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Olive stoning during the virgin olive oil (VOO) mechanical extraction process was studied to show
the effect on the phenolic and volatile composition of the oil. To study the impact of the constitutive
parts of the fruit in the composition of olive pastes during processing, the phenolic compounds and
several enzymatic activities such as polyphenoloxidase (PPO), peroxidase (POD), and lipoxygenase
(LPO) of the olive pulp, stone, and seed were also studied. The olive pulp showed large amounts of
oleuropein, demethyloleuropein, and lignans, while the contribution of the stone and the seed in the
overall phenolic composition of the fruit was very low. The occurrence of crushed stone in the pastes,
during malaxation, increased the peroxidase activity in the pastes, reducing the phenolic concentration
in VOO and, at the same time, modifying the composition of volatile compounds produced by the
lipoxygenase pathway. The oil obtained from stoned olive pastes contained higher amounts of
secoiridoid derivatives such as the dialdehydic forms of elenolic acid linked to (3,4-dihydroxyphenyl)-
ethanol and (p-hydroxyphenyl)ethanol (3,4-DHPEA-EDA and p-HPEA-EDA, respectively) and the
isomer of the oleuropein aglycon (3,4-DHPEA-EA) and, at the same time, did not show significant
variations of lignans. The stoning process modified the volatile profile of VOO by increasing the C6

unsaturated aldehydes that are strictly related to the cut-grass sensory notes of the oil.
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INTRODUCTION

Phenolic compounds affect healthy properties of virgin olive
oil (VOO) and, in combination with the volatile compounds,
define the peculiar flavor of VOO (1-6). A new approach
to the oil mechanical extraction process, aimed at producing
high-quality oils, can be oriented to increase the phenolic
concentration while, at the same time, promoting the production,
during processing, of volatile compounds responsible for the
VOO aroma. So far, however, the occurrence of volatile
and phenolic compounds in VOO is strictly related to the
activity of various endogenous enzymes that are activated during
processing (7-11), such as polyphenoloxidase (PPO), peroxi-
dase (POD), and lipoxygenase (LPO) (12, 13). The PPO and
POD catalyze the oxidation of phenols during malaxation,
reducing their concentration in the pastes and in the oil.
The oil-processing operating conditions also affect the LPO
pathway that, producing C5 and C6 saturated and unsaturated
aldehydes, alcohols, and esters, regulates the intensity in VOO
of some typical sensory notes [such as “cut grass” and “haylike”
and “floral” (5)]. In this context, the definition of the operative
conditions that allow a selective control of these enzymes

is a crucial point of the oil mechanical extraction process,
which is strictly related to the sensory and health quality of
VOO.

The potential strategies that can be applied to improve the
phenolic and volatile composition of VOO could include,
therefore, the control of the PPO, POD, and LPO pathway. To
this end, the oxygen concentration control in the pastes, during
malaxation, can be used as a technological parameter, in
combination with the duration and the temperature of malax-
ation, to optimize phenolic and volatile composition in VOO
(14-20). Another opportunity that can be evaluated is the oil
extraction from stoned olive pastes. The relationships between
the volatile and the phenolic composition of VOO and this new
technological approach to the oil processing are based on the
distribution of PPO, LPO, and POD in the constitutive parts of
the olive fruit. A previous paper reporting preliminary results
on the distribution of endogenous oxidoreductases in the seed,
pulp, and skin described differential levels of PPO, POD, and
LPO activities in the constitutive parts of the olive fruit (11).
The high POD activity, observed in the seed, indicates the
possibility of reducing the phenolic oxidative degradation, during
processing, through the olive stone removal before malaxation.
Several results reported in previous papers seem to support this
hypothesis (21,22).
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In this work, the effects of the stoning process, applied to
the oil mechanical extraction process, on the volatile and
phenolic composition of VOO were investigated.

MATERIALS AND METHODS

Olives. Drupes of the Coratina and Frantoio cultivars, which are
two of the most diffused Italian cultivars, harvested during the year
2005, were used. The ripening stage of the green olives [evaluated as
the pigmentation index, according to Pannelli et al. (23)] was 0.90 and
0.95 for Coratina and Frantoio cultivars, respectively. The moisture
content in the fruit was 53.2% for the Frantoio cultivar and 55.8% for
Coratina, while the oil contents were 39.5 and 48.8%, respectively.
For the phenolic composition and the enzymatic activity evaluation,
the fresh fruits were frozen in liquid nitrogen and freeze-dried
immediately after freezing. The freeze-drying conditions were reported
as follows: the process began at-40 °C for 24 h, after which the
temperature was increased up to-5 °C and maintained for 72 h, and
the temperature was then set at 5°C and maintained for 48 h. Freeze-
dried materials were stored at-30 °C in dry conditions less than 30
days before enzymatic assays.

Reference Compounds.(3,4-Dihydroxyphenyl)ethanol (3,4-DH-
PEA) was obtained from Cayman Chemicals Ltd. (United States), while
the (p-hydroxyphenyl)ethanol (p-HPEA) was obtained from Janssen
Chemical Co. (Beerse, Belgium). Oleuropein glucoside was purchased
from Extrasynthèse (France). Demethyloleuropein verbascoside and
nüzhenide were extracted from olive fruit according to the procedure
reported in the previous paper (24). Briefly, the phenols were extracted
from the (5 g) freeze-dried olive pulps and seeds using a mixture of
methanol:water 80:20 v/v at low temperature (50 mL); the extraction
procedure was performed three times. The dialdehydic forms of elenolic
acid linked to 3,4-DHPEA andp-HPEA (3,4-DHPEA-EDA and
p-HPEA-EDA, respectively), the isomer of oleuropein aglycon (3,4-
DHPEA-EA), the (+)-1-acetoxypinoresinol, and (+)-pinoresinol were
extracted from VOO using a procedure previously reported (25). In
short, the phenols were extracted from the oil using methanol:water
80:20 v/v; after solvent evaporation and partial purification of the crude

extract obtained from the olive fruit and VOO, the phenolic separation
was performed by semipreparative high-performance liquid chroma-
tography (HPLC) analysis using a 9.4 mm i.d.× 500 mm Whatman
Partisil 10 ODS-2 semipreparative column; the mobile phase was 0.2%
acetic acid in water (pH 3.1) (A)/methanol (B) at a flow rate of 6.5
mL/min while the phenols detection was performed using a diode array
detector (DAD) (25). The purity of all of the substances obtained from
direct extraction was tested by HPLC, and their chemical structures
were verified by nuclear magnetic resonance (NMR) using the same
operative conditions reported in previous papers (24, 25). Pure analytical
standards of volatile compounds were purchased from Fluka and Aldrich
(Milan, Italy).

VOO Mechanical Extraction Process. The experiments were
performed on an industrial scale using a Rapanelli SPA industrial
implant. The crushing operation, for the traditional process, was carried
out by a hammer crusher model GR 32 (Rapanelli Fioravante S.p.a.,
Foligno, Italy) while, for the olive stoning, a stoning machine
(Agrivision S.r.l., Firenze, Italy) was employed. The malaxation was
carried out at 25°C for 30 min, and the oil separation was obtained
using a three phase decanter at low water addition (0.2:1 v:w), RAMEF
model 400 ECO-G (Rapanelli Fioravante S.p.a., Foligno, Italy). The
VOO samples were filtered and stored in the dark at 13°C until
analysis; for the phenolic composition and the enzymatic activity
evaluations, the crushed and malaxed pastes were immediately frozen
in liquid nitrogen and freeze-dried as reported above.

Analytical Methods. Extraction and HPLC Analysis of Phenolic
Compounds of the ConstitutiVe Parts of Fruit and OliVe Pastes. The
phenolic extraction from the pulp, stone, and seed of the olive fruit
was carried out according to the procedure previously published by
Servili et al. (24), modified according to the reported. Three grams of
freeze-dried olive pulp, stone, seed, and olive paste was homogenized
with 100 mL of 80% methanol containing 20 mg/L of sodium
diethyldithiocarbamate (DIECA); the extraction was performed in
triplicate. After methanol removal, the aqueous extract was used for
solid-phase extraction (SPE) phenol separation. The SPE procedure was
applied, for all of the phenolic extracts, by loading with 2 mL of the
sample a 5 g/25 mL Extraclean highload C18 cartridge (Alltech Italia
S.r.l., Sedriano, Italy) using, as the eluting solvent, 200 mL of methanol.
After solvent removal under vacuum at 30°C, the phenolic extract
was recovered and then dissolved in methanol (1 mL). The reversed-
phase HPLC analyses of phenolic extracts were conducted with an
Agilent Technologies system model 1100 composed of a vacuum
degasser, a quaternary pump, an autosampler, a thermostatted column
compartment, a DAD, and a fluorescence detector (FLD). For the
evaluation of all of the phenolic compounds (24), except lignans, a
C18 Inertsil ODS-3 column (150 mm× 4.6 mm i.d.) (Alltech Co.)
was employed, and the injected sample volume was 20µL. The mobile
phase was 0.2% acetic acid (pH 3.1) in water (A)/methanol (B) at a
flow rate of 1.5 mL/min. The total running time was 55 min, and the
gradient changed as follows: 95% A/5% B for 2 min, 75% A/25% B
in 8 min, 60% A/40% B in 10 min, 50% A/50% B in 10 min, and 0%
A/100% B in 10 min, maintained for 5 min, return to initial conditions
in 10 min; the total running time was 55 min. For the detection, a
DAD was employed as follows: The wavelengths used were 278 and
339 nm. For the evaluation of the lignans, to better separate them (27),

Table 1. Phenolic Composition (mg/100 g d.w.) of the Constitutive Parts of Olive Fruits from Coratina and Frantoio Cultivars

Coratina cv. Frantoio cv.

pulp stone seed pulp stone seed

3,4-DHPEAa 24.3 (1.2) 10.4 (0.6) 3.1 (0.2) 11.7 (0.6) 8.0 (0.4) 5.9 (0.3)
p-HPEA 15.0 (0.7) 3.1 (0.2) 25.6 (1.3) nd nd 13.7 (0.7)
nüzhenide ndb nd 871.1 (43.6) nd nd 645.5 (32.6)
verbascoside 2563.0 (139.4) 14.8 (0.7) nd 274.6 (13.7) 61.8 (3.1) nd
ligstroside glucoside 83.6 (0.3) nd nd 75.0 (0.2) nd nd
oleuropein 1745.5 (42.3) 110.0 (5.5) nd 1893.9 (160.1) 152.9 (7.6) nd
demethyloleuropein 1210.3 (50.6) 41.8 (2.1) nd nd nd
(+)-1-acetoxypinoresinol 28.10 (0.1) 13.60 (0.1) nd 36.20 (0.2) 8.40 (0) nd
(+)-pinoresinol 1.40 (0.01) 38.20 (0.2) nd 3.40 (0.1) 45.00 (0.2) nd

a The phenolic content is the mean value of three independent determinations; the standard deviation is reported in parentheses. b Not detected.

Table 2. Total Activities (U/mg d.w.) and Corresponding Contribution
(%) of the Constitutive Parts of Olive Fruits from Coratina and Frantoio
Cultivars

pulp
%

contribution seed
%

contribution

Frantoio Cultivar
PPOa 15.45 (1.2) 100.0 ndb nd
POD 27.35 (1.72) 59.20 210.40 (12.81) 40.80
LPO 2.26 (0.20) 81.95 6.01 (0.80) 18.05

Coratina Cultivar
PPO 4.80 (0.10) 100.00 nd nd
POD 13.10 (1.13) 41.48 209.45 (8.41) 58.16
LPO 2.67 (0.32) 81.80 7.16 (0.87) 18.20

a The enzymatic activity is the mean value of three independent determinations;
the standard deviation is reported in parentheses. b Not detected.
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the C18 column used was a Spherisorb ODS-1 250 mm× 4.6 mm
with a particle size of 5µm (Phase Separation Ltd., Deeside, United
Kingdom); the injected sample volume was 20µL. The mobile phase
was composed of 0.2% acetic acid (pH 3.1) in water (solvent
A)/methanol (solvent B) at a flow rate of 1 mL/min. The gradient
changed as follows: 95% A/5% B for 2 min, 75% A/25% B in 8 min,
60% A/40% B in 10 min, 50% A/50% B in 16 min, and 0% A/100%
B in 14 min, and this composition was maintained for 10 min and then
was returned to the initial conditions and equilibration in 13 min; the
total running time was 73 min. Lignans were detected by FLD operated
at an excitation wavelength set at 280 nm and emissions at 339 nm
(27).

Extraction and HPLC Analysis of Phenolic Compounds of VOO.
The extraction of VOO phenols was performed as reported in a previous
paper by Montedoro et al. (26). The HPLC analyses of phenolic extracts
were conducted with an Agilent Technologies system model 1100
composed of a vacuum degasser, a quaternary pump, an autosampler,
a thermostatted column compartment, a DAD, and a FLD. For the
HPLC analysis of phenolic extracts, the C18 column used was a
Spherisorb ODS-1 250 mm× 4.6 mm with a particle size of 5µm
(Phase Separation Ltd., Deeside, United Kingdom); the injected sample
volume was 20µL. The operating conditions of the chromatographic
analysis were identical to those reported above, in the previous
subparagraph, for the same column. For the detection of all of the
phenolic compounds, a DAD was employed as follows: The wave-
lengths used were 278 and 339 nm (27).

Volatile Compounds.To evaluate the volatile compounds production
by the LPO pathway from the constitutive parts of the fruit, 10 g of
pulp and 5 g ofseeds were crushed using a porcelain mortar: The
operation was performed for 5 min at room temperature. Two grams
of the crushed material (olive pulp or seed) was placed in a 10 mL
vial and maintained at 25°C for 5 min to develop LPO pathway
compounds, and then, we added 2 mL of a CaCl2-saturated solution as
an enzymatic inhibitor and stored it at-20 °C until the analysis. To
study the volatile composition of stoned and traditional olive pastes
after crushing and malaxation, 2 g of the pastes was placed in a
10 mL vial; this was then added to 2 mL of a CaCl2-saturated solution
as an enzymatic inhibitor and stored as reported above. To evaluate
the volatile compound in VOO, 3 g of oil was put into a 10 mL
vial. For the sampling of the head space (HS) volatile compounds,
solid-phase microextraction (SPME) was applied as follows: All of
the vials were thermostatted at 35°C, and then, the fiber (a
50/30 µm DVB/Carboxen/PDMS of 1 cm of length, stableflex)
(Supelco, Inc., Bellefonte, PA) was exposed to the vapor phase
for 30 min to sample the volatile compounds. Afterward, the fiber
was inserted into the gas chromatograph (GC) injector set in splitless
mode using a splitless inlet liner of 0.75 mm i.d. for thermal desorption
where it was left for 10 min. All of the SPME operations were
automated using the Varian CP 8410 Autoinjector (Varian, Walnut
Creek, CA).

Gas Chromatography-Mass Spectrometry (GC-MS) Analysis of
Volatile Compounds. A GC-MS Varian 4000 equipped with a 1079
split/splitless injector (Varian) was used. A fused-silica capillary column
DB-Wax-ETR, 50 m, 0.32 mm i.d., 1µm film thickness (J&W
Scientific, Folsom, CA) was employed. The column was operated with
helium with a flow rate of 1.7 mL/min that was kept constant during
the analysis using an electronic flow controller (EFC). The GC oven
heating was started at 35°C. This temperature was maintained for 8
min, then increased to 45°C at a rate of 1.5°C/min, increased to 150°C
at a rate of 3°C/min, increased to 180°C at a rate of 4°C/min, and
finally increased to 210°C at a rate of 3.6°C/min where it was kept
for 14.50 min. The total time of analysis was 80 min. The injector
temperature was maintained at 250°C. The temperature for the transfer
line was fixed at 170°C. The mass spectrometer was operated in the
electron ionization (EI) mode at an ionization energy of 70 eV in the
mass range of 25-350 amu at a scan rate of 0.79 s/scan and a manifold
temperature of 150°C. The GC-MS was operated through the software
Varian MS Workstation version 6.6 (Varian). The volatile compounds
were identified by comparison of their mass spectra and retention times

Table 3. Phenolic Composition (mg/100 g d.w.) of Crushed and Malaxed Pastes Obtained from Whole and Stoned Frantoio and Coratina Olive
Fruits

crushed paste malaxed paste

traditional stoned traditional stoned

Frantoio Cultivar
3,4-DHPEAa 19.1 (0.8) a 30.9 (2.3) b 33.3 (2.3) b 40.1 (3.1) c
p-HPEA ndb nd nd nd
verbascoside 95.8 (5.2) a 125.9 (4.8) b 90.1 (5.6) a 110.8 (6.5) c
oleuropein 115.5 (8.4) a 104.5 (5.3) ab 95.6 (7.1) bc 85.0 (3.0) c
3,4-DHPEA-EDA 482.8 (10.5) a 950.4 (12.1) b 342.5 (11.6) c 720.4 (8.4) d
(+)-1-acetoxypinoresinol 12.2 (0.7) a 21.5 (1.5) b 14.0 (1.0) c 20.5 (1.1) a
(+)-pinoresinol 9.4 (0.4) a 28.0 (1.8) b 34.3 (2.6) c 24.3 (0.9) b
ligstroside aglycone 9.5 (0.6) a 12.1 (0.7) b 10.9 (0.5) ab 11.2 (0.7) b

Coratina Cultivar
3,4-DHPEAa 35.7 (1.7) a 39.6 (3.3) ab 48.9 (6.6) b 17.9 (1.2) c
p-HPEA 11.8 (1.7) a 17.4 (1.1) b 12.9 (1.4) a 19.3 (2.0) b
verbascoside 1350.2 (26.0) a 1583.1 (32.0) b 1378.4 (25.0) a 1411.1 (41.0) a
oleuropein 106.4 (10.1) a 120.3 (12.3) a 76.3 (10.2) a 42.9 (3.6) b
3,4-DHPEA-EDA 1023.9 (22.0) a 1338.3 (39.0) b 876.9 (24.0) a 1144.1 (23.0) c
(+)-1-acetoxypinoresinol 14.5 (0.7) a 14.8 (0.6) ab 16.8 (0.7) b 20.2 (1.1) c
(+)-pinoresinol 20.9 (1.1) a 20.2 (0.8) a 28.3 (0.8) b 33.6 (1.5) c
ligstroside aglycone 13.2 (0.5) a 18.4 (0.5) b 16.1 (0.6) c 21.2 (1.4) d

a The phenolic content is the mean value of three independent experiments; the standard deviation is reported in parentheses. Values in each row having different letters
(a−d) are significantly different from one another at p < 0.01. b Not detected.

Table 4. Enzymatic Activities (U/mg d.w.) in Crushed and Malaxed
Pastes Obtained from Whole and Stoned Frantoio and Coratina Olive
Fruits

crushed paste malaxed paste

traditional stoned traditional stoned

Frantoio Cultivar
PODa 37.75 (2.05) a 12.45 (1.06) b 14.05 (0.35) b 6.40 (0.28) c
PPO 17.00 (0.28) a 17.35 (1.48) a 10.30 (0.70) b 10.70 (1.41) b

Coratina Cultivar
POD 16.05 (0.80) a 5.35 (0.40) b 7.25 (0.21) c 2.60 (0.14) d
PPO 5.35 (0.49) a 5.95 (0.21) a 4.20 (0.42) b 5.20 (0.42) ab

a The enzymatic activity is the mean value of three independent experiments;
the standard deviation is reported in parentheses. Values in each row having
different letters (a−d) are significantly different from one another at p < 0.01.
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with those of authentic reference compounds. Integration of all of the
chromatographic peaks was performed choosing the three masses,
among those specific for each compound, with the highest intensities
as to selectively discriminate them from the nearest neighbors. The
results of the peak areas were calculated on the basis of the relative
calibration curve for each compound and expressed inµg/kg of oil or
µg/g of fresh weight (28).

Enzymatic Activities. Acetone Powders.Eight hundred milliliters
of 3:1 acetone:water (v:v)+ polyethylene glycol (PEG) 2000+ PEG
20000 (0.5 g+ 0.5 g) at-35 °C was added to the freeze-dried pulp
(20 g), seed (10 g), and paste (30 g) (29). The mixture was homogenized

for 2 min at 10000 rpm in an Omni-mixer (Ultra-Turrax T50) and
filtered through filter paper in a Büchner funnel. The ground pulp was
washed with 400 mL of ethyl ether (-35 °C), 400 mL of 1:1 methanol:
acetone (v:v), 400 mL of 3:1 acetone:water (v:v) four times, and then
with 400 mL of acetone; each washing step involved the homogeniza-
tion in an Omni-mixer (Ultra-Turrax T50). The powder was recovered,
dried under nitrogen flow for 1 h, and stored at-30 °C (29).

LPO.Acetonic powder (0.4 g) was suspended in 15 mL of extraction
buffer (0.2 M sodium phosphate buffer at pH 7.0 containing 0.10%
NaCl) and stirred for 20 min at 4°C; this suspension was centrifuged
at 12000 rpm for 20 min at 4°C and filtered (0.45µm). The crude
extract was used for the enzymatic assays. The LPO activity was
determined by measuring the increase in absorbance due to the
hydroperoxides at 234 nm (30).

PPO.Acetonic powder (0.4 g) was suspended in 15 mL of extraction
buffer (0.05 M potassium phosphate buffer at pH 6.2 containing 1 M
KCl) and stirred for 30 min at 4°C; the suspension was centrifuged at
11000 rpm for 15 min and filtered (0.45µm). The crude extract was
used for the enzymatic assays. The PPO activity was determined
spectrophotometrically (10). POD was carried out according to the
procedures reported in a previous paper (31).

Statistical Analysis. A priori one-way analysis of variance, using
the Tukey’s honest significant differences test, was performed (32).

RESULTS AND DISCUSSION

In the first step of the work, the distribution of phenols and
the enzymatic activities of olive fruit were evaluated in the
constitutive parts to study the specific contribution of each part
of the drupe on the phenolic and volatile composition of the
olive pastes and corresponding VOOs. As displayed inTable
1, the phenolic compositions of Coratina and Frantoio cultivars
were strongly different in relation to the cultivar and the
constitutive part of the fruit. The main differences due to the
cultivar were related to the phenolic composition of the pulp;
in fact, demethyloleuropein occurred exclusively in Coratina
where higher concentrations in verbascoside were also observed,
while the concentration of oleuropein was higher in Frantoio.
Ligstroside was found only in the pulp, and it showed low
concentrations, in comparison with the other secoiridoids, in
the two cultivars. The pulp, in both of the cultivars, contained,
as the main phenolic compounds, secoiridoids such as oleu-
ropein, demethyloleuropein, and cinnamyl derivatives such as
verbascoside. A low concentration of oleuropein and demethyl-
oleuropein was, on the contrary, found in the stone and in the
seed for both of the cultivars studied. Flavonoids such as
luteolin-7-glycoside and rutin, as also reported in a previous
paper, were found only in the pulp (data not shown) (24). The
lignans such as (+)-1-acetoxypinoresinol and (+)-1-pinoresinol
were detected in the pulp and in the stone. The concentration
of (+)-1-acetoxypinoresinol was higher in the pulp; nevertheless,
(+)-1-pinoresinol was the prevalent lignan in the stone. As
shown in a previous study (24), the main phenolic compound
of the seed was the nüzhenide, which occurred only in this part
of the fruit. Anyhow, the pulp is the richest part in terms of
phenols that are involved in the VOO phenolic composition
(such as secoiridoids and lignans). In fact, as reported in the
literature, the main secoiridoids of VOO are oleuropein and
demethyoleuropein derivatives (6), whereas nüzhenide does not
take part in the VOO phenolic composition. Furthermore, the
pulp contained 93 and 97% of the total phenolic concentration
of olive fruit in Frantoio and Coratina, respectively.

The distribution of PPO, POD, and LPO was analyzed in
the pulp and in the seed. The results displayed inTable 2
evidence that the PPO activity was found only in the pulp while
the seed was characterized by high levels of POD activity in

Table 5. Phenolic Composition (mg/kg) in Oils Obtained by
Mechanical Extraction with Traditional Process and with Stoning

traditional stoned

Frantoio Cultivar
3,4-DHPEAa 1.9 (0.3) a 1.8 (0.2) a
p-HPEA 4.6 (0.4) a 4.9 (0.4) a
3,4-DHPEA-EDA 88.8 (7.2) a 112.4 (10.1) b
p-HPEA-EDA 43.8 (3.1) a 54.8 (3.1) b
3,4-DHPEA-EA 30.3 (2.7) a 42.8 (3.6) b
(+)-1-acetoxypinoresinol 40.7 (2.3) a 42.8 (1.1) a
(+)-pinoresinol 4.2 (0.4) a 4.5 (0.5) a

Coratina Cultivar
3,4-DHPEA 3.1 (0.2) a 2.8 (0.3) a
p-HPEA 14.9 (1.1) a 15.0 (0.8) a
3,4-DHPEA-EDA 365.2 (18.6) a 507.1 (19.9) b
p-HPEA-EDA 92.8 (7.8) a 115.9 (6.2) b
3,4-DHPEA-EA 101.2 (5.8) a 125.9 (7.1) b
(+)-1-acetoxypinoresinol 41.1 (1.1) a 44.0 (1.8) a
(+)-pinoresinol 8.4 (0.6) a 10.4 (0.6) b

a The phenolic content is the mean value of three independent experiments;
the standard deviation is reported in parentheses. Values in each row having
different letters (a−b) are significantly different from one another at p < 0.01.

Table 6. Volatile Compounds, Produced by the LPO Pathway, from
Crushed Olive Pulp and Seed from Frantoio and Coratina Cultivars
(µg/g f.w.)

seed pulp

Frantoio Cultivar
aldehydes

2-pentenal (E)a 0.28 (0.03) a 0.74 (0.06) b
hexanal 6.39 (0.55) a 2.97 (0.04) b
2-hexenal (E) 1.22 (0.46) a 51.35 (1.94) b
2,4-hexadienal (E,E) 0.10 (0.02) a 0.49 (0.02) b

alcohols
1-pentanol 0.54 (0.01) a 0.57 (0.08) a
2-penten-1-ol (E) 0.03 (0.00) a 0.19 (0.00) b
1-penten-3-ol 0.42 (0.04) a 2.07 (0.03) b
1-hexanol 0.68 (0.02) a 0.34 (0.02) b
3-hexen-1-ol (E) 0.01 (0.00) a 0.01 (0.00) a
3-hexen-1-ol (Z) 0.22 (0.00) a 0.79 (0.03) b
2-hexen-1-ol (Z) 37.40 (0.18) a 24.93 (1.24) b

Coratina Cultivar
aldehydes

2-pentenal (E) 0.16 (0.02) a 0.78 (0.01) b
hexanal 4.38 (1.4) a 3.22 (1.51) a
2-hexenal (E) 0.13 (0.03) a 44.48 (0.16) b
2,4-hexadienal (E,E) ndb 0.52 (0.07)

alcohols
1-pentanol 0.23 (0.01) a 0.39 (0.06) b
2-penten-1-ol (E) 0.63 (0.04) a 0.02 (0.00) b
1-penten-3-ol 0.75 (0.15) a 0.50 (0.03) a
1-hexanol 0.74 (0.04) a 0.31 (0.06) b
3-hexen-1-ol (E) 0.03 (0.00) a 0.01 (0.00) b
3-hexen-1-ol (Z) 1.93 (0.10) a 0.16 (0.02) b
2-hexen-1-ol (Z) 33.82 (3.35) a 14.21 (2.64) b

a Data are the mean values of three independent determinations; the standard
deviation is reported in parentheses. Values in each row having different letters
(a−b) are significantly different from one another at p < 0.01. b Not detected.
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both of the cultivars studied. The activity of the LPO, evaluated
spectrophotometrically, was found to be greater in the seed than
in the pulp.

According to these results and considering the dry weight of
each constitutive part of the fruit, the seed contributed 40.8 ad
58.2% of the overall the POD activity of the olive fruit,
respectively, for Frantoio and Coratina, while the contribution
of the seed in terms of LPO activity was lower than 20% for
both of the cultivars studied. Moreover, the stone removal,
before malaxation, could reduce the overall activity of POD
and LPO in the pastes during processing and, as a consequence,
may modify the phenolic and volatile composition of VOO. To
well define this aspect, phenols and the enzymatic activity of
pastes, during malaxation, in traditional and stoned pastes were
studied. As reported inTable 3, the stoning process affects the
phenolic composition of pastes in both of the cultivars analyzed,
with a higher influence on the secoiridoid derivatives (such as
3,4-DHPEA-EDA) that showed a strong reduction in the
malaxed pastes for both of the cultivars studied. Lignans and
ligstroside aglycon, on the contrary, were less conditioned by
the stone removal. These results may be explained with the
selective activity of the endogenous PPO and POD of olive fruit
that seem to use, as an elective substrate, the aglycon derivatives
of oleuropein, such as 3,4-DHPEA-EDA, while demonstrating
a lower affinity not only for the lignans but also for phenols
occurring in the pastes as glucosidic forms (such as oleuropein
and verbascoside). The hydrolysis of the ester bond between
the 3,4-DHPEA and the elenolic acid occurring in the aglycon
derivatives of oleuropein, which might be catalyzed by the
endogenous esterases, can explain the increase of the 3,4-
DHPEA concentration in the pastes after malaxation.

As shown inTable 4, the stoning process reduced the POD
activity in both of the cultivars, while no significant differences

were found for the PPO activity. As observed for the distribution
of PPO in the constitutive parts of fruit, results for the Coratina
confirm lower PPO and POD activities in comparison to
Frantoio. After malaxation, a partial reduction of PPO and POD
was found in the pastes of both of the cultivars studied. It is
possible to suppose that the tanning reactions, happening
between proteins and phenols, which can involve structural and
enzymatic proteins, may explain the partial inactivation of PPO
and POD observed in the malaxed pastes (33). The analysis of
the phenolic composition of the oil samples (Table 5) pointed
out that the VOO extracted from the stoned fruits contained
higher concentrations of secoiridoid derivatives such as 3,4-
DHPEA-EDA and 3,4-DHPEA-EA, mainly in the Coratina
cultivar, while no significant differences were observed for the
lignans in both of the cultivars studied. The aglycon derivative
of ligustroside (p-HPEA-EDA) also shows significant modifica-
tions. These experimental data stress that the phenolic composi-
tion of VOO is strongly affected by the activity of the PPO
and POD and confirm the selective activity of these enzymes
for the aglycon derivatives of oleuropein and the demethyl-
oleuropein. The insignificant modifications observed for the
lignan’s concentration in VOO can be due to the lower affinity
of the PPO and POD for those substances but, at the same time,
prove that the stone has a minimal contribution in the lignan’s
concentration of VOO. This result is in agreement with the low
level of lignan’s release from the stone detected in the pastes
during malaxation (Table 3) but, at the same time, seems to be
in contrast to the high concentration of (+)-pinoresinol found
in this part of the olive fruit (Table 1). With regard to this, it
is possible to suppose that lignans occurring in the stone may
be linked to the lignin and cellulose structures of the stone and,
consequently, are not able to be released in pastes and in the
corresponding oil during malaxation. The results related to the

Table 7. Volatile Compounds, Produced by the LPO Pathway, from Crushed and Malaxed Pastes Obtained from Whole and Stoned Frantoio and
Coratina Olive Cultivars (µg/g f.w.)

crushed paste malaxed paste

traditional stoned traditional stoned

Frantoio Cultivar
aldehydes

2-pentenal (E)a 0.60 (0.060) a 0.79 (0.081) b 0.43 (0.045) a 0.85 (0.86) b
hexanal 5.30 (0.55) a 3.50 (0.35) b 6.79 (0.70) c 3.68 (0.41) b
2-hexenal (E) 37.84 (3.5) a 48.72 (4.1) a 39.80 (3.4) a 67.26 (6.2) b
2,4-hexadienal (E,E) 0.31 (0.041) a 0.60 (0.061) b 0.28 (0.026) a 0.34 (0.039) a

alcohols
1-pentanol 0.41 (0.050) a 0.43 (0.040) a 0.81 (0.083) b 0.44 (0.043) a
2-penten-1-ol (E) 0.24 (0.024) a 0.31 (0.032) b 0.32 (0.036) b 0.32 (0.041) b
1-penten-3-ol 2.53 (0.25) a 3.08 (0.31) a 2.93 (0.28) a 5.86 (0.59) b
1-hexanol 0.97 (0.095) a 0.51 (0.056) b 1.04 (0.12) a 0.57 (0.060) b
3-hexen-1-ol (E) 0.03 (0.0040) a 0.02 (0.0023) b 0.04 (0.0044) c 0.03 (0.0038) a
3-hexen-1-ol (Z) 1.10 (0.15) a 0.50 (0.052) b 1.19 (0.20) a 0.77 (0.071) b
2-hexen-1-ol (Z) 89.30 (9.1) a 28.80 (2.6) b 141.44 (13.9) c 78.86 (7.1) a

Coratina Cultivar
aldehydes

2-pentenal (E)a 1.61 (0.16) a 1.09 (0.10) b 0.81 (0.076) b 1.06 (0.13) b
hexanal 4.62 (0.46) a 4.29 (0.41) a 5.62 (0.58) a 10.69 (1.16) b
2-hexenal (E) 34.04 (2.0) a 41.60 (2.5) b 40.77 (2.2) b 50.84 (3.0) c
2,4-hexadienal (E,E) 0.78 (0.088) a 0.41 (0.051) b 0.28 (0.031) a 0.48 (0.051) b

alcohols
1-pentanol 0.52 (0.047) a 0.31 (0.028) b 0.99 (0.089) c 0.42 (0.039) ab
2-penten-1-ol (E) 0.58 (0.061) a 0.11 (0.014) b 1.31 (0.140) c 0.10 (0.019) b
1-penten-3-ol 4.38 (0.34) ab 3.10 (0.41) a 4.87 (0.42) b 7.64 (0.81) c
1-hexanol 0.47 (0.057) a 0.70 (0.080) ab 1.71 (0.18) c 0.80 (0.082) b
3-hexen-1-ol (E) 0.02 (0.0016) a 0.07 (0.0072) b 0.10 (0.016) c 0.05 (0.0055) b
3-hexen-1-ol (Z) 1.52 (0.15) a 0.25 (0.033) b 3.00 (0.35) c 0.67 (0.069) b
2-hexen-1-ol (Z) 45.19 (4.1) a 18.73 (1.6) b 106.3 (9.4) c 65.87 (5.6) d

a Data are the mean values of three independent experiments; the standard deviation is reported in parentheses. Values in each row having different letters (a−d) are
significantly different from one another at p < 0.01.
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phenolic modifications of VOO with the olive stoning are in
agreement with other authors that studied the positive effect of
the stoning process in the overall phenolic composition of VOO
evaluated colorimetrically (22, 34) or in the secoiridois deriva-
tives (21,35), but it is the first time that all of the main classes
of phenols occurring in VOO, which includes not only the
secoiridoids but also the lignans, were studied together to explain
why this new technology can affect the occurrence of these
compounds in the oil.

The stone removal, in conclusion, produces a selective
increase of the phenolic content of VOO affecting mainly the
concentration of secoiridoid derivatives such as 3,4-DHPEA-
EDA, p-HPEA-EDA, and 3,4-DHPEA-EA. For that reason,
because of the biological properties of those compounds, the
stoning process could be considered as an opportunity, from
the technological standpoint, to improve health-related properties
of VOO. In fact, as reported in many papers, the aglycon
derivatives of oleuropein, demethyoleuropein, and ligstroside
are involved in cancer prevention and in the reduction of the
risk of cardiovascular diseases (6,36).

To investigate the effect of the stoning removal on the genesis
of volatile compounds in the olive pastes and in VOO, the HS
analysis of the volatile composition of crushed seed and pulp
was performed by HS-SPME/GC-MS. The outcome was that
the seed produced lower concentrations of volatile compounds
coming from the LPO pathway in comparison to the pulp (Table
6). Furthermore, the most interesting results were related to the
relationship between the composition of C6 unsaturated alde-
hydes and C6 alcohols found in the crushed seed and pulp. In
fact, as shown inTable 6, the concentrations of C6 unsaturated
aldehydes such as 2-hexenal (E) were higher in the HS of the
crushed pulp, in both of the cultivars studied; the crushed seed

HS, on the contrary, was richer in C6 alcohols. These results
are particularly important because they would demonstrate that
the enzymes involved in the LPO pathway have a different
activity in the pulp and in the seed. In particular, the seed seems
to have a lower hydroperoxide lyase activity and a higher alcohol
dehydrogenase activity in comparison to the pulp, confirming
the results obtained by Luaces et al. (37) where the presence of
the stone during processing significantly affected the C6

compound concentrations. To study the effect of the stoning
process in the aroma production by the LPO pathway during
malaxation, the HS compositions of crushed and malaxed pastes
obtained by traditional and stoned olives were evaluated. The
results reported inTable 7 confirm the previous findings: In
fact, the concentration of the C6 unsaturated aldehydes was
higher in the stoned crushed and malaxed pastes for both of
the cultivars studied, while the concentration of the C6 unsatur-
ated alcohols [such the 2-hexen-1-ol (Z), 3-hexen-1-ol (Z), and
1-hexen 1-ol] was significantly higher in the crushed and
malaxed traditional pastes in Frantoio and Coratina cultivars.
The malaxation, moreover, increases the volatile concentration
in the pastes, showing that the enzymes involved in the LPO
pathway remain active during the process. The HS composition
of the VOOs produced by the extraction process from traditional
and stoned olive pastes, reported inTable 8, was in agreement
with the results reported above. The amount of C6 unsaturated
aldehydes was greater in the VOOs obtained from the stoning
process, while the seed presence in the traditional extraction
process, in both of the cultivars studied, increased the concen-
tration of C6 alcohols. These results are in agreement with
Angerosa et al. (38) who, working on the Coratina cultivar and
considering three subsequent malaxation times, concluded that
the concentration of the C6 saturated and unsaturated aldehydes
was higher in VOO extracted from stoned olives. Similar results
in terms of a higher amount of C6 unsaturated aldehydes in the
stoned oil were obtained by Amirante et al. (22), while the data
reported by Patumi et al. (39) seem to be in contrast with all of
these findings. These authors, in fact, working on five Sicilian
olive cultivars, concluded that the stone removal does not modify
the volatile and phenolic composition of VOO. These conflicting
results could be explained with the cultivar effect. In fact, as
observed by Lavelli and Bondesan (21) for the phenolic
composition and, as confirmed by our results that also include
the volatile compounds, the stoning impact in VOO composition
is strongly dependent on the cultivars that are genetically
differentiated in terms of the phenolic concentrations and
enzymatic activities of fruit. The modification of C6 unsaturated
aldehydes and alcohols can affect the sensory properties of VOO
since, as reported in the literature (5), the C6 unsaturated
aldehydes are potent odorants of VOO strictly related to the
cut-grass sensory note.

In conclusion, the overall results reported in this paper show
that the stoning process modifies the activity of PPO, POD,
and LPO in the olive pastes during malaxation, thus affecting
volatile and phenolic compositions of VOO.

ABBREVIATIONS USED

VOO, virgin olive oil; PPO, polyphenoloxidase; POD,
peroxidase; LPO, lipoxygenase; 3,4-DHPEA-EDA, dialdehydic
form of decarboxymethyl elenolic acid linked to (3,4-dihydrox-
yphenyl)ethanol;p-HPEA-EDA, dialdehydic form of decar-
boxymethyl elenolic acid linked to (p-hydroxypheny1)ethanol;
3,4-DHPEA-EA, isomer of the oleuropein aglycon; 3,4-DHPEA,
(3,4-dihydroxyphenyl)ethanol;p-HPEA, (p-hydroxyphenyl)-
ethanol; HPLC, high-performance liquid chromatography; NMR,

Table 8. Volatile Compounds (µg/kg) in Oils Obtained by Mechanical
Extraction with Traditional Process and with Stoning from Frantoio and
Coratina Cultivars

traditional stoned

Frantoio Cultivar
aldehydes

2-pentenal (E)a 39.6 (2.5) a 35.7 (2.7) a
hexanal 834.0 (37.9) a 748.4 (27.9) b
2-hexenal (E) 24006.0 (650.5) a 27866.2 (705.5) b
2,4-hexadienal (E,E) 200.3 (22.3) a 256.5 (12.1) b

alcohols
1-pentanol 95.5 (4.9) a 20.8 (1.7) b
2-penten-1-ol (E) 36.3 (1.5) a 12.8 (2.1) b
1-penten-3-ol 285.9 (10.7) a 114.5 (4.6) b
1-hexanol 1457.0 (50.4) a 405.0 (18.4) b
3-hexen-1-ol (E) 44.7 (1.8) a 21.5 (2.3) b
3-hexen-1-ol (Z) 243.1 (18.8) a 163.7 (8.0) b
2-hexen-1-ol (Z) 19912.0 (705.9) a 6446.1 (205.9) b

Coratina Cultivar
aldehydes

2-pentenal (E) 33.1 (1.0) a 49.4 (1.7) b
hexanal 877.5 (68.5) a 698.6 (57.0) b
2-hexenal (E) 24083.5 (834.1) a 33362.1 (964.3) b
2,4-hexadienal (E,E) 258.4 (33.0) a 385.4 (17.9) b

alcohols
1-pentanol 98.6 (4.4) a 17.2 (1.1) b
2-penten-1-ol (E) 22.8 (0.8) a 23.0 (2.4) a
1-penten-3-ol 335.8 (15.5) a 324.7 (20.4) a
1-hexanol 1495.1 (66.5) a 348.5 (10.5) b
3-hexen-1-ol (E) 37.2 (2.2) a 7.1 (0.4) b
3-hexen-1-ol (Z) 252.4 (14.3) a 212.9 (16.5) b
2-hexen-1-ol (Z) 16913.9 (674.8) a 3529.4 (742.6) b

a Data are the mean values of three independent experiments; the standard
deviation is reported in parentheses. Values in each row having different letters
(a−b) are significantly different from one another at p < 0.01.
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nuclear magnetic resonance; DIECA, sodium diethylditiocar-
bamate; SPE, solid-phase extraction; DAD, diode array detector;
FLD, fluorescence detector; SPME, solid-phase microextraction;
GC-MS, gas chromatography-mass spectrometry; EFC, elec-
tronic flow controller; EI, electron ionization; PEG, polyethylene
glycol; HS, head space.
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