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Department of Physiology and Technology of Plant Products, Instituto de la Grasa, CSIC, Padre García Tejero 4, 41012 Seville, Spain

*S Supporting Information

ABSTRACT: The aim of this work was to determine whether the lipoxygenase (LOX) activity is a limiting factor for the
biosynthesis of virgin olive oil (VOO) volatile compounds during the oil extraction process. For this purpose, LOX activity load
was modified during this process using exogenous LOX activity and specific LOX inhibitors on olive cultivars producing oils with
different volatile profiles (Arbequina and Picual). Experimental data suggest that LOX activity is a limiting factor for the synthesis
of the oil volatile fraction, this limitation being significantly higher in Picual cultivar than in Arbequina, in line with the lowest
content of volatile compounds in the oils obtained from the former. Moreover, there is evidence that this limitation of LOX
activity takes place mostly during the milling step in the process of olive oil extraction.
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■ INTRODUCTION
Olive oil is one of the oldest known plant oils, and it is unique
among them because it can be consumed as a fruit juice called
virgin olive oil (VOO). This oil, one of the main components
of the Mediterranean diet, is related to protection against
cardiovascular diseases and cancer, due to its fatty acid profile
and the presence of minor amounts of phenolic constituents.1,2

However, the increase in the demand for high-quality VOO can
be attributed not only to its potential health benefits but also to
its excellent organoleptic properties. The aim of increasing the
quality standards for VOO is continuously stimulating the study
of biochemical pathways related to organoleptic properties and
the development of technological procedures to improve them.
In this sense, our group established the participation of the
lipoxygenase (LOX) pathway in the biosynthesis of compounds
of six straight-chain carbons (C6 compounds) in the olive oil
volatile fraction.3 C6 aldehydes and alcohols and the
corresponding esters are the most important compounds in
the VOO aroma, from either a quantitative or qualitative point
of view.4,5 These compounds are synthesized from polyunsa-
turated fatty acids containing a (Z,Z)-1,4-pentadiene structure
such as linoleic (LA) and linolenic (LnA) acids. In a first step of
this pathway, LOX produces the corresponding 13-hydro-
peroxide derivatives that are subsequently cleaved heterolyti-
cally by hydroperoxide lyase (HPL) to C6 aldehydes.3,6,7 C6
aldehydes can then undergo reduction by alcohol dehydro-
genases (ADH) to form C6 alcohols3,8 and can finally be
transformed into the corresponding esters by means of an
alcohol acyltransferase.3,9 Moreover, Angerosa et al.5 also
demonstrated the relevance of compounds of five straight-
chain carbons (C5 compounds) in the aroma of olive oil. C5
compounds would be generated through an additional branch
of the LOX pathway that would involve the production of a 13-
alkoxyl radical by LOX as demonstrated in soybean seeds.10

This radical would undergo subsequent nonenzymatic β-
scission in a homolytic way to form a 1,3-pentene allylic
radical that could be chemically dimerized to form pentene

dimers (PD) or react with a hydroxyl radical to form C5
alcohols. The latter would be the origin of C5 carbonyl
compounds present in the volatile fraction of olive oil through
an enzymatic oxidation by ADH as suggested to occur in
soybean leaves.11 The lack of HPL activity gives rise to an
accumulation of hydroperoxides and a subsequent increase of
the homolytic LOX branch activity, producing higher contents
of C5 compounds as demonstrated in antisense-mediated HPL-
depleted tomato plants.12

There are quite a number of studies describing the way
technological procedures affect VOO volatile compound profile
or the biosynthetic pathway determining this profile.13−18

However, as far as we know, the studies devoted to identifying
limiting factors for the biosynthesis of VOO aroma are scarce.
LOX activity is the first enzyme acting in the homonymous
pathway producing VOO volatile compounds. Taking into
account differences in volatile contents in Arbequina and Picual
oils that are not satisfactorily explained by the availability of
nonesterified polyunsaturated fatty acids during VOO extrac-
tion process,19 the aim of the present work was to study
whether the LOX activity load is a limiting factor for the
biosynthesis of VOO volatile compounds during the process to
obtain this oil.

■ MATERIALS AND METHODS
Chemicals and Reagents. Soybean LOX-1 and LOX inhibitors

octyl gallate, phenidone, and phenylbutazone were purchased from
Sigma-Aldrich (St. Louis, MO). Reference compounds used for
volatile identification were also supplied by Sigma-Aldrich except for
(Z)-hex-3-enal, which was generously supplied by S. A. Perlarom
(Louvaine-La-Neuve, Belgium). Compounds such as (E)-hex-3-enal,
(Z)-hex-2-enal, (Z)-pent-2-enal, and PD were tentatively identified on
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the basis of mass spectra and their concentrations approximately
quantified according to their available isomers.
Plant Material. Olive fruits (Olea europaea L.) of cultivars Picual

and Arbequina were harvested in CIFA Cabra-Priego orchards (Cabra,
Cordoba, Spain) during the 2007−2009 olive fruit seasons (October−
December) at maturity index (MI) 1 (fruits with green yellowish skin)
and at MI 5 (fruits with black skin and <50% purple flesh), according
to the method of Garcia and Yousfi.20

Olive Oil Extraction. Olive oil extraction was performed using an
Abencor analyzer (Comercial Abengoa, S.A., Seville, Spain) that
simulates at laboratory scale the industrial process of VOO production.
Milling of olive fruits (1 kg) was performed using a stainless steel
hammer mill operating at 3000 rpm provided with a 5 mm sieve. The
resulting olive pastes were immediately kneaded in a mixer at 50 rpm
for 30 min at 30 °C. Centrifugation of the kneaded olive pastes was
performed in a basket centrifuge at 3500 rpm for 1 min. After
centrifugation, oils were decanted and paper-filtered. Samples for
volatile compound analyses (0.5 g each) were stored under nitrogen at
−18 °C until analysis.
To increase or decrease the LOX activity load during the process to

obtain the oil, different amounts of soybean LOX-1 or LOX inhibitors
such as octyl gallate, phenidone, and phenylbutazone were added to
the olive fruits during the milling step or at the beginning of the
kneading step. Duplicate experiments were carried out for each cultivar
and maturity index.
Analysis of Volatile Compounds. Olive oil samples were

conditioned to room temperature and then placed in a vial heater at
40 °C. After 10 min of equilibrium time, volatile compounds from
headspace were adsorbed on a SPME fiber DVB/Carboxen/PDMS
50/30 μm (Supelco Co., Bellefonte, PA). Sampling time was 50 min at
40 °C. Desorption of volatile compounds trapped in the SPME fiber
was done directly into the GC injector. Volatiles were analyzed three
times in duplicate experiments using a HP-6890 gas chromatograph
equipped with a DB-Wax capillary column (60 m × 0.25 mm i.d., film
thickness = 0.25 μm; J&W Scientific, Folsom, CA). Operating
conditions were as follows: N2 as carrier gas; injector and detector at
250 °C; column held for 6 min at 40 °C and then programmed at 2 °C
min−1 to 128 °C. Quantification was performed using individual
calibration curves for each identified compound by adding known
amounts of different compounds to redeodorized high-oleic sunflower
oil. Compound identification was carried out on a HRGC-MS Fisons
series 8000 equipped with a similar stationary phase column and two
different lengths, 30 and 60 m, matching against the Wiley/NBS
Library, and by GC retention time against standards.
Volatile compounds were clustered into different classes according

to the polyunsaturated fatty acid and the LOX pathway branch origin.
Quantitative data for every volatile class are the sum of the content of
the following compounds (Kovats indices are given in brackets).
C6/LnA aldehydes: (E)-hex-3-enal [1137], (Z)-hex-3-enal [1156],

(Z)-hex-2-enal [1218], and (E)-hex-2-enal [1233].
C6/LnA alcohols: (E)-hex-3-enol [1364], (Z)-hex-3-enol [1383],

and (E)-hex-2-enol [1399].
C6/LA aldehyde: hexanal [1074].
C6/LA alcohol: hexan-1-ol [1355].
C5/LnA carbonyls: pent-1-en-3-one [1018], (Z)-pent-2-enal

[1100], and (E)-pent-2-enal [1127].
C5/LnA alcohols: pent-1-en-3-ol [1168], (E)-pent-2-en-1-ol

[1322], and (Z)-pent-2-en-1-ol [1327].
PD: seven pentene dimers [965, 970, 1009, 1023, 1077, 1081, and

1083].
C5/LA carbonyls: pentan-3-one + pentan-2-one [978] and pentanal

[980].
C5/LA alcohol: pentan-1-ol [1261].
LOX esters (esters having alcoholic moieties synthesized through

the LOX pathway): hexyl acetate [1293] and (E)-hex-2-en-1-yl acetate
[1337].
Non-LOX esters (esters having alcoholic moieties that were not

synthesized through the LOX pathway): methyl acetate [716], ethyl
acetate [846], methyl hexanoate [1185], and ethyl hexanoate [1249].

Data were statistically evaluated using Statgraphics Plus 5.1
(Manugistic Inc., Rockville, MD). Analysis of variance (ANOVA)
was applied, and comparison of means was done by the Student−
Newman−Keuls/Duncan test at a significance level of 0.05.

■ RESULTS AND DISCUSSION

Previous findings suggest that the biosynthesis of VOO volatile
compounds from cultivars Arbequina and Picual depends on
the availability of substrates to be catabolized through the LOX
pathway during the process to obtain this oil.19 This availability
seems to be cultivar-dependent, and it is comparatively lower in
Arbequina than in Picual fruits. Thus, the lower contents of
volatile compounds found in Picual oils might be the result of a
lower LOX activity load during the process to obtain the oil,
despite the apparently higher availability of substrates as
compared to Arbequina fruits. To explore this possibility, LOX
activity in the different olive tissues and in olive pastes during
the VOO extraction process was determined. However,
measurements of this enzyme activity proved not to be useful
to assess the effective LOX activity load during the oil
extraction process because the enzymatic extracts displayed
quite similar levels of LOX activity when obtained from fresh
tissues (1.1−1.5 U/g FW in Picual fruits; 1.2−1.8 U/g FW in
Arbequina fruits) and no activity when obtained from olive
pastes. In this sense, there are several references in the literature
on the interference of many of the components of the fruits,
mainly phenolic compounds, on LOX activity,21−23 and it is
well-known that phenolics interact with proteins through
different mechanisms.24,25 To overcome these circumstances,
we used an indirect procedure in which was studied the effect
of modifying the LOX activity load during the oil extraction
process on the synthesis of volatile compounds. First, the effect
of increasing the level of LOX activity on the synthesis of VOO
volatile compounds was assessed by the addition of exogenous
LOX during fruit milling, the first step in the olive oil extraction
process. Soybean LOX-1 was selected because it is
commercially available and it is a type 13-LOX producing 13-
hydroperoxides from polyunsaturated fatty acids. This catalytic
characteristic is essential for the synthesis of C6 and C5
compounds present in the VOO volatile fraction.3 As shown in
Tables 1 and 2, the effect of increasing LOX activity during fruit
milling promoted a low modification of the total content of
volatile compounds of the oils, irrespective of the ripening stage
of the olive fruit, but a significant change in the volatile
compound profile that may have an important impact on the oil
from a sensory point of view. Thus, an increase in the content
of the main volatile compounds determining VOO aroma, the
C6 compounds derived from LnA (C6/LnA), was observed
when the level of exogenous LOX was increased during the oil
extraction process. For the highest dose (20 U/g fruit),
significant increases (P ≤ 0.05) for this group of compounds
were found, 12 and 4% for Arbequina fruits at MI 1 and 5,
respectively. However, the same dose of exogenous LOX
during the oil extraction of Picual fruits reached increases of
around 39 and 54% for fruits at MI 1 and 5, respectively. The
content of C6 compounds derived from LA (C6/LA) did not
show this trend, remaining unaltered or displaying even a slight
decrease. These results imply that olive LOX activity seems to
be limiting the synthesis of volatile compounds during the oil
extraction process as previously suggested and that this
limitation is significantly higher in Picual fruits than in
Arbequina fruits, regardless their ripening stage. By contrast,
the content of C5 compounds derived from LnA (C5/LnA)
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experienced a decline when exogenous LOX activity increased
during the oil extraction process from fruits from the two
cultivars and ripening stages under study, reaching around a
30% decrease for the highest LOX dose. This decrease is
observed for all classes of compounds within the C5/LnA
compounds except for the minor C5/LnA carbonyls, which, in
general, increased as the LOX dose increase. There are no
experimental clues to explain the decrease in the content of C5
compounds, but it might be related to differences between olive
LOX and exogenous LOX in the C5 synthesizing homolytic
activity, taking into account that both compete for the same
substrates. The other minor groups of volatile compounds, C5/
LA and esters, did not show precise trends when LOX doses
were increased.
A similar effect was observed in general when LOX activity

load was increased during the kneading step of the oil
extraction process. Table 3 shows the contents of volatile
compounds in the oils extracted after the addition of the
highest dose of exogenous LOX activity used above (20 U
LOX/g olive paste) during the olive paste kneading. Again, the
effect of increasing the level of the LOX activity load gave rise
to different responses depending on the olive cultivar. The
increase in LOX activity at the beginning of the kneading step
causes a significant increase (average 42%) in the content of
C6/LnA compounds in the oils from Picual fruits, regardless
their ripening stage. However, the addition of exogenous LOX
at the beginning of the kneading step of Arbequina fruit pastes
only promoted a slight but significant increase (P ≤ 0.05) in the
oils obtained from fruits at MI 1 (6%). Moreover, whereas the
contents of C5/LnA compounds in the oils from Arbequina
fruits, at either of the ripening stages under study, did not
change significantly, a decrease was observed in the case of
Picual oils, being higher when obtained from fruits at MI 5
(30%) than from fruits at MI 1 (15%). The other groups of
volatile compounds displayed no major changes. These data
suggest again a greater limitation of the LOX activity load over
the whole oil extraction process from Picual fruits than from
Arbequina fruits. Besides, the fact that increasing the LOX
activity load during the kneading step of Picual fruits produced
an increase in the volatile compound synthesis suggests that
there is still substrate available for this synthesis. However, the
almost complete lack of effect on the content of oil volatile
compounds in Arbequina suggests a depletion of substrate at
the beginning of the kneading step to be catabolized by the
LOX activity. These results will support the above-mentioned
previous findings19 suggesting that substrate availability for
LOX activity is comparatively lower in Arbequina than in Picual
fruits.
To further confirm these findings, the effect of reducing the

LOX activity load during the VOO extraction process on the
synthesis of oil volatile compounds was assessed. For this
purpose, different specific LOX inhibitors (octyl gallate,
phenidone, and phenylbutazone) were added during the oil
extraction process. Octyl gallate is a potent competitive
inhibitor of LOX activity,26 and it is currently permitted for
use as an antioxidant additive in food.27 Ruddat et al.28 stated
that the inhibition caused by octyl gallate is unlikely due to its
capability of scavenging polyunsaturated fatty acid derived free
radicals because these free radical intermediates that are formed
during the catalytic cycle of LOX remain tightly bound at the
active site and, thus, are not accessible for free radical
scavengers. As shown in Table 4, oils obtained from Picual
fruits displayed, in general, a greater reduction of the content of

volatile compounds than those from Arbequina fruits as a
consequence of the presence of the octyl gallate during the oil
extraction process, the oils obtained from fruits at MI 1 being
the most affected. Thus, theoretical half-maximal inhibitory
concentrations (IC50) calculated for total volatile synthesis were
found to be 20 and 26 mg/g fruit at MI 1 for Picual and
Arbequina, respectively, whereas IC50 values were 39 and 77
mg/g fruit at MI 5 for Picual and Arbequina, respectively. The
contents of C6 aldehydes and C5 alcohols, direct products of
the LOX/HPL enzymatic system, are the most affected as a
result of the addition of octyl gallate during the milling of olive
fruits. The contents of volatile compounds of the highest
sensory importance in VOO, C6/LnA, were reduced up to an
average 77% in both cultivars at MI 1 as a consequence of the
presence of octyl gallate during the milling of the fruit.
However, oils obtained from fruits at MI 5 displayed reductions
of 52 and 31% of the contents of C6/LnA compounds in
cultivars Picual and Arbequina, respectively. The other groups
of volatile compounds, C5 compounds and esters, have no clear
trend, although the greatest reductions in the synthesis of these
classes of compounds were always found in cultivar Picual.
Similar experiments to reduce LOX activity load during the

oil extraction process were carried out using the specific LOX
inhibitors phenidone and phenylbutazone. These potent LOX
inhibitors are not used in the food industry, but they are
currently employed in anti-inflammatory drug therapy due to
their dual cycloxygenase and LOX inhibitor characteristics.29,30

Tables 5 and 6 show the results of the addition of these
inhibitors during the milling of fruits of the cultivars and
ripening stages under study. In general, the modification of the
contents of the oil volatile compounds showed a trend similar
to those found when using octyl gallate. The degree of
inhibition caused by phenidone (Table 5) on the synthesis of
C6/LnA compounds was quite similar to that of octyl gallate,
>70% in both cultivars at MI 1 and 63 and 48% in cultivars
Picual and Arbequina at MI 5, respectively. On the other hand,
oils obtained from Picual fruits displayed, in general, a greater
reduction of the content of total volatile compounds than those
from Arbequina fruits as a consequence of the presence of
phenylbutazone during the oil extraction process, the oils
obtained from fruits at MI 1 being again the most affected. As
observed in Table 6, the degree of inhibition caused by
phenylbutazone on the synthesis of volatile compounds was, in
general, and particularly on C6/LnA compounds, significantly
lower than that caused by octyl gallate or phenidone. Data
obtained in experiments with inhibitors showed a higher
modification of the synthesis of VOO volatile compounds in
cultivar Picual than in Arbequina, so that they point again to an
apparent greater limitation of LOX activity in fruits of cultivar
Picual than in cultivar Arbequina.
The inhibition characteristics seem to be different depending

on the inhibitor as shown when the effect on the synthesis of
each class of volatile compounds is examined. For instance,
phenidone reduces by >90% the synthesis of C5/LnA
compounds, especially of the PD compounds, whereas octyl
gallate and phenylbutazone showed inhibition percentages
lower than those observed for the synthesis of C6/LnA
compounds. Besides, phenidone strongly enhanced the syn-
thesis of C5/LA compounds, especially in the milling of olive
fruits at MI 1 from both cultivars, whereas the other two
inhibitors showed different trends depending on the cultivar
and ripening stage. The reason for these different inhibition
characteristics might be related to the different capacities of
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scavenging intermediate free radicals formed during the
catalytic cycle of LOX.
The addition of LOX inhibitors during the kneading step in

the oil extraction process also led to a reduction of the contents
of oil volatile compounds (Tables A and B in the Supporting
Information). The pattern of the synthesis inhibition for each
group of volatile compounds showed a trend similar to that
observed when the addition was carried out during the milling
step, but the reduction of the contents of the oil volatile
compounds was lower. Data showed that octyl gallate gives rise
to an average 40% decrease in the synthesis of C6/LnA
compounds in both cultivars, whereas the average decrease is
higher in Picual than in Arbequina cultivar when using
phenidone and, especially, phenylbutazone. Again, experimental
data point to a higher limitation of LOX activity in cultivar
Picual than in Arbequina. On the other hand, the fact that there
is an inhibition of the synthesis of volatile compounds when the
inhibitor is present during the kneading step indicates that
there is some LOX activity in the recently obtained olive paste,
although probably it is lost rapidly when advancing the paste
kneading. Thus, volatile compound synthesis might be still
feasible during this step in the oil extraction process. Thus,
results are compatible with the assumption that most of the
volatile compounds produced through the LOX pathway are
synthesized in the milling step of the VOO extraction process,
as suggested earlier.31 In this sense, Angerosa et al.14 pointed
out that after the very fast synthesis of volatile compounds
occurring during cell disruption at milling, the partition
phenomena between the oily and aqueous phases would be
the main factor responsible for the variations of the volatile
content in the oils during the kneading step. The reasons for
this apparent low rate of volatile compound synthesis during
the kneading step remain unclear, but our experimental data
suggest that it is not entirely associated with a shortage of
substrates for the LOX pathway, occurring as a consequence of
the depletion of these substrates during the previous milling
step as previously suggested,31 but more likely with a
deactivation of the LOX activity by components in the olive
paste, probably oxidized phenolics arising during the milling
step. The role of olive polyphenol oxidase and peroxidase
acting as major factors oxidizing phenolics during VOO
production has been reported.32 This inactivating role of
oxidized phenolics on enzymatic activity is well-established24,25

and can contribute to reduce the effective enzyme activity load
during the oil extraction process.
In summary, there is evidence that the LOX activity level in

the fruit is a limiting factor for the synthesis of the oil volatile
fraction, this limitation being significantly higher in olive
cultivar Picual than in Arbequina, in line with the lowest
content of volatile compounds in the oils being obtained from
Picual fruits. Moreover, experimental data suggest that this
limitation of LOX activity takes place mainly during the milling
step in the process of olive oil extraction because most of the
VOO volatile compounds seem to be synthesized during this
step.
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