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Despite the potential of sesquiterpene hydrocarbons in olive oil authentication, their metabolism in
Olea europaea is poorly understood, and little is known about their biochemical regulation in olives
as a function of ripening. To ascertain some metabolic relationships between sesquiterpene
hydrocarbons and olive ripening, the content of sesquiterpene hydrocarbons was assessed in virgin
olive oils from two olive varieties grown in the same geographical area and produced at different
harvesting periods. During the ripening, the accumulation of sesquiterpenes in the olive itself, and
thus in the oil, differed according to their molecular structure: bicyclic sesquiterpenes, showed
decreasing concentrations the later the harvest, while acyclic farnesene-like compounds progres-
sively increased through the olive ripening process. This is first evidence that the accumulation of
sesquiterpene hydrocarbons in olive, and hence in olive oil, is modulated during ripening. Therefore,
the degree of ripening of olives should be taken into consideration when considering the
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sesquiterpenic profile of virgin olive oil for their authentication.
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INTRODUCTION

Sesquiterpenes are widespread secondary plant metabolites
that exhibit a wide range of biological properties from herbivore
defense to signaling infochemicals in plant—insect interac-
tions (I —4). Their biosynthesis in various plant organs including
leaves, roots, and fruit (§) is developmentally regulated and takes
place in response to both biotic and abiotic factors (6). In Olea
europaea, the amounts and type of sesquiterpenes vary markedly
between the leaves and olive fruits (7), and the metabolic relation-
ship between the various parts and sesquiterpene hydrocarbon
content is poorly understood. The changes that occur in olives are
directly reflected in the composition of virgin olive oil, and
interest in this area is related to the importance of sesquiterpenes
in virgin olive oil authentication. Recent results indicate that
sesquiterpene hydrocarbons could be suitable markers of virgin
olive oil varieties and geographical areas of production (§—12).
In comparison to other volatile substances found in olive oil,
the presence of terpenic hydrocarbons should be relatively less
influenced by technological factors and determined mainly by the
variety and growing conditions of the olive trees (/7). Never-
theless, as occurs for other metabolites, the accumulation of
sesquiterpenes in the olive itself, and thus in the oil, can also be
influenced by the ripening process. Evidence of developmen-
tal regulation of sesquiterpenes in some plants has been re-
ported (I3, 14), in particular regarding specifically expressed
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terpene synthases at particular stages of fruit development or
ripening (6). Despite the potential of terpenoid volatiles in olive
oil authentication, little is known about the biochemical and
molecular regulation of terpenoids in olives as a function
of ripening. A recent study of gene expression patterns in
0. europaea fruits reported that transcripts involved in terpenoid
biosynthesis and in responses to biotic and abiotic stress are
mainly expressed at early stages of fruit development (/5). To the
best of our knowledge no data are available on the relationship
between olive maturation and the content of sesquiterpene
hydrocarbons in the oil.

With the aim to evaluate the effect of olive ripening on the use
of sesquiterpene hydrocarbons for virgin olive oil authentication
and to ascertain some metabolic relationships between sesquiter-
pene hydrocarbons and olive development, the content of sesqui-
terpene hydrocarbons was assessed in virgin olive oils from two
olive varieties grown in the same geographical area and produced
at different harvesting periods.

MATERIALS AND METHODS

Reagents and Materials. The SPME fiber used was divinylbenzene/
carboxen/polydimethylsiloxane, 50/30 um, 2 cm long (DVB/CAR/
PDMSY), from Supelco (Bellefonte, PA).

Chemicals. Farnesene (isomer mixture) was from TCI (Tokyo, Japan).
Indene, cyclosativene, a-copaene, and f-caryophyllene were from Sigma-
Aldrich (St. Louis, MO).

Olive Oil Sampling. Thirty oil samples from Olive Tree Institute
Experimental field Taous (Sfax-Tunisia) were obtained in 2008/2009 from
two main Tunisian varieties: Chemlali (n = 18) and Chetoui (n = 12),
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Table 1. Maturity Index (MI) of Chemlali and Chetoui Olives at the Distinct
Collection Dates

harvest date Chemlali MI Chetoui MI
22/10/2008 1 1.5 1 0.8
2 1.5 2 1.0
3 1.8 3 1.0
11/11/2008 4 1.9 4 1.3
5 2.0 5 1.4
6 2.0 6 1.5
27/11/2008 7 2.5 7 2.0
8 2.2 8 1.9
9 2.7 9 1.8
10/12/2008 10 45 10 3.1
1 53 1 2.9
12 49 12 2.9
06/01/2009 13 55
14 54
15 5.4
03/02/2009 16 6.0
17 6.2
18 6.5

during six and four different harvesting periods, respectively. At each
sampling point, three olive oils were extracted from olives harvested from
three different plants of comparable age and vigor and located in distinct
points of the same parcel. The maturation index was determined according
to the “Estacion de Olivicultura de Jaén” (16) and is reported in Table 1.
Five kilograms of olives from each tree was processed by a pilot extraction
plant Abencor MC2 (Comercial Abengoa S.A., Sevilla, Spain) equipped
with a hammer crusher, a paste beater, and a pulp centrifuge. Malaxation
was carried out at 28 °C for 30 min. The virgin olive oils thus obtained were
then decanted, bottled, and stored in the dark at 4 °C until analysis, which
were carried out in duplicate. All of the samples were classified as extra
virgin olive oils according to the EU regulations (17, 18).

Solid-Phase Microextraction (SPME). SPME was performed as
described by Vichi et al. (12). Briefly, 2 g of oil spiked with indene (internal
standard) was weighed into a 10 mL vial fitted with a silicone septum and
placed into a silicone oil bath at 70 °C where the oil was magnetically
stirred (700 rpm). After 10 min of sample conditioning, a DVB/CAR/
PDMS fiber was exposed for 60 min to the sample headspace and
immediately desorbed in the gas chromatograph injector. Each extraction
was performed in duplicate.

Gas Chromatography/Mass Spectrometry (GC/MS). Identifica-
tion and quantification of compounds were performed by gas chroma-
tography coupled to quadrupolar mass selective spectrometry using an
Agilent 5973 Network detector (Agilent Technologies, Palo Alto, CA).
Analytes were separated on Supelcowax-10 (Supelco) and on DB-1 (J&W
Scientific, Agilent Technologies, Palo Alto, CA) capillary columns, both
60m x 0.25 mm i.d. and 0.25 ym film thickness. The column temperature
was held at 60 °C for 3 min, increased to 160 °C at 3 °C/min and then to
270 °C at 15 °C/min, and held for 5 min. The injector temperature was
260 °C, and the time of desorption of the fiber into the injection port was
fixed at 5 min. Helium was the carrier gas at a linear velocity of 38 cm/s.
The temperature of the ion source was 175 °C and of the transfer line
280 °C. Electron impact mass spectra were recorded at 70 eV ionization
energy, two scans/s.

GC-MS analysis in the complete scanning mode (SCAN) in the 40—300
unit mass range was performed to identify compounds in the oil samples.
Quantitative assessment of sesquiterpene hydrocarbons was carried out in
the selected ion monitoring (SIM) by analyzing the following ions: m/z 93,
115, 119, 69, 161, 157, 159, 204, and 202.

Characterization of Sesquiterpene Hydrocarbons in Virgin Olive Oil.
Compounds were identified by comparison of their mass spectra and
retention times with those of standard compounds or by comparison of
the mass spectrum with those in the mass spectrum library, Wiley sixth.
Nonisothermal Kovats retention indices, using the definition of Van den
Dool and Kratz, were calculated and compared with those available in the
literature.

Response factors of standard sesquiterpene hydrocarbons were calcu-
lated using a calibration curve by analyzing deodorized sunflower oil with
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different concentrations of reference compounds. Standard solutions were
prepared in the range 0.1—50 mg/kg and analyzed in duplicate under the
same conditions described for the samples. The internal standard (indene)
concentration in the samples was maintained at 10 ug/kg.

Statistics. Data were analyzed using the package Statgraphics Plus 5.1.
Simple regression was applied to relate the concentration of sesquiterpene
hydrocarbons in the oils to the time of olive harvesting.

RESULTS AND DISCUSSION

Table 2 reports the sesquiterpene hydrocarbons detected in
virgin olive oils from Chemlali and Chetoui olive varieties.
Sesquiterpene concentrations were calculated using the o-co-
paene response factor when the reference compound was not
available and ranged between undetectable amounts to approxi-
mately 133 mg/kg.

The inter-tree variability in sesquiterpene amounts at each
sampling point depended on the compound analyzed and ranged
from 1% to more than 50% in a few cases (Figures 1 and 2);
however, the relative standard deviation (RSD) was in general
lower than 10% (Table 2). This inter-tree variability could not be
related to the small differences in the maturation index of the
samples reported in Table 1.

The amounts of all of the detected sesquiterpenes were higher
in oils from Chetoui olives than in those from Chemlali olives
produced in the same area (Table 2). In particular, Chetoui oils
were characterized by much higher levels of a-bergamotene.
Other sesquiterpenes, such as cyclosativene, a-copaene, and
o-muurolene, showed quite similar concentrations in the two
oil varieties obtained on each harvesting date (Figure 1). Further-
more, these compounds presented rather high inter-tree varia-
bility: above 30% for Chemlali oils and above 15% for Chetoui
oils.

Two groups of sesquiterpenes could be distinguished in the oils
according to their molecular structure and their behavior during
ripening: bicyclic sesquiterpenes, mostly characterized by a cada-
lane backbone, in most cases showed decreasing concentrations
the later the harvest (Figure 1), while acyclic sesquiterpenes, with a
farnesane skeleton, progressively increased through the olive
ripening process (Figure 2). The only cyclic sesquiterpene found
to increase during ripening (Figure 2) was the tentatively identi-
fied ar-curcumene. The correlation between the amount of these
sesquiterpenes in the oil and the harvesting period was significant
in most of the cases, except for compounds 2, 3, and 14 in Chetoui
oils, for which the harvesting period was shorter than for
Chemlali oils (Figure 1). On the other hand, the amounts of
B-caryophyllene and -sesquiphellandrene were not significantly
correlated to the olive ripening process in either variety.

Acyclic sesquiterpenes such as a-farnesene have already been
associated with late stages in the ripening process in plants
other than O. europaea. In particular, the relationship between
ripening-related ethylene synthesis and a-farnesene accumulation
is well documented in apples and pears (13, 19—21). Conversely,
no previous data relating other farnesene-like sesquiterpenes to
fruit maturity are currently available. Although no evidence of
developmental regulation of sesquiterpene synthases has been
found in olives, genes encoding farnesyl pyrophosphate synthase
were reported to be highly expressed at later stages of olive
development (15). This could be in accordance with the increase
of acyclic sesquiterpenes documented in this study. On the other
hand, the regulation of some plant isoprenoids by abiotic factors
such as temperature has been demonstrated (22, 23). This may
correlate with the evolution of cyclic sesquiterpenes mentioned
above, considering that environmental stress factors, such as
temperature or UV emission, decrease over the course of the
harvesting period. Although the data available do not allow us to
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Table 2. Characterization of Sesquiterpene Hydrocarbons in Virgin Olive Oils, with Relative Standard Deviation (%) Calculated on Five Replicates, and Response
Factor Used for Quantification of Each Compound?

Vichi et al.

conen (mg/kg)

ion® ID° KI WAX? KI-DB1¢ RSD’ Chemlali oils min—max Chetoui oils min—max
1 o-cubebene 161 g h 1455 1351 5.5 0.140.01—0.3 £ 0.04’ 0.3+0.0—-1.0£0.2
2 cyclosativene 161 g hj 1482 1372 54 1.0404-24 +1.2F 29+04-33+05
3 o-copaene 161 g hj 1490 1379 4.1 11.0+4.4-21.14102' 235+44-276+42
4 ni' sesquiterpene 119 1530 1389 24 0.140.02—0.3£0.07' 9.7+45-16.1+£22
5 o-bergamotene 119 g h 1583 1442 35 0240.1-0.9 0.4’ 122+6.9—-25.0+39
6 calarene 161 g h 1595 35 04+01-1.0+03 1.04+£0.1-19+04
7 p-caryophyllene 93 g hj 1602 1427 6.4 35+04-9.0£027 584+1.0—-81+£05
8 (2)-p-tamesene 69 g hj 1646 47 33+02-75+04 224+09-6.3+4.9
9 (E)-p-faresene 69 g hj 1662 1456 42 0.4+0.03—1.7 £0.03 0.7+£03-1.3+02
10 ni sesquiterpene 119 1683 7.0 0.040.03—0.2 £ 0.02' 05+01-12+03
11 (Z,2)-a-famesene 93 g hj 1688 43 0.140.04—2.8 +£0.14' 06+02—-27+09
12 y-muurolene 161 g h 1692 1479 35 0.3+0.00—0.7£0.1' 1.0+£0.1-22+0.3
13 (ZE)-a-farnesene 93 g hj 1724 5.1 0.6+0.00—1.3+0.1 144+03-27+£13
14 o-muurolene 161 g h 1732 1498 24 01+£05-72+08 1.6+£0.7-6.9 £0.5
15 (E,E)-o-farnesene 93 g h’ 1752 1499 33 1.4404-133.143.8 18.4+6.8—119.5+37.6
16 d-cadinene 161 g h 1767 1522 14.9 1.04£02-23+02' 23+01-46+£09
17 [-sesquiphellandrene 161 g h 1777 5.4 0.040.01—0.140.02' 1.0+£01-2.0+£0.2
18 ar-curcumene 119 g h 1780 1478 9.6 21+04-62+08 6.7£1.0—-153 £1.8
19 allofarnesene isomer 93 g 1820 1548 15.0 0.040.01—0.7 £ 0.3’ 0.1£0.1-0.9 £0.1
20 calamenene 159 g h 1846 1518 6.5 12406-24+08 24+02-45+1.1
21 allofarnesene isomer 93 g 1854 1565 4.6 0.0 £0.0-1.2402' 02+£0.03—1.3£0.2
22 (2)2,(E)4,(E)6-allofarnesene 93 g h 1894 1588 5.5 0.1+£0.02—4.7 £04' 0.74+0.02—4.3 +£0.4
23 (E)2,(2)4,(E)6-allofarnesene 93 g h 1929 1612 8.6 0.1+0.06—5.1 0.6 0.7+£02—-47+07
24 calacorene 157 g h 1934 12.8 0.3+0.0—0.5+0.04' 06+02—1.0£0.1

@ Concentrations of sesquiterpenes in oils, determined after separation on a Supelcowax capillary column, are expressed as minimum and maximum values during the olive
ripening = the standard deviation due to the inter-tree vanablllty ©lon: ion used for quantification. °ID: identification method. KI WAX: Kovéts' indices on Supelcowax capillary
column. °KI-DB1: Kovats' indices on DB-1 capillary column. "RSD: relative standard deviation (%). ¢ Tentatlvely identified by mass spectra. " Tentatively |dent|f|ed by retention
indices. ' Quantified using a-copaene response factor. /Identified by comparison with standard compounds. ¥ Quantified using cyclosativene response factor. 'ni: not identified.
™Quantified using 3-caryophyllene response factor. i
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Figure 1. Decreasing evolution of cyclic sesquiterpenes identified or tentatively identified in virgin olive oils from Chemlali (M) and Chetoui (A) olives
harvested in different periods. The harvest dates are represented as the number of days after the first collection date (22/10/2008). The linear correlation
between the amount of sesquiterpenes and time (coefficient of regression, r) and its significance (p values) are reported for each compound.
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Figure 2. Increasing evolution of faresane-like sesquiterpenes and ar-curcumene identified or tentatively identified in virgin olive oils from Chemlali (M) and
Chetoui (A) olives harvested in different periods. The harvest dates are represented as the number of days after the first collection date (22/10/2008). The
linear correlation between the amount of sesquiterpenes and time (coefficient of regression, r) and its significance (p values) are reported for each compound.

ascertain the existence of such a relationship, they represent a
starting point for further research.

These results represent the first evidence that the accumulation
of sesquiterpene hydrocarbons in olive, and hence in olive oil, is
modulated during ripening, as occurs with other olive secondary
metabolites. The role of distinct classes of sesquiterpenes in olive
metabolism is largely unknown, but in view of these results it can
be assumed that the accumulation of cyclic and acyclic sesqui-
terpene hydrocarbons in olives undergoes different regulation.

From the point of view of olive oil authentication, since the
accumulation of distinct classes of sesquiterpenes significantly
varies during the maturation process, the degree of ripening of
olives should be taken into account when considering the sesqui-
terpenic profile of virgin olive oil. On the basis of these first results
concerning sesquiterpene evolution during olive maturation, the
proportions of the distinct sesquiterpenes in virgin olive oil could
be studied in a large number of samples as potential markers of
olive ripeness.
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