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Abstract

To verify if the quantitative composition of volatiles arising from lipoxygenase pathway was a�ected by the olive fruit stones, oils
from whole olives and from the pulp-only tissues, respectively, were submitted to gas chromatographic determination of volatile
compounds extracted by dynamic head-space. Results showed di�erent quantitative compositions for the two oil kinds because of
the greater accumulation of C6 compounds from the lipoxygenase pathway in oils obtained from de-stoned olives, which is rela-

ted to serious cellular disruption observed in the crushed pulp tissues. C5 compounds were a�ected by the stone removal from
fruits. Furthermore, the enzymatic oxidation of linoleic acid was promoted in oils obtained after removing fruit stones because of
the more signi®cant increase of the concentrations of corresponding C6 metabolites. # 1999 Elsevier Science Ltd. All rights

reserved.

1. Introduction

It is known that the most abundant volatile com-
pounds present in the dynamic head-space of virgin
olive oils are C6 compounds. Among them, C6 alde-
hydes are the most represented fraction. All C6 com-
pounds are produced through the lipoxygenase (LOX)
pathway from polyunsaturated fatty acids containing a
cis-cis-1,4-pentadiene structure (e.g. linolenic and lino-
leic acids) and accumulate in virgin olive oil during the
physical procedures for its extraction.
The LOX pathway starts with a LOX-mediated oxi-

dation of linolenic (LnA) or linoleic (LA) acid leading
to the corresponding hydroperoxides. Their subsequent
cleavage, catalyzed by hydroperoxide lyases (HPL),
produces C6 aldehydes that can either undergo iso-
merization of the unsaturated cis-3-hexenal to more
stable trans form, or can be reduced to corresponding
C6 alcohols by alcohol dehydrogenases (ADH). The
subsequent esteri®cation of these alcohols is mediated
by alcohol acetyl transferases (AAT) (Gardner, 1991;
Hatanaka, 1993; Vick & Zimmerman, 1987).

Olias, Perez, Rios and Sanz (1993) found that lipox-
ygenases of the olive pulp give rise to both 9- and 13-
hydroperoxides of linolenic and linoleic acids in a ratio
ranging between 57:43 and 65:35, respectively. They
also showed that hydroperoxide lyases (HPL) speci®-
cally catalyzed the cleavage of only 13-hydroperoxides,
and mainly those deriving from LnA. These results are in
agreement with the lack of C9 compounds (Morales,
Aparicio & Rios, 1994; Olias et al., 1993; Solinas, Mar-
silio & Angerosa, 1987) in virgin olive oil aroma.
Salas and Sanchez (1998a,b,c) isolated and character-

ized both LOX and ADH from the pulp tissue of olive
fruits, pointing out that a NADP-dependent ADH is the
enzyme responsible for the reduction of aldehydes
involved in the LOX pathway.
Researches carried out in the last years gave evidence

that the production of C5 compounds, as in soya seeds
(Salch, Grove, Takamura & Gardner, 1995), could also
be explained in virgin olive oils as a result of the
activity of an additional branch of the LOX pathway
(Angerosa, d'Alessandro, Basti & Vito, 1998a; Anger-
osa, Camera, d'Alessondro & Mellerio, 1998b).
The recent isolation and partial characterization of an

active 13-lipoxygenase catalyzing the production of 13-
hydroperoxides of linoleic acid, probably associated
with membranes of oil bodies of the mature olive endo-
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sperm (Georgalaki et al., 1998), leads us to investigate
whether oils extracted from the whole olives and those
obtained from the only pulp tissues, after fruit stone
removal, are characterized by the same accumulation of
volatiles arising from LOX pathways.

2. Materials and methods

2.1. Chemicals

All solvents, for organic residual analysis, were pur-
chased from J.T. Baker (Deventer, Holland); trans-2-
hexenal, hexyl acetate, hexan-1-ol and actived charcoal
(0.5±0.85 mm; 20±35 mesh ASTM) were from E. Merck
(Schuchardt, Germany). Charcoal was cleaned by
treatment in a Soxhlet apparatus with diethyl ether and
tested before the analyses. Hexanal, cis-2-penten-1-ol,
and trans-2-penten-1-ol were purchased from Aldrich
(Steinheim, Germany); cis-3-hexenyl acetate from Sigma
Chemical Co. (St. Louis, USA); cis-3-hexen-1-ol, trans-
2-hexen-1-ol, 2-pentenal, 1-penten-3-ol and 1-penten-3-
one were from Sigma Chemical Co. (Buchs, Switzer-
land). Pentene dimers were synthesized from trans-3-
hexenoic acid (from Aldrich, Steinheim, Germany)
according to a previous paper (Angerosa et al., 1998b).
Tissue-tek OCT compound was purchased from Sakura
Finetek USA Inc. (Torrance, CA, USA) and Giemsa's
reagent for microscopy from Carlo Erba (Milan, Italy).

2.2. Samples

An homogeneous batch (60 kg) of olive fruits (Olea
europaea L.) from the Italian Coratina cultivar, picked
by hand at a given ripening degree (50% of green±yellow
fruits and 50% of cherry olives), was divided into six
lots.
A laboratory mill, equipped with a metal crusher, a

mixer held at 30�C and a basket centrifuge, was used to
extract oil from fruits. Three lots of de-leafed olives were
submitted, without further treatment, to the extraction
process, whose operative conditions only changed for the
malaxation times, i.e. was 0, 15 and 30 min, respectively.
From fruits of the remaining three lots, stones were

removed using a suitable tool. Particular attention was
paid to limiting the total time required to perform the
whole work to 4 min for each lot. Immediately after
stone removal, fruits were crushed and submitted to the
extraction, with the same plant, and under the same
operative conditions (0, 15 and 30 min of malaxing
times, respectively), adopted for the lots formed with
intact olives.
Immediately after olive crushing, four samples from

pastes obtained from the whole fruits and four from
those without stones, respectively, were also prepared
for light microscopy.

2.3. Dynamic head-space gas chromatography

Volatile compounds, stripped from the oil samples
with N2 (1.2 dm3 minÿ1 , 37�C for 2 h), trapped on 50
mg of activated charcoal and eluted with 1 ml of diethyl
ether, were analyzed by GC technique using a Nordion
silica capillary Carbowax 20M column (50 m length;
0.32 mm i.d.; 0.5 mm ®lm thickness) and equipped with
an on-column injection system, a CO2 cryogenic acces-
sory to hold the oven at 25�C and a ¯ame ionization
detector (FID). The temperature programme was in
agreement with the method described in a previous
paper (Angerosa, Di Giacinto & d'Alessandro, 1997a).

2.4. GC±MS analysis

The identi®cation of volatile compounds was carried
out by GC±MS in the same operative conditions adop-
ted in gas chromatographic analysis using a HP model
5890A gas chromatograph, equipped with an on-col-
umn injection system and coupled with a mass selective
detector model HP 5970B (Angerosa et al., 1997a).

2.5. Quantitation

C6 and C5 compounds were quanti®ed on the basis of
their gas chromatographic areas, using calibration
curves previously drafted. Such curves were performed
by adding known quantities of C6 and C5 compounds to
a recently re®ned olive oil (Angerosa et al., 1997a;
Angerosa et al., 1998b; Angerosa, d'Alessandro, Di
Girolamo, Vito & Serraiocco, 1997b).

2.6. Microscopy

The cell structure of the olive tissues was observed with
a Leitz Orthoplan microscope equipped with an Ortho-
mat photoautomatic exposure control unit after the
staining with Giemsa of the cryostat sections (10±15 mm
thick) of material embedded in OCT tissue-tek. Repre-
sentative samples were photographed for each treatment.

3. Results and discussion

Oils extracted from pastes, malaxed at 30�C for 0, 15
and 30 min, respectively, and obtained either from the
whole fruits or from the pulp only tissues of a homo-
geneous batch of fresh healthy olives of the Coratina cul-
tivar, were submitted to gas chromatographic analysis of
the volatile components extracted by dynamic head-
space. The amounts of C6 and C5 compounds, expressed
as ppm, are shown in Table 1. The reported values were
the mean values calculated from three independent
experiments; the con®dence limits were always below
10%
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As far as the in¯uence of malaxation time was con-
cerned, the results agreed with those of previous
research (Angerosa et al., 1998a) that showed a greater
accumulation of C6 and C5 metabolites, in particular
carbonyl compounds and their corresponding alcohols,
when the malaxation time of pastes was prolonged.
The fact that the major components of the volatile

fraction of all oils are C6 compounds showed that the
heterolytic cleavage of 13-hydroperoxides of LnA and LA
acids by the enzymes involved in the LOX cascade was the
most important process in all experiments carried out.
Besides, the greater accumulation of C6 compounds from
LnA than LA, observed in all cases, con®rmed that 13-
hydroperoxides of LnA were the substrate preferentially
converted by the mentioned enzymes. On the other hand,
experiments performed in vitro proved the greater a�-
nities, showed by HPL, ADH and AAT of olive fruits, for
unsaturated metabolites (Olias et al., 1993).
Among unsaturated components, trans-2-hexenal and

its corresponding alcohol were the main metabolites
accumulated, underlining that the isomerization of cis-
3-enal to trans-2-enal was the dominant process and
that only a slight activity of ADH was detected in Cor-
atina fruits. The amount (at trace level) of hexyl acetate
and cis-3-hexenyl acetate proved a very low content of
AAT catalyzing the production of these esters. These
results were in agreement with those of previous
research (Angerosa, Basti & Vito, 1999).
Comparing data of volatiles extracted, by dynamic

head-space analysis, from oils obtained from whole fruits
and olive pulps, it was immediately clear that, regardless
of the malaxation time of pastes, oils obtained from de-

stoned olives generally had a greater accumulation of C6

compounds than oils extracted by the whole fruits,
whereas C5 compounds showed no signi®cant changes.
The higher total amount of C6 volatile compounds in

the oils extracted from the pulp only tissues could be
related to a greater release of the membrane-bound
enzymes involved in the LOX pathway owing to more
serious cellular disruption due to a more e�ective
grinding of the pulp tissues in de-stoned fruits.
Light microscopy (LM) observations of several sec-

tions obtained from olive pastes, from whole and de-
stoned fruits, respectively, showed a very di�erent kind
of disruption of cellular tissues.
Serious mechanical damage to parenchymatous cells

of mesocarp was observed when the stones were
removed; in particular most tissues showed cell collapse
(Fig. 1D). On the other hand, the pastes from whole
fruits kept the integrity of the cell structure (cell walls
and nucleus) and of annexed structures (sclereids) in
most tissues (Fig. 1A). In addition, the tissue damage
consisted of a cellular separationÐas evidenced by the
clean cuts of cell walls (Fig. 1B and C)Ðrather than the
cell collapse observed in de-stoned pulps (Fig. 1E and F).
Apart from the more serious cell damage in pastes of de-
stoned olives, it was possible that some increase of C6

compounds could be attributed to the activies of enzymes
involved in the LOX pathways, released during the
removal of the stone, in the 4min before the olive crushing.
The greater release of membrane-bound enzymes in

oils from de-stoned fruits explained the increase of C6

compound concentrations and, in addition, was not in
con¯ict with the fact that C5 compounds remained a

Table 1

Composition of volatile compounds from LOX pathway of oils extracted from whole fruits and de-stoned olives of Coatina cultivar at di�erent

malaxation times

Compound (ppm) 0 min 15 min 30 min

+Sa ÿSb +S ÿS +S ÿS
Hexanal 0.9 1.8 1.8 4.2 2.2 5.7

Hexan-l-ol 0.1 0.2 0.1 0.5 0.1 0.7

Hexyl acetate Trace Trace Trace Trace Trace Trace

�C6 from LA 1.0 2.0 1.9 4.7 2.3 6.4

trans-2-Hexenal 12.8 14.9 27.2 33.4 30.7 44.8

trans-2-Hexen-1-ol 0.1 0.7 0.3 1.5 0.5 2.5

cis-3-Hexen-1-ol 0.1 0.3 0.2 0.5 0.2 0.7

cis-3-Hexenyl acetate 0.2 0.1 Trace Trace Trace Trace

�C6 from LnA 13.2 16.0 27.7 35.4 31.4 48.0

� all C6 compounds 14.2 18.0 29.6 40.1 33.7 54.4

Pentene dimers 0.3 0.3 0.4 0.4 0.7 0.6

1-Penten-3-ol 0.1 0.1 0.2 0.1 0.2 0.2

2-Pentenols 0.2 0.2 0.2 0.2 0.4 0.4

1-Penten-3-one 0.2 0.2 0.3 0.4 0.4 0.5

2-Pentenal 0.1 0.1 0.2 0.1 0.2 0.2

�C5 from LnA 0.9 0.9 1.3 1.3 1.9 2.0

a Whole fruits (with stone).
b Olive pulp (without stone).

F. Angerosa et al. / Food Chemistry 67 (1999) 295±299 297



Fig. 1. LM micrographs of whole (A, B and C) and de-stoned (D, E and F) fruits. Bars in A and D=150 mm; bars in B, C, E and F=50 mm.
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constant in all experiments carried out. In fact C5 com-
pounds are generated through the additional branch of
the LOX pathway from LnA that involves enzyme-
mediated reactions only to produce the 13-alkoxy radi-
cal. The subsequent generation of intermediates such as
1,3-pentene allylic radicals and of ®nal products of the
pathwayÐpentene dimers and C5 alcoholsÐwere only
due to chemical radical reactions.
However, the increased enzymatic release, even if able

to explain the greater accumulation of whole C6 volatile
compounds in oils obtained from de-stoned fruits, could
not explain the quantitative distribution of each meta-
bolite that was rather di�erent in the two kinds of oils.
The rate of the increase of C6 compounds coming

from LnA and LA was not the same for the same
malaxation time. In fact, total amount of C6 metabolites
arising from LnA increased to about 21% in oils
obtained without paste malaxation, 28% at 15 min of
malaxation and 53% at 30 min, whereas the content of
C6 compounds from LA showed more signi®cant
increases ranging from about 100 to 180%. Quantita-
tively, the most important metabolite from LA was
hexanal. The results suggest that the enzymatic oxida-
tion of linoleic acid was promoted when olive stones
were not present in the pastes submitted to the oil
extraction. This feature was unexpected in oils from de-
stoned fruits because of the occurrence of a 13-LOX
catalyzing the oxidation of LA observed by Georgalaki
et al. (1998) in the endosperm of olive fruits. Our result
was not in agreement with those of Georgalaki et al.
(1998), and could only be explained by the removal of
some inhibitor contained in the stone that would have a
serious e�ect on the enzymatic transformation of 13-
hydroperoxides of linoleic acid.
The results show an increase of the concentration of

volatile compounds arising from LA, and in particular
of hexanal. This compound, reminescent of green apple
or green fruit odour notes (Aparicio & Morales, 1998),
gives a great contribution to the olive oil ¯avour because
of its low odour threshold mean value (Guth & Grosh,
1993). Therefore, the increase of hexanal content in oils
from de-stoned fruits should have a signi®cant positive
repercussion on the ¯avour because hexanal is related to
the fruity green aspect of the overall green aroma.
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