low
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susceptibility (3.62% infestation, 13.75 sterile punctures) against the same

pathogen, were selected. For both cultivars sound green fruits were harvested at

the end of October, when the rising of fly infestation generally occurs, from five

different groves. For in situ assays each olive has been fixed on the support of a

vibratome (Leica, VT1000E, Germany) and fruit mesocarp was injured up to 1-2

mm in depth by using a micro-needle (200 µm diameter). The depth of the injury

has been checked by means of the red dyed sign made on the micro-needle and

operating under a 10X magnification lens. Then, fruits were sectioned and

processed for in situ assay of β-glucosidase and peroxidase activities

immediately and at 10, 20, 60, 120 and 180 min  subsequent to the injury. For

biochemical analyses, each fruit was injured approximately 30 times with a

group of 10 micro-needles as above described, and frozen in liquid nitrogen at

the same time intervals than in situ assay. Frozen sound fruits  were considered

as the control.

In situ assay of β-glucosidase activity

Sound and injured fruits (n=5 for each time after injuring), were freshly sectioned

by vibratome, thus the destruction of enzyme activities, and other deleterious

effect due to fixing and  embedding procedures are thus avoided. Besides, during

the sectioning, fruits were fluxed with N2 and the temperature was maintained at

4 °C, in order to prevent tissue oxidation and possible enzymes degradation.

Starting from epidermis the serial sections each of 80 m in thickness were

obtained. Sections were immediately placed in the minivials with 1 ml of

detection buffer, adapted for glucosidase (E.C. 3.2.1.21) from Jefferson (1987),

containing 60 M X-Glc (5-brome-4-chloro-3-indolyl- -Dglucopyranosyde,

Sigma, St Louis), 50 mM phosphate buffer pH 6.5, 1 mM potassium ferricianide,

1mM potassium ferrocianide, 10 mM EDTA pH 8.0. The synthetic substrate X-

Glc, after enzymatic hydrolysis by endogenous -glucosidase, develops, after

few minutes, an insoluble blue product that precipitates on the site of reaction
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thus localizing the enzyme in the cells and tissues; the sections treated with the

detection buffer without the X-Glc were considered as the control of the assay.

Reaction reaches the stady state after 1 h of  incubation in a wet chamber at 37

°C, and it was stopped by cold phosphate buffer and the sections were mounted

with glycerol on slides for optical microscopy and digitalized by Leitz Dialux EB

microscope equipped with a CCD camera. Image analysis on five sections for

each fruit (n=25 for each time) was performed by QWTM in Image System

Software (Leica). The time-dependent behaviour of enzyme activity in the

damage tissues was evaluated by measuring the distances from the edge of injury

to the onset of dyed cells at each time interval.

In situ assay of peroxidase activity

As a substrate for peroxidase (POX, EC.1.11.1.7), 3,3 -diaminobenzidine

tetrahydrochloride (DAB) was widely used in biology (Archibald, 1992;

Benayoun et al., 1981). It can form an insoluble brown polymeric non-droplet

precipitate in the sites of reactions. Tissue sections from sound and injured fruits,

obtained as above described, were incubated in 1 mg/ml DAB (SIGMA FAST )

at 25 °C in the dark for 1-2 h (modified from Alvarez et al., 1998). After that,

sections were mounted on slides for visualization of brown precipitates by light

microscopy. Simultaneous localization of β-glucosidase/POX activities was

obtained by processing the DAB-treated sections with the in situ assay for β-

glucosidase.

β-glucosidase activity in fruit extracts

The β-glucosidase activity in injured and sound fruit extract was performed

according to Briante et al., (2002). Typically, 1 g frozen pulp of fruits (n = 5 for

each time interval) was ground in liquid nitrogen using a mortar and pestle.

Tissue powder was suspended in 12.5 ml 0.1 M borate buffer, pH 9.0, 6% (w/v)
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PVP (poly-vinil pirrolidone), 1% (w/v) β-mercaptoethanol, 1.0 mM PMSF

(phenylmethylsulfonyl fluoride). The suspension was shaken gently for 1 h at 4

°C and centrifuged in a minifugue at 26.000 g for 1 h. The upper oil phase was

carefully removed and the aqueous phase, representing the active enzyme

enriched phase, was filtered on paper and used in the enzyme assay. The β-

glucosidase activity against pNPGlc (p-D-nitrophenyl-β-D-glucopyranoside) was

evaluated at 37°C, by measuring the increase in absorbance at 405 nm of the

reaction medium composed of 200 mM Na-phosphate buffer adjusted to pH 4.6.

The linear coefficient used to calculate the concentration of the reaction product

was measured by a calibration curve made with standard solutions of p-

nitrophenol (Sigma-Aldrich) and corresponded to 14.0 M-1 cm-1. The enzyme

specific activity was expressed as mmoles of p-nitrophenol produced per minute

at 25 °C per g of fresh weight (mmol/min g). Since sound green fruits show very

high enzyme activity that remains constant for many days in the lab conditions,

we have considered as control the mean enzyme levels found in the sound fruit

samples, prior to performe the biomimed assay. The values are reported as the

dotted lines for both cultivars in the Fig 4.

Determination of oleuropein contents in injured fruits

10 g of olives pulp (pericarp and mesocarp) were homogenized in methanol

(3x20 ml). The methanolic fraction was washed with n-exane (3x5ml) and

evaporated under reduced pressure. The residue was dissolved in 2 ml of

methanol and 10 µl of this solution were analyzed using an Agilent 1100

(Waldbronn, Germany) HPLC fitted with a C-18, reverse-phase (5 µm) column

(25 cm l. x 4 mm i.d.) equipped with an Agilent UV photodiode

spectrophotometer. Oleuropein was detected at 280 nm at 25°C. The flow rate

was 1ml/min; the mobile phase used was 1% formic acid in water (A) vs

methanol (B) for a total running time of 45 min. Quantisation of oleuropein was
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performed by external calibration curve by using methanolic solutions of

commercial oleuropein as external standard.

RESULTS

Longitudinal sections of olive fruit mesocarp sectioned by a vibratome after the

in situ β-glucosidase assay are shown in Fig. 1. Although the cytological details

are not excellently appreciable, the in situ assay is a good compromise between

cell integrity and enzyme activity maintenance in the unfixed tissues. In the

parenchyma cells well structured nuclei were visible together with a highly

vacuolated cytoplasm, containing large oil bodies and clusters of small oil

droplets (Fig. 1a). The blue precipitate, resulting from X-Glc hydrolysis, showed

the endogenous β-glucosidase localization; more than 80 % of cells were positive

to the assay; a strong activity in all nuclei has been observed; the lack of activity

in some cells, that appear in Fig. 1a,  it derives from the position of the nuclei in

the non focused plains, thus they are not visible. These effects are more

appreciable in the tissue details in the Fig. 1b in which all cells, immediately

below the epidermis, exhibited a strong reaction also in chloroplasts, while the

nuclei have been not always detectable. (Fig. 1b, see arrows). The cells of

epidermis did not react all the time. In the Fig. 2 the microphotographs of injured

fruit sections at different times are reported. The punctures have destroyed  the

tissues and injuries appeared as the hole in the tissue transversal sections.

Immediately after injury, as shown in Fig. 2a, most cells on the boundary (80 %

average) showed blue spots, suggesting that an efficient cleavage of the synthetic

substrate occurred (Fig. 2b). After 10 min from injury, X-Glc hydrolysis

occurred only in cells located 1 ± 0.10 mm from hole edge (Fig. 2 c,d). At this

time the rate of loss of X-Glc hydrolysis  was 50 µm min-1, whereas 1 hours later

the rate was reduced to 28 µm min-1. 3 hours after the rate of reduction reached
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10 µm min-1 and the detection of X-Glc hydrolysis  was deplaced at 2.05 ± 0.65

mm from the edge of injury (Fig. 2e, f). At cellular level, just after injury, the

chloroplasts appeared colourless, suggesting that the oleuropein-degradative-β-

glucosidase, inside them, did not hydrolyse the synthetic substrate and the blue

precipitates were observed only in the nuclei and diffused in the cytoplasm of

damaged cells (Fig. 3b, see arrows). The levels of β-glucosidase activity in fruit

extracts, expressed as enzyme units/fresh weight, at the different times from the

injury are reported in Fig. 4. Extracts from the high susceptible cv Carolea

showed an higher enzyme activity (1.2 U/g fresh weight) than those found in the

cv Cassanese extracts (0.9 U/g fresh weight). However as consequence of injury

in both cultivars the enzyme activity showed a similar kinetics. In fact, within 20

minutes from the injury the β-glucosidase activity rapidly increased of 0.4 and

0.5 enzyme units in the extracts of cvs Carolea and Cassanese respectively,

thereafter within 3 hours it decreased, reaching the comparable values than those

in sound fruits. As general rule, the oleuropein contents in the sound fruit extracts

of the high susceptible cv Carolea were higher (20-26 µg/g fresh weight) with

respect to the contents detected in the low susceptible cultivar (14-16 µg/g fresh

weight). In the damaged tissue extracts immediately after the injury, the

oleuropein content was still higher in the cv Carolea with respect to those in cv

Cassanese (Fig. 5). During the first 10 min after the injury, the oleuropein levels

decreased very rapidly in the low susceptible cultivar, whereas they did not

change appreciably in the cv Carolea. Therefore in the cv Cassanese, the

oleuropein contents decreased progressively lasting from  injury and reaching a

minimum values (2.8-0.1 µg/g fresh weight) after 120 minutes. On the contrary,

60 min from the injury, in the extracts of the high susceptible cultivar the

oleuropein contents was higher (13.2-0.4 µg/g fresh weight) than the one found

after 20 min (8.2-0.2 µg/g fresh weight), and this values remained constant in the

extracts up to 3 hours after the injury. In the Fig. 6 the microphotographs of

damaged tissue sections following the combined β-glucosidase/POX in situ assay
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are shown. The insoluble brown precipitates, visible in the figures, revealed the

presence of a strong POX reactions in tissue in the boundary injury just after 10

minutes (Fig. 6a). The strong POX reactions occurred in damaged tissues, when

β-glucosidase activity start to decrease (Fig. 6b, c). No differences in POX

behaviours were found between the two cultivars analysed.

DISCUSSION

We have investigated the damage provide by the microneedles in olive fruit pulp,

miming the injury made by the ovipositor, positioned in the terminal part of

abdomen of the Bactrocera oleae females that depose the eggs in the fruit

tissues. To our knowledge, the ovipositor does not secret any molecule, rather

cause the spillage of the cellular juice in which the molecules, that we are

investigating, are contained. Then, the response to mechanical injury has been

suitable to understand what happens in tissues during early phase of fly

infestation. Following the fly punctures the active molecules, contained in small

droplets inside the cell tissue localized all around the oviposition hole, prevent

other females from ovipositing on the same fruit by acting as the bioactive

phytoalexins (Scalzo et al., 1994). Olive groves, however, showed different

susceptibility toward olive fly infestation; in fact, under the same crop

conditions, some olive cultivars showed lower levels of infestation than other

ones, despite the equal number of fly punctures (Iannotta et al., 1999b; Iannotta

et al., 2007). This indicated that fruit susceptibility or resistance to infestation are

genetically determined and that the resistance source must be produced in tissues

consequently to the injury. The reported results in this research indicated that the

olive susceptibility toward the fly infestation is strictly related to the ability of an

endogenous β-glucosidase to hydrolyzed the oleuropein in the damaged tissues,

thus producing the defence reactive molecules. In fact, following the mimed fly

attack, the cv Carolea, highly susceptible to fly infestation, showed a low
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efficiency in the oleuropein cleavage. On the contrary  in the low susceptible cv

Cassanese, the oleuropein hydrolysis occurred very fast causing a significant

decrease in the amount of this phenols in fruit extracts, just few minutes after the

injury. Interestingly, at the same time the β-glucosidase activity increased both in

Carolea and in Cassanese fruit extracts, but with an opposite effect on oleuropein

cleavage. Very probably, in damaged tissues of the low susceptible fruit, the

oleuropein derivative chemicals might be more concentrated than in high

susceptible fruit. However, it is well known that egg dispersion strategy of olive

fruit fly strictly dependent on fruit chemicals. In particular, both oleuropein and

its hydrolytic derivatives exhibit a strong chemotactile repulsive effect, mainly to

(E)-2-hexenal. Other compounds, such as β-3,4-dihydroxyphenylethanol and

other oleuropein derivatives, which exert a strong chemotactile repulsion, have

been identified either in fresh olive juice or in olive mill waste water (Scalzo et

al., 1994, Mazzuca and Uccella, 2002). The mimed insect attack assay allowed to

analyse the timing of β-glucosidase activity inside the tissue and cells at the edge

of the injury following the cytological localization of β-glucosidase activity by

the hydrolysis of X-Glc, the chromogenic synthetic substrate developing an

insoluble blue precipitate in the cells. Recent data showed that in the outer olive

fruit mesocarp, immediately below the epidermis, a strong reaction is present

within nucleus and chloroplasts. The enzymes kept in chloroplasts has been

recognized as an oleuropein-degradative-β-glucosidase by the X-Glc in the in

situ competitive assay; whereas, in nuclei, has been suggested the activity of a β-

glucosidase non-specific for oleuropein (Mazzuca et al., 2006). Consequently,

the reported results obtained by enzyme in situ assay, strongly indicate that, in

the early defence response against the fly injury, an oleuropein-degradative-β-

glucosidase has been involved. In fact, immediately after the puncture in the cells

localized around the injury, the nuclei showed a dense blue dye, which was

absent in chloroplasts. This pattern could be explained assuming that the β-

glucosidase highly specific for oleuropein, was not able in the damaged tissues to
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hydrolyse the synthetic substrate because it was engaged in the hydrolysis of its

natural substrate which was made available by tissues breakdown. However there

is the need of further analyses to identify, in cv Carolea injured tissues, the

factors affecting the oleuropein enzymatic hydrolysis from which the

susceptibility to infestation could be strongly dependent. Another interesting

aspect, related to defence mechanism in olive fruit, was the tissue browning

observed in situ by the activity of the browning-related enzyme POX with its

specific substrate. Namely within three hours after injury a clear increasing of the

browning potential was found in the damaged tissues. It is particularly worth of

note the relationship between β-glucosidase and POX activities which appear to

be complementary. In fact, following the early response of olive tissues to mimed

insect injury, we observed that the β-glucosidase activity decreased as soon as a

progressive strong POX reactions appeared in the damaged tissues. These

findings is in line with the literature data, namely it is well known the POX is

considered as important factors in fruit defence mechanisms and browning

(Valentines et al., 2005; Keck et al., 2002; Saniewski et al., 1992). Thus the great

increase of POX activities, oxidizing  endogenous phenolic substances to

quinones that thereafter polymerized to polyphenols, might be responsible for the

intensive staining of damaged tissues. Furthermore, POX activities are also

related to the production of cellular substances (e.g. flavanoids, lignin) involved

in the early defence against fly infestation. However in this case, no direct link

related to the different susceptibility of cultivars to fly infestation has been found.

All together our results provide evidence that in olive fruit the early defence

against fly injury is mediated by the activity of β-glucosidase and POX which act

synergically producing bioactive molecules. Their role, being played during

different sequence time, underline that both of them can  be considered as

important factors in olive fruit reaction to damage. However only the ability of

the oleuropein-degradative-β-glucosidase to cleave its substrate can be

considered as a marker of olive cultivar with different degree of susceptibility to

fly infestation.
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CONCLUSIONS

An interesting implication from our research is that the different susceptibility to

the fly attack depends on the release of bioactive molecules from the β-

glucosidase/oleuropein reaction in the damaged tissues, with the purpose to

prevent the puncture and the oviposition. This does not depend on the levels of

enzyme and substrate in tissues but it depend from the ability of enzyme to

cleave the oleuropein and/or from the availability of oleuropein to undergo the

cleavage. On this bases, resistance competence of cultivars is produced. From

this, the active molecules should be very concentrated in the cell juice of resistant

cultivar, while they would be in little amount in that of the susceptible cultivars.

Our results allow to suppose that the production of these molecules is maximum

within 20 minutes from the attack and gradually decreases up to reach an

equilibrium within the three hours from the attack. The smaller number of

infected punctures in the resistant cultivar in comparison to that susceptible ones,

could perhaps point out that these molecules can inhibit the development and the

spread of the larvae, that take place few days after oviposition. In fact, as it is

known (Konno et al., 1999), molecules from oleuropein acts as cross-linking of

proteins, thus decreasing the nutritive quality of tissues and causing the death of

larvae. This hypothesis seems a valid start point for further researches
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Figure captions

Figure 1.
Microphotographs of olive fruit sections after the in situ assay for β-glucosidase
(E.C. 3.2.1.21). The insoluble products of the X-Glc precipitated in the cells of
the whole mesocarp (a). The sites of reaction were identified as blue spots inside
the nuclei and chloroplasts in the mesocarp immediately below the epidermis (b);
40 x (a); 150 x (b).

Figure 2
Microphotographs of olive fruit sections following the in situ assay for β-
glucosidase activity, at different times from the mimed fly attack. The
mechanical injury was made by the micro needle 200 µm in diameter and
processed for the β-glucosidase in situ assay a, b) immediately after injury; c, d)
10 minutes later; e, f) 3 hours later. The bars indicate the distances from the edge
of injury to the onset of dyed cells. The arrows indicate the inactive cells. 40 x (a,
c, e); 100 x (b, d); 150 x (f).

Figure 3
Details of cellular localizations of β-glucosidase activity in the fruit sections
immediately after the injury. (a) Cells at the edge of the injury show dense blue
colour in nuclei, but not inside the chloroplasts (see arrows). (b) The colour
diffuse very rapidly from the nuclei to the cytoplasm. 150 x

Figure 4
-glucosidase activity in olive fruits extracts of the two cultivars Carolea (a) and

Cassanese (b) at different times after the mimed injury. Enzyme activity was
evaluated toward the synthetic substrate pNPGlc at pH 4.6. Values are the mean
of four independent replicates. The dotted lines indicated the mean enzyme
activity values in the sound fruit populations, of both cultivars,  prior to performe
the biomimed attack.

Figure 5
Oleuropein amount in the olive fruit extracts at the different times after the injury
in Carolea (grey bars) and in Cassanese (white bars) cultivars. Values are the
mean of four independent replicates.

Figure 6
Microphotographs of olive fruit sections following the combined in situ assay for
β-glucosidase/peroxidase activity (POX, EC.1.11.1.7), at different times from the
mimed fly attack. The mechanical injury was made by the micro needle 200 µm
in diameter and processed for the POX in situ assay a) 10 min after injury; b) 60
minutes later; c) 3 hours later. As a substrate for peroxidase, 3,3 -
diaminobenzidine tetra hydrochloride (DAB) was used. It can form an insoluble
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brown polymeric non-droplet precipitate in the sites of reactions. Simultaneous
localization of β-glucosidase/POX activities was obtained by processing the
DAB-treated sections with the in situ assay for β-glucosidase. 100 x.
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Figure 3
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Figure 4
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Figure 5
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Summary (in italian)

Introduzione

Considerata l’importanza economica che riveste nella nostra regione la

coltivazione dell’ulivo, sia per quanto riguarda la produzione di olive da tavola

sia per la produzione di olio, la presente tesi di dottorato é volta a caratterizzare

l’attività di una β-glucosidasi endogena, che converte l’oleuropeina, un biofenolo

largamente accumulato nei tessuti del frutto, in residui agliconici e glucosio. Tali

residui intervengono come diretti responsabili nei meccanismi di difesa contro

agenti patogeni ed erbivori ed influenzano le caratteristiche organolettiche e

sensoriali del prodotto agroalimentare.

La conoscenza delle dinamiche chimiche e temporali di queste molecole

offrirà, quindi, interessanti informazioni da utilizzare nel miglioramento della

qualità e della produttività del prodotto agroalimentare, rappresentando per la

Calabria un elemento di traino nel settore delle esportazioni di materie prime

agricole e dei prodotti derivati.

Le -glucosidasi (EC 3.2.1.21), appartenenti alla famiglia 1 delle

glucoidrolasi (GH 1, http://www.cazy.org/fam/GH1.html), sono enzimi

ampiamente diffusi nel regno dei viventi procarioti ed eucarioti. Esse calatizzano

l’idrolisi di aril e alchil-β-D-glucosidi come anche di glucosidi in solo mezzo

carboidratico, come il cellobiosio. Dal momento che i β-glucosidi e le β-

glucosidasi esistono dappertutto nel regno dei viventi ci si aspetta che ci sia una

similitudine fra tutte le β-glucosidasi diverse per quel che riguarda la loro

struttura e le loro proprietà catalitiche. Infatti, dalla letteratura si sa che quasi

tutte le -glucosidasi hanno più o meno lo stesso peso molecolare compreso fra

55 e 65 kDa, un optimum di pH acido (pH 5-6) ed una assoluta richiesta di β-

glucosidi come substrato [1]. Le -glucosidasi di ordini e regni diversi si

http://www.cazy.org/fam/GH1.html
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differenziano per la loro specificità all’aglicone che è legato con il gruppo

glucoside tramite un legame β-glicosidico.

Le attuali ricerche sulle β-glucosidasi hanno assunto sempre più rilevante

interesse scientifico, medico ed economico.

Ad esempio, una β-glucosidasi acida umana (glucocerebrosidasi) ha

attualmente acquistato un potenziale terapeutico nel trattamento della sindrome

di Gaucher e nei disordini ereditari causati dalla deficienza di questa β-

glucosidasi acida localizzata nei lisosomi; una β-glucosidasi citosolica umana è

implicata nel metabolismo della piridossina-5’-β-D-glucoside, così come

nell’idrolisi dei β-glucosidi ingeriti con alimenti di origine animale e vegetale;

applicazioni di sistemi β-glucosidasi/glucosidi cianogenici trovano positivo

riscontro nella terapia antitumorale [2].

Tali enzimi hanno un grande interesse in campo economico sia perché le -

glucosidasi di funghi e batteri appaiono come candidati naturali per creare una -

glucosidasi ideale da utilizzare nella conversione della cellulosa in glucosio su

scala industriale sia perchè risultano coinvolte nella modulazione delle qualità

organolettiche e sensoriali di prodotti agroalimentari.

Le β-glucosidasi delle piante sono conosciute da oltre 170 anni dalla

descrizione dell’azione dell’emulsina (β-glucosidasi di mandorlo)

sull’amigdalina, una β-D-gentiobiside cianogenica, da parte di Liebig e Wöhler

nel 1837 [3]. Solo negli ultimi vent’anni, però, è stato fatto un progresso

considerevole nella biologia molecolare e nella biochimica di tali enzimi.

Nelle piante, le β-glucosidasi sono coinvolte in una varietà di eventi chiave

del metabolismo ed in risposte relative alla crescita. Si passa dall’idrolisi di

fitormoni coniugati e, quindi, all’attivazione degli ormoni stessi (ad esempio,

glucosidi di gibberelline, auxine, acido abscissico e citochinine) al

coinvolgimento nei processi di lignificazione fino alla difesa contro alcuni

patogeni ed erbivori attraverso il rilascio di sostanze tossiche (quali cumarine,

tiocianati, terpeni e cianidi) ed ai processi di maturazione del frutto.
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In particolare, nella famiglia delle Oleaceae una β-glucosidasi endogena

specifica per un fenolo secoiridoideo attiva un complesso meccanismo di difesa

multichimico i cui prodotti mostrano una spiccata attività antiossidante e

antibatterica. La validità dell’applicazione di queste nuove molecole bioattive in

campo medico e farmacologico è testimoniata dai tentativi sempre più frequenti

di purificare e stabilizzare i prodotti della reazione enzimatica attraverso

bioreattori catalitici che utilizzano β-glucosidasi di mandorlo e

dall’archeobatterio Sulfolobus solfataricus over-espresso in E. coli. Questi

enzimi, pur dimostrando una buona specificità per il substrato oleuropeina,

limitano la produzione dei suoi derivati aldeidici insaturi, gli unici che hanno

dimostrato una forte azione antibatterica in vitro. Da qui la necessità di disporre

dell’enzima β-glucosidasi nativo che troverebbe applicazioni biotecnologiche

nella produzione di piante transgeniche resistenti e nella produzione delle

molecole ad elevata attività biologica con vaste applicazioni in campo industriale

nella produzione degli agroalimenti ed in applicazioni farmaceutiche.

Il sistema β-glucosidasi/oleuropeina nelle Oleaceae

L’ulivo rappresenta una delle colture più importanti, in termini di

produzione alimentare, nei paesi mediterranei. La notevole diffusione dell'ulivo

dall'antichità ad oggi dimostra l'importanza assunta da questa coltura

nell'alimentazione; la ragione di questo successo è dovuta all’individuazione

degli effetti positivi sulla salute umana delle olive e, specialmente, dell’olio di

oliva. Molti studi hanno mostrato che la dieta integrata quotidianamente con olio

di oliva favorisce un abbassamento del colesterolo "cattivo" (LDL) ed un

contestuale innalzamento di quello "buono" (HDL) aiutando a prevenire le

malattie cardiovascolari; offre, inoltre, benefici in termini di prevenzione di

alcune forme tumorali, stimola la mineralizzazione delle ossa e l'assimilazione

dei sali minerali di primaria importanza, limita gli effetti dell’invecchiamento

cellulare e mostra attività antinfiammatorie [4]. Comunque, tutti questi effetti
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sono il risultato di livelli più alti dei composti antiossidanti dell’ulivo,

particolarmente fenoli, nel sangue [5-7]. Sfortunatamente molti problemi

influenzano la coltivazione dell’ulivo con conseguenze sulla qualità e sulla

quantità della produzione. Le avversità dell’ulivo comprendono sia malattie

causate da parassiti, quali funghi, batteri, virus e fitoplasmi, che danni provocati

da fitofagi (prevalentemente insetti).

L’infestazione di Bactrocera oleae, ritenuto il fitofago più pericoloso e

dannoso tra tutti i parassiti dell’ulivo, per esempio, causa grossi danni nei frutti e

altera la qualità dei parametri dell’olio di oliva, inducendo una diminuzione della

frazione fenolica e dell’attività antiossidante ed arrivando, quindi, a condizionare

sensibilmente l'entità e la qualità della produzione. Comunque, le cultivars di

ulivo hanno mostrato un differente grado di suscettibilità all’infestazione il cui

range va da alta suscettibilità (più del 10% di frutti infestati), bassa suscettibilità

(3% di frutti infestati) e resistenza (meno dello 0.25% di frutti infestati), che non

è influenzato dalle condizioni di coltura, suggerendo in questo modo che la

suscettibilità o la resistenza hanno una fonte genetica determinata [8].

Malgrado le numerose ricerche sul controllo degli agenti infestanti, poche

informazioni sono disponibili sul pattern di difesa costitutivo in Olea europaea.

Le molecole di difesa nell’ulivo sono i fenoli sintetizzati ed accumulati nei

tessuti dei frutti durante la crescita e la maturazione [9].

Molti generi presenti nella famiglia delle Oleaceae sono caratterizzati,

infatti, dall’accumulo di metaboliti secondari contenuti nelle cellule e concentrati

soprattutto nei tessuti delle foglie e dei frutti in maturazione. Queste molecole

sono caratterizzate da gruppi funzionali orto-difenolici. Il principale componente

fenolico è il glicoside secoiridoideo, cumarino-simile, conosciuto come

oleuropeina. L’oleuropeina è prodotta come composto secondario del

metabolismo dei terpeni come precursore di vari indol-alcaloidi. I composti

secoiridoidei sono derivati da glucosidi del tipo oleoside che sono caratterizzati

dalla funzionalità 8,9-olefinica, una combinazione di residui di acido enolico e

residui glucosidici. L’oleuropeina è presente in alte quantità (60-90 mg/g peso
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secco) nelle foglie dell’ulivo [10], anche se è stata trovata in tutto l’albero,

incluso i frutti [11]. Al momento sia la qualità che la quantità di composti

fenolici e secoiridoidei e dei loro derivati risulta essere ben documentata in O.

europaea [12-14] come anche la variazione dipendente dalla varietà, dalla

stagione, dallo stadio di maturazione del frutto e dall’età della foglia [9, 15, 16,

17]. L’oleuropeina è la molecola responsabile del tipico sapore amaro e pungente

che caratterizza frutti e foglie delle Oleaceae [18]. Tale principio amaro

diminuisce significativamente durante la maturazione del frutto e nella

senescenza foliare e deve essere attenuato o eliminato nei prodotti agroalimentari

derivanti da essa. Perciò, recentemente l’interesse dell’industria agro-alimentare

si è rivolto alla  chimica dei composti biofenolici della drupa attraverso lo studio

della trasformazione molecolare dell’oleuropeina.

Analogamente ad altri β-glucosidi vegetali, l’oleuropeina è una molecola

chiave nel meccanismo di difesa attuato dalle Oleaceae in seguito ad attacco da

fitofago o da agente patogeno [19, 20]; tale molecola, inoltre, è responsabile

dell’attività antiossidante ed antimicrobica [21]. La molecola originale fenolica

di oleuropeina non è efficace contro S. cervisiae, B. subtilis ed E. coli, eccetto in

presenza di β-glucosidasi a pH 7. Infatti, nelle olive verdi è attuato un

meccanismo di difesa multichimico in seguito all’attivazione enzimatica da parte

di una β-glucosidasi specifica della porzione secoiridoidea dell’oleuropeina che

possiede una forte attività alchilante e cross-linking proteico. In particolare,

quando i tessuti dell’ulivo sono colpiti da patogeni o da danno meccanico, la -

glucosidasi, idrolizza in maniera specifica l’oleuropeina producendo molecole

altamente reattive [22]. Bianco ha identificato come nuovi derivati bioattivi

dell’oleuropeina un emiacetale agliconico e due aldeidi epimeriche. Queste

molecole mostrano una forte azione antibatterica verso un numero di colonie

batteriche agenti causali di malattie intestinali e respiratorie umane. I derivati

bioattivi dell’oleuropeina sono stati identificati in vivo come fitoalessine prodotte

in seguito ad attacco patogeno.
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In normali condizioni fisiologiche deve attuarsi, quindi, nei tessuti del frutto

la regolazione della degradazione dell’oleuropeina. Da diversi studi condotti in

numerose piante superiori la β-glucosidasi è stata localizzata in comparti cellulari

differenti da quello del suo substrato [23-26] incluse specie appartenenti alle

Oleaceae [27] con diversi modelli di compartimentalizzazione. In queste piante il

sistema β-glucosidasi/substrati glicosidici è finalizzato alla risposta di difesa

dall’attacco di erbivori e agenti patogeni e la loro diversa localizzazione sembra

essere fisiologicamente importante, in quanto la maggior parte dei prodotti di

idrolisi risulta tossica anche per le cellule.

Scopo della tesi

In tale contesto, scopo del presente lavoro di dottorato è quello di studiare,

attraverso saggio in situ dell’attività β-glucosidasica e analisi biochimiche

iii. il meccanismo che regola l’espressione dell’enzima e la sua attività nei

confronti dell’oleuropeina in relazione allo stadio di sviluppo e maturazione

del frutto;

iv. il pattern dell’attività della β-glucosidasi ed il contenuto di oleuropeina nei

tessuti del frutto in risposta ad un attacco patogeno simulato in due cultivars

che presentano una diversa suscettibilità alla mosca [8].

I dati ottenuti sono stati necessari per determinare a quale stadio di

maturazione gli estratti dei frutti presentavano la più alta attività enzimatica, in

modo da frazionare e purificare gli estratti in cui l’enzima risultava

maggiormente espresso mediante tecnologia a membrana.

In questo contesto l’enzima purificato è stato utilizzato per sviluppare un

reattore a membrana biocatalitico così da consentire l’idrolisi dell’oleuropeina in

grado di produrre molecole bioattive.
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Risultati e discussione

Localizzazione della β-glucosidasi durante la maturazione del frutto di ulivo

(Olea europaea) attraverso saggio in situ dell attività

La localizzazione in situ dell’attività β-glucosidasica è eseguita tramite

l’idrolisi dell’X-Glc, un substrato cromogenico specifico per la famiglia GH 1.

Un’intensa reazione è stata rilevata nel nucleo, nei cloroplasti e nelle goccioline

lipidiche del citoplasma. Gli enzimi che si trovano nei cloroplasti e nelle

goccioline lipidiche hanno mostrato un’alta specificità per l’oleuropeina esogena

rispetto a quella mostrata verso l’X-Glc nel saggio competitivo in situ, indicando

che in questi compartimenti cellulari sono presenti due diverse β-glucosidasi che

degradano l’oleuropeina. Il saggio è stato realizzato a diversi stadi di

maturazione del frutto durante i quali sono state osservate significative variazioni

nel numero e nella distribuzione delle cellule reattive nei tessuti del mesocarpo.

Infatti, nei frutti immaturi (50 giorni dopo l’antesi) l’attività enzimatica non è

stata rilevata nelle cellule del mesocarpo esterno, mentre alcuni nuclei del

mesocarpo interno hanno mostrato reazione positiva al saggio. Nei frutti verdi

maturi (80-120 giorni dopo l’antesi), invece, è stato rilevato un gran numero di

cellule reattive distribuite nell’intero mesocarpo, anche se l'attività -

glucosidasica è stata localizzata preferenzialmente nelle cellule del mesocarpo

esterno. Infine, nei frutti invaiati (dopo circa 160 giorni dall’antesi) sono state

localizzate numerose cellule reattive solo nel mesocarpo interno in prossimità

dell’endocarpo legnoso, mentre l'attività non è stata rilevabile nelle cellule del

mesocarpo esterno, deputate all’accumulo di antocianine.

Questi risultati hanno mostrato che le variazioni dell’attività delle β-

glucosidasi che degradano l’oleuropeina durante la maturazione sono dovute a
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cambiamenti nella competenza delle singole cellule del mesocarpo a sintetizzare

le isoforme enzimatiche.

Dato che l’oleuropeina è contenuta nei vacuoli delle cellule del mesocarpo

di ulivo [28], la scoperta dell'attività -glucosidasica nei cloroplasti delle cellule

del mesocarpo, indica che enzima e substrato sono tenuti in compartimenti

cellulari diversi. Il danneggiamento di cellule e tessuti attraverso la puntura degli

insetti mette in contatto la -glucosidasi con l’oleuropeina con il conseguente

rilascio di agliconi tossici, che agiscono da deterrenti per gli erbivori o inibiscono

l'ingresso, la crescita e la diffusione di fitopatogeni [1, 27, 29].

Tali risultati indicano che nelle drupe verdi la deamarizzazione, dovuta

all'idrolisi dell’oleuropeina, non avviene perché enzima e substrato non entrano

in contatto, in quanto si trovano in compartimenti separati delle cellule,

nonostante le rispettive concentrazioni nei tessuti siano molto alte. Al contrario,

nelle drupe verdi-invaiate, la deamarizzazione è causata dal danneggiamento

delle strutture cellulari, che consente il contatto tra -glucosidasi e oleuropeina.

Attività -glucosidasica oleuropeina specifica in frutti di ulivo (Olea

europaea) in seguito ad attacco mimato di insetto

Il saggio è stato eseguito in due cultivars che mostrano una diversa

suscettibilità all’infestazione di Bactrocera olaea: Carolea, caratterizzata da

un’alta suscettibilità (10.25% di infestazione, 12.87% punture sterili) e

Cassanese, che mostra una bassa suscettibilità (3.62% di infestazione, 13.75%

punture sterili). In entrambe le cultivars, il saggio in situ ha mostrato che, nei

primi 20 min dal danno, una forte attività enzimatica può essere osservata nei

tessuti danneggiati. In seguito si è avuta una progressiva disattivazione

dell’enzima a partire dai tessuti intorno al limite del danno e l’attività enzimatica

scompare 60 min dopo il danneggiamento. La perdita di attività si è arrestata

dopo 3 h, mentre il limite delle cellule attive ha raggiunto la distanza di 300±50
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µm dal limite del danno. Analisi biochimiche hanno mostrato che negli estratti

dei frutti danneggiati l’attività -glucosidasica aumenta nei primi 20 min dal

danno, successivamente diminuisce, raggiungendo valori comparabili con quelli

dei frutti non danneggiati. In seguito al danno di B. oleae, il contenuto di

oleuropeina non ha subito cambiamenti significativi nelle cultivars ad alta

suscettibilità, mentre è diminuito rapidamente nelle cultivars che mostrano bassa

suscettibilità. Tali risultati suggeriscono che la suscettibilità verso l’infestazione

della mosca potrebbe essere correlata all’abilità della -glucosidasi che degrada

l’oleuropeina a produrre molecole altamente reattive nei tessuti danneggiati.

Come conseguenza del danno è stata rivelata anche una forte attività

perossidasica suggerendo che anche questo enzima potrebbe giocare un ruolo

chiave nella risposta di difesa.

Purificazione della -glucosidasica dagli estratti di frutto di Olea europaea

attraverso tecnologia a membrana

La purificazione della β-glucosidasi da ulivo è di notevole interesse per le

sue applicazioni in campo alimentare e farmaceutico. La purificazione di tale

proteina è stata già sperimentata ricorrendo all’utilizzo dell’elettroforesi, ma

senza ottenere grossi successi. L’uso della tecnologia a membrana per separare

molecole labili da estratti complessi offre un’attrattiva alternativa visto che tali

metodi consentono di preservare l’attività enzimatica; perciò si è deciso di

ricorrere a tale tecnologia per frazionare e purificare gli estratti proteici dei frutti

di Olea europaea in modo da migliorare la purezza della β-glucosidasi e

preservare le sue proprietà catalitiche.

Gli estratti proteici utilizzati per la diafiltrazione sono stati ottenuti da frutti

provenienti dallo stadio di maturazione nel quale la β-glucosidasi è

maggiormente espressa. Sono state usate membrane asimmetriche costituite da

poliammide o polisulfone aventi cut-off rispettivamente di 50 e 30 kDa. Le
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membrane per l’ultrafiltrazione sono costituite di polietersulfone con cut-off di 4

kDa. L’efficienza dei processi di separazione è stata valutata tramite test

dell’attività usando il p-D-nitrofenil-β-D-glucopiranoside (pNPGlc) come

modello di reazione. Sono state eseguite elettroforesi qualitative e quantitative

per analizzare la composizione della soluzione proteica prima e dopo il processo

di separazione, inoltre sono state effettuate analisi di dot blot e western blot per

verificare la presenza della β-glucosidasi nelle frazioni trattate.

Tale processo ha permesso di separare ed identificare una forma enzimatica

con peso molecolare di 65 kDa individuata come β-glucosidasi putativa tramite

analisi western blot e saggio dell’attività enzimatica e una proteina monomerica

che negli estratti nativi si presenta sotto forma di complessi di peso molecolare

più alto. La diafiltrazione è risultata una metodologia capace di garantire la

stabilità proteica. Infatti, la purificazione ha permesso di preservare la stabilità

dell’enzima e di aumentare la sua attività specifica più del 52% durante la

diafiltrazione con membrane di PA di 50 kDa confrontata all'attività iniziale.

Le membrane di 30 kDa di PS non sono risultate adatte per la purificazione

degli estratti.

Immunolocalizzazione della -glucosidasi immobilizzata su una membrana

capillare di polisulfone e valutazione della sua attività in situ

È stato messo a punto un nuovo metodo combinato per localizzare i siti

dove è immobilizzato l’enzima e determinare simultaneamente la distribuzione

spaziale dell'enzima attraverso la membrana e la sua attività dopo

l'immobilizzazione. determinare la sua attività catalitica su un reattore a

membrana capillare. Il nuovo utile metodo è risultato dalla fusione del classico

saggio in situ dell’attività enzimatica e della tecnica del western blot, in cui i

risultati sono facilmente rilevabili in microscopia ottica. La -glucosidasi è stata

immobilizzata tramite metodi fisici su membrane capillari di polisulfone aventi
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cut-off di 30 kDa. Le sezioni di membrane, processate per il saggio in situ con il

substrato sintetico 5-bromo-4-cloro-3-indolil- -D-glucopiranoside, hanno

mostrato una colorazione uniforme dovuta ai prodotti di reazione. Per verificare

che la distribuzione del colore non fosse dovuta alla diffusione del prodotto, ma

corrispondeva alla presenza dell’enzima immobilizzato, è stato sviluppato un

metodo per localizzare specificatamente la -glucosidasi utilizzando un anticorpo

policlonale.

I risultati hanno rivelato una coerente localizzazione enzimatica e del suo

prodotto insolubile di idrolisi attraverso tutta la membrana che indica che

l’intrappolamento fisico, tramite ultrafiltrazione, ha consentito alle

macromolecole dell'enzima di penetrare attraverso il modulo della membrana

preservando l'attività catalitica. Questo semplice metodo può essere applicato a

tutti gli enzimi che hanno a disposizione un substrato capace di sviluppare

prodotti colorati e che hanno uno specifico anticorpo.

Tale approccio può essere utile per ottimizzare le tecniche di

immobilizzazione enzimatica, per valutare il contenuto di enzima in una

soluzione proteica non pura, per sviluppare reattori a  membrana su larga scala.
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