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a  b  s  t  r  a  c  t

The  concentrations  of different  metabolites  in olive  (Olea  europaea  (L.))  fruit  at harvest  can  be  affected
by  water  availability,  with  significant  consequences  on  the composition  and the quality  of  the  resulting
oil.  The  aim  of  the present  study  was  to profile  the  metabolic  composition  of ripe  olives  (cv.  Cipressino)
grown  under  water-stress  and  irrigated  conditions  applied  during  the  last  part  of the  fruit  developmental
cycle  (from  pit  hardening  to commercial  harvest).  The  imposed  conditions  resulted  in  a moderate  water
stress  (−3.5  MPa)  at the  end  of the  experimental  period.  Samples  (pulp  +  skin)  of  fruit  collected  at  the
stage  of complete  epicarp  pigmentation  were  analyzed  by  means  of  GC–MS.  In  total,  176  metabolites
were  detected,  of which  57  were  identified.  Principal  component  analysis  (PCA)  of  stress  and  non-stress
ipe fruit
ater stress

treatments  resulted  in clearly  separated  profiles  with  the first  principal  component  (PC1)  mostly  corre-
lated  with  the  organic  acid  content.  Of the 57 compounds  identified,  19 metabolites  (organic  acids,  fatty
acids,  soluble  sugars,  and  terpens)  accumulated  differently  in  the  two  sets  of samples.  A  reduction  in
soluble  sugars  and  unsaturated  fatty  acids  was  detected  in water  stressed  samples,  suggesting  an  accel-
eration  of the  ripening  process.  These  results  highlighted  the  validity  of metabolic  profiling  to  study  the
effects  of water  stress  in terms  of both  fruit  composition  and physiology.
. Introduction

In Mediterranean agro-ecosystems, water shortage is one of
he main growth-limiting factors. Olive can survive under pro-
onged periods of drought through morphological, physiological
nd biochemical adaptation to a water deficit. Olive trees are able
o take up water below the standard permanent wilting point

easured for most crops (generally at −1.5 MPa) and to recover
rom very low leaf water potential (−6.0 MPa) (Dichio et al., 2003).

ater availability affects the general development and the com-
osition of olive fruits inducing slight changes in the taste of
he resulting oil (d’Andria et al., 2009; Gomez-Rico et al., 2009;

artinelli et al., 2012a,b). Particular attention has been given to

he changes in nutraceuticals such as phenols, which are present
s a complex mixture in both olive fruits and oil (Patumi et al.,
002; d’Andria et al., 2004; Gomez-Rico et al., 2007; Martinelli and
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Tonutti, 2012) and characterized by antioxidant, anti-atherogenic,
anti-cancerogenic properties (Hashim et al., 2008; Llorente-Cortes
et al., 2010). Although the phenolic content in olives may  dif-
fer by genotype, olive fruits harvested from irrigated trees in
general show lower accumulation of total phenols (Tovar et al.,
2001; Marsilio et al., 2006; Martinelli et al., 2012a,b). However,
contrasting evidence means that the relation between water avail-
ability and the content of some particularly important polyphenols
such as oleuropein has not yet been fully clarified (Patumi et al.,
2002; Gomez-Rico et al., 2009). Besides phenol compounds, water
availability also affects the concentration of some of the main
metabolites in olive fruits such as free fatty acids, sterols and ter-
pens (Berenguer et al., 2006; Gomez-Rico et al., 2007). However,
other compounds still need to be studied and/or identified.

Transcriptomics has been widely applied to elucidate fruit
metabolism changes in response to biotic and abiotic stresses
(Martinelli et al., 2012a,b; Rivarola et al., 2011) or dehydration
postharvest treatments (Rizzini et al., 2010). Metabolomics and
metabolic profiling approaches are being applied in plant sciences
as complementary techniques to validate data at a transcriptomic

and proteomic level (Weckwerth, 2011; Fernie and Stitt, 2012).
Metabolome analysis is extremely useful since metabolites influ-
ence the phenotype more directly than transcripts or proteins,
given that they represent the final results of the different regulation
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evels existing in cells and tissues. Metabolic profiling and non-
argeted metabolomic approaches have recently been exploited to
nderstand metabolic changes and identify biomarkers in fruit, in
elation to agronomic factors and biotic/abiotic stresses (Dandekar
t al., 2010; Lee et al., 2012; Slisz et al., 2012; Tosetti et al., 2012).

The aim of this work was to evaluate the composition of ripe
live fruit through metabolic profiling in order to better charac-
erize the effects of water stress during the final part of the fruit
evelopmental cycle.

. Materials and methods

.1. Plant material, experimental design, and fruit sampling

Twelve 5-year-old olive (Olea europaea (L.), cv Cipressino)
lants, grown in 17 l pots with artificial substrates constituted
y peat/pumice/sand 40/40/20 (v/v/v) in Pisa, Italy, were selected
ased on similar canopy size and crop load. A complete random-

zed design with six replicates was established. Treatments were:
ater-stressed (WS) and irrigated (IR). The water stress conditions
ere created on six trees by wrapping the vase from day of the

ear (DOY) 216 (corresponding to pit-hardening stage) and until
he ripe stage (DOY 236) when fruit samples were collected. The
ix IR trees were daily irrigated from DOY 216 to DOY 236 with
00% of effective evapotranspiration (IR). Effective evapotranspi-
ation, determined by weighing each pot daily, was approximately
00–700 ml  d−1. The diameters of 50 fruits per treatment were
easured, with a digital calibre, every 5–10 days between DOY 196

nd DOY 236. Data are reported as percentage variations compared
o DOY 196. Two pools of 10 fruits were sampled from three trees
er treatment at the ripe stage (complete pigmentation of the epi-
arp, DOY 236) and epicarp and mesocarp tissues were immediately
rozen in liquid nitrogen and stored at −80 ◦C.

.2. Stem water potentials and leaf gas exchange measurements

MD�S were measured using a Scholander type pressure cham-
er (Technogas, Pisa, Italy) on one leaf per tree with 6 replicates per
reatment. The pressurization rate was 0.2 MPa every 30 s. Leaves,
reviously wrapped in aluminium foil and encased in polyethylene
ags at least one hour before measurement, were cut off halfway
long the stalk and immediately processed (Turner and Long, 1980).
as exchanges at saturating light (namely at >1200 �mol  m−2 s−1

ver the PAR waveband) were measured on medial leaves, using
 portable infrared gas analyser Li-Cor 6400 (Li-Cor Inc., Lincoln,
E, USA) operating at 35 ± 0.5 Pa ambient CO2. Gas exchange was
etermined at 12.00 h.

.3. Metabolite extraction and derivatization

Two pools of 10 fruits per tree were analyzed for a total of 6
eplicates for each treatment. Fruits were ground and 2 ml  of pre-
hilled extraction solvent (MetOH:CHCl3:1:1) (v/v) were added to
0 mg  of ground tissues (mesocarp and epicarp), stirred at 4 ◦C
er 5 min  and then centrifuged at 6000 rpm for 2 min. An aliquot
f 20 �l of supernatant was completely dried in a SpeedVac con-
entrator. Derivatization was performed with methoxyamine and
-methy-N-(trimethylsilyl) trifluoroacetamide and separations
ere performed with an Agilent 6890 GC gas chromatographer (GC)

oupled to a quadrupolar mass spectrometer (MS) and equipped
ith a Zorbax-C 8 column. Samples (1 �l) were introduced in both
plitless and split modes. In splitless conditions, a helium (carrier
as) purge flow of 10.5 ml/min was applied for 1 min  (8.2 psi). In
plit mode, the split ratio was 1:10 and a split flow rate 10.3 ml/min.
he source temperature was 230 ◦C, oven was ramped by 10 ◦C/min
culturae 159 (2013) 52–58 53

from 60 ◦C (1 min  initial time) to 325 ◦C (10 min  final time), result-
ing in a 37.5 min  run time with cooling down to 60 ◦C. The carrier
gas was  flowed at a constant rate of 1 ml/min. The MS  was set at
150 ◦C, with a 5.90 min  solvent delay time and scan range from
50 to 600 atomic mass units. Prior to the acquisition, the MS  was
autotuned using FC43 according to the instrument manual.

2.4. Data acquisition and peak identification

The relative concentrations were determined by peak areas.
The Agilent Fiehn GC/MS Metabolomics RTL Library was  used for
metabolite identifications. This library contains searches for more
than 700 common metabolites in relation to their GC/MS EI spec-
tra and retention time indexes. All peak detections were manually
checked for false positive and false negative assignments and cor-
rected with retention time locking to reduce run-to-run retention
time variation.

2.5. Statistical analysis

All the variables corresponding to proportion were arcsine
transformed before analysis to better fit with the Gaussian law
distribution. Data of fruit diameter, stem water potential and leaf
gas-exchange were analyzed according to the experimental design
using Statgraphics software. GC–MS data were analyzed using SAS
software. A principal component analysis (PCA) was performed on
the raw data (Princomp procedure, SAS Institute 2002) with the aim
to discriminate between WS and IR treatments. Before carrying out
the PCA, mean values per trait were standardized to a mean equal to
0 and standard deviation equal to 1. Correlations among variables
were calculated and where two or more variables were highly cor-
related (r > 0.70), one was  discarded to avoid element weighting
distortion as suggested by Pengelly and Maass (2001). The princi-
pal components that explained more than 10% total variance were
retained for cluster analysis (CA; Cluster procedure, SAS Institute
2002), adopting the Euclidean distance as a measure of dissimilar-
ity and the average method as a clustering algorithm. The number
of clusters was estimated using pseudo F and t2 statistics (Milligan
and Cooper, 1985).

3. Results

3.1. Fruit growth, stem water potential and leaf gas-exchange
data

The different water regimes affected fruit diameter, stem water
potential (MD�S) and leaf gas exchange (net photosynthesis, PN;
stomatal conductance, gS,) at the end of the experimental period
(DOY 236). Compared to the first measurement (DOY 196), fruit
diameter increase at harvest was 33% and 28% in IR and WS  trees,
respectively (Fig. 1A). MD�S (Fig. 1B) values remained constant
in irrigated pots (around −2.0 MPa) throughout the whole experi-
ment, whereas lack of irrigation led to a reduction in MD�S (up to
−3.7 MPa  at DOY 236). These data indicate that a moderate water
stress was applied.

At the end of experimental period PN and gS were 50% and 61%
lower in WS  than in IR olive trees, respectively (Fig. 2A and B).
Fruit drop from DOY 196 to DOY 236 was not statistically different
between treatments (around 4% in both cases).

3.2. Metabolite profiling analysis
The non-targeted metabolomic analysis displayed a total of 176
peaks, 57 of which were identified though a comparison with the
Agilent Fiehn GC/MS Metabolomics RTL Library and mass spectra
interpretation. The compounds identified were grouped as acids
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Fig. 1. (A) Fruit diameter variations (in % referred to DOY 196) measured in irri-
gated (IR) and water stressed (WS) potted olive trees. Means (± standard error)
with  asterisk are significantly different (n = 50, P ≤ 0.05).(B) Midday stem water
potential (MD�S, −MPa) measured in irrigated (IR) and water-stressed (WS) potted
o
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Fig. 2. Net photosynthesis (PN, �mol CO2 m−2 s−1; (A) and stomatal conductance
(gS, mol  H2O m−2 s−1; (B) in irrigated (IR) and water-stressed (WS) potted olive trees.
live trees. Means (± standard error) with asterisk are significantly different (n = 5,
 ≤ 0.05).

aromatic, non aromatic and fatty), sugars (soluble and structural)
nd terpens (Table 1). Considering these groups of metabolites,

S significantly reduced total sugars (TSs) and total soluble sug-

rs (TSSs): since total acids (TAs) appeared not to be affected, WS
esulted in a reduction in the TSS/TA ratio. No significant difference

able 1
verage composition (as area, in arbitrary units, of the chromatographic peaks) of

R  and WS  fruit extracts.

Class of compounds IR WS P-valuea

Total acids (TA) 54.57 51.22 0.40
Non-aromatic organic acids 18.97 16.01 0.11
Aromatic organic acids 3.66 4.17 0.48
Total fatty acids (FA) 31.95 31.03 0.70

SFAb 25.83 26.92 0.57
UFAc 6.12 4.11 0.04

Total sugars 42.40 32.37 0.02
Total soluble sugars (TSS) 40.94 30.93 0.02
Structural sugars 1.45 1.44 0.88

Terpens 1.47 3.20 0.002

TSS to TA ratio 0.75 0.61 0.03
TSS to FA ratio 1.81 1.58 0.01
SFA to UFA ratio 4.41 7.10 0.03

a P-values ≤ 0.05 are shown in bold.
b Saturated fatty acids.
c Unsaturated fatty acids.
Means (± standard error) with asterisk are significantly different (n = 9, P ≤ 0.05).

was observed in terms of total (FA) and saturated fatty acid (SFA),
whereas unsaturated fatty acids (UFA) decreased in the WS  sam-
ples (Table 2), resulting in a change in the SFA/UFA ratio. Terpenes
markedly increased in the WS samples.

The different water regimes caused significant (P value ≤ 0.1)
variations in 19 of the 57 compounds identified. The most pro-
nounced and significant (P ≤ 0.001) changes occurred in terms
of ascorbic acid, oleic acid, altrose, �-glucopyransosyl fructose,
and galactinol, which decreased in WS  samples, and arachidic
acid, which was  more abundant when stress conditions were
applied (Table 2). Although to a lesser extent, the amounts of other
important metabolites were significantly affected by water stress
(0.001 ≤ P ≤ 0.05): glucaric acid, dulcitol, inositol, lauric acid (less
abundant than in the irrigated treatment) and 3-hydroxynthranilic
acid, palmitic acid, lyxose, melezitose, erythrodiol, and loganin
(higher abundance in WS  samples). Slightly significant differences
were also observed for pelargonic acid (less abundant in WS  sam-
ples) and citric acid and arabitol (more abundant in WS  samples)
(Table 2).

PCA was  performed using the data of 36 metabolites out of the 57
identified (21 compounds were excluded to avoid PCA disturbance
due to the fact that they were highly correlated with the 36 selected
metabolites). The two  treatments were clearly separated in the PCA
(Fig. 3). The first principal component (PC1) was mostly correlated
with the organic acid content (Table 3), however, a low correla-

tion was  found between the content in the individual compounds
identified and the principal components.
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Table  2
Metabolites (expressed as area, in arbitrary units, of chromatographic peaks) significantly (P ≤ 0.1) different in IR and WS fruit extracts.

Class of compounds Compounds IR WS Variation [(WS/IR)-1] (%) P value

Non-aromatic organic acids Ascorbic 2.63 0.65 −306.4 ≤0.001
Citric 1.86 3.14 40.9 0.08
Glucaric 4.40 2.68 −64.1 0.004

Aromatic organic acids 3-Hydroxyanthranilic 0.99 2.00 50.5 0.01
Saturated fatty acids Pelargonic C9:0 3.43 2.36 −45.5 0.07

Lauric C12:0 3.67 2.54 −44.7 0.04
Palmitic C16:0 1.92 3.08 37.7 0.002
Arachidic C20:0 1.57 2.73 42.3 ≤0.001

Unsaturated fatty acids Oleic C18:1 3.64 1.42 −155.6 ≤0.001
Soluble sugars �-Glucopyranosyl fructose 4.44 2.63 −68.7 ≤0.001

Altrose 1.66 0.60 −174.3 ≤0.001
Arabitol 0.84 1.65 48.9 0.09
Dulcitol 1.82 0.60 −203.2 0.001
Galactinol 2.29 0.73 −215.8 ≤0.001
Inositol 4.01 1.50 −166.6 0.003
Lyxose 2.62 3.80 31.0 0.002
Melezitose 1.90 2.95 35.6 0.01

Terpens Erythrodiol 0.69 1.73 60.5 0.01
Loganin 0.78 1.47 46.6 0.001

Table 3
Correlation coefficients between the first (PC1), second (PC2) and third (PC3) prin-
cipal components and the 36 selected characters.

PC1 PC2 PC3

Organic acids
�-ketoglutaric −0.19 −0.27 0.03
dehydroascorbic −0.34 0.12 0.14
fumaric −0.06 0.26 −0.12
glucaric −0.28 0.05 0.07
3-hydroxyanthranilic 0.28 0.00 0.00
lactic 0.05 0.17 −0.05
malic −0.17 −0.17 −0.12
shikimic −0.15 −0.26 −0.12
succinic −0.08 0.04 −0.07
trans aconitic 0.20 −0.27 0.13

Phenols
dihydroxyphenylglycol 0.23 0.19 −0.01
tyrosol −0.01 0.22 0.14

Unsaturated fatty acids
palmitoleic −0.02 0.05 −0.32

Saturated fatty acids
behenic 0.02 0.24 −0.08
capric −0.05 0.07 −0.32
caprylic 0.08 −0.07 0.24
decanoic 0.22 0.23 0.05
lauric −0.27 −0.08 −0.02
lignoceric 0.24 0.04 0.31
pelargonic −0.16 0.09 0.23
stearic 0.13 −0.01 0.20

Sugars
allose 0.14 0.16 −0.17
arabitol 0.09 −0.26 −0.07
fucose 0.09 0.09 0.28
galactose −0.06 0.17 0.17
glucose −0.05 −0.08 0.03
lyxose 0.31 −0.09 −0.08
maltose −0.08 −0.03 −0.29
mannitol −0.20 −0.12 0.25
melezitose 0.22 −0.07 −0.29
palatinitol 0.10 −0.19 0.10
ribitol −0.06 0.26 0.12
threitol −0.15 0.19 −0.10
xylitol 0.09 −0.15 −0.05

Others
glycerol-1-Pi 0.11 −0.26 0.07
synephrine −0.12 −0.17 0.08

Fig. 3. 3D scatter plot for PC1 vs PC2 vs PC3 for raw data from irrigated (green
triangles) and water-stressed (red circes) samples. The percentage of total vari-
ance explained from each principal component is shown in parentheses. Axes are
in  eigenvalues scales. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web  version of the article.)

4. Discussion

Olive oil is well known as a source of fats and nutraceuticals. In
Mediterranean countries, it is preferred to other vegetal oils such
as linseed and soy oils due to its better composition in fatty acids
and the presence of high concentrations of antioxidants (namely
polyphenols and tocopherols). The composition of the olive fruit at
harvest is affected by various environmental and agronomic fac-
tors, including water availability throughout the growth cycle, and
particularly in the final stages of development. Although much is
known about the effects of water stress on the concentration of
compounds important in terms of olive and oil quality (Patumi
et al., 2002; d’Andria et al., 2009; Gomez-Rico et al., 2009), new ana-
lytical approaches are useful to further characterize the responses

to this stress and to identify new metabolites that show different
accumulations in ripe olives.

The conditions applied in our studies corresponded to a moder-
ate water stress as demonstrated by MD�s  and leaf gas exchange
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ata, which have been shown to be reliable parameters for mon-
toring water relations in potted (Pavel and Fereres, 1998), young
Moriana and Fereres, 2002) and mature (Fernandez et al., 2006)
live trees. Although the water stress conditions were mild,
nal fruit growth was affected and significant changes in the
etabolome were detected. Samples from WS  treatment were

learly separated from those of IR treatment by the PC1 in the
CA, whereas few relations were observed between the PCs 2 and

 and water availability. PC1 was mainly influenced by the con-
ent in organic acids, which are minor components of the olive
ruit, approximately 1.5% of the fleshy part. Organic acids play an
mportant role in metabolic activity because of their involvement in
oth the oxidative and synthetic pathways of carbohydrates (Cunha
t al., 2001) and fatty acids. In addition, they increase the osmotic
otential of the cell, which implies an increased water holding
apacity. Glucaric and, especially, ascorbic acids were less abun-
ant in WS  drupes, and vice versa for citric acid. Ascorbic acid is a
aturally-occurring organic compound with antioxidant properties
Stefanelli et al., 2010). Few studies on the effects of water defi-
iency on ascorbic acid content in fruit are available: in tomato, both
ncreases (Dumas et al., 2003) and decreases (Rudich et al., 1977)
ave been found. The marked decrease in ascorbic acid observed

n the WS  samples (the most pronounced percentage variation
onsidering the whole set of 19 compounds) must be highlighted
onsidering the importance of vitamin C in human nutrition. Glu-
aric acid is found in many fruits and vegetables, with the highest
oncentrations in grapefruits, apples, oranges, and cruciferous veg-
tables. Indeed, the lower amount of glucaric acid in olive fruit
nder water deficiency needs to be further investigated since it may
educe important qualitative aspects of the oil (Walaszek, 1990;
óltaszek et al., 2008).

A marked increase in palmitic and arachidic acids and a slight
eduction in pelargonic and lauric acids was observed in the WS
reatment compared with the IR treatment. The low amount of
aturated fatty chains, affected by cultivars and particular pedo-
limatic conditions, is an important quality marker. Saturated fatty
cids are generally considered to be “bad” fats since they increase
he synthesis of cholesterol and promote cardiovascular problems
Mannina et al., 2010). Palmitic acid is a major component of palm
il and is generally associated with increased risks of develop-
ng cardiovascular diseases. Arachidic acid is another undesirable
aturated fatty acid, which is a minor constituent of peanut oil
1.1%–1.7%) and corn oil (3%). Differences in these two  saturated
atty acids might also affect the organoleptic characteristics of the
roduced oil. Indeed, an oil with a high content of saturated fatty
cids is more viscous and persistent in the mucous of the oral cavity
“fatty sensation”). A decrease in the unsaturated fatty acid con-
ent (Table 1), especially of oleic acid (Table 2), was  observed in

S.  These results partially agree with previous studies that have
hown the effect of irrigation on the levels of saturated (stearic
nd behenic) and unsaturated (oleic, linoleic, and eicosenoic) acids
Tognetti et al., 2007). However, other studies did not report varia-
ions in acidic composition in response to different water regimes
Motilva et al., 2000). The saturated/unsaturated ratio was higher
n WS  olives, which is an important observation in terms of the
uality parameters of the oil given that this trait is related to the
tability of the oil against oxidative damage (Rotondi et al., 2004).
t is possible that under WS,  olives are subjected to oxidative stress,

hich may  alter the synthesis of unsaturated fatty acids or increase
heir degradation.

Polyols (sugar alcohols) are the reduced form of aldose and
etose sugars. Numerous roles have been attributed to polyols, such

s the translocation and storage of photosynthates (Kanayama,
009). Polyols are osmotically active solutes accumulated in
esponse to abiotic stress (i.e. myo-inositol, arabitol) to compen-
ate for reduced cell water potential (Popp and Smirnoff, 1995).
culturae 159 (2013) 52–58

There is a growing interest in studying the metabolism of soluble
sugar compounds including alditols (myo-inositol, mannitol, sor-
bitol, dulcitol, galactinol, etc.). Olive trees are particularly resistant
to water deficiency and a wide range of polyol compounds, such as
mannitol and myo-inositol, seem to be involved in the basic mech-
anisms of resistance to adverse environmental conditions (Cataldi
et al., 2000). Their hydroxyl groups may  be able to establish hydro-
gen bonds in the case of limited water availability, thus protecting
enzymes and membranes (Noiraud et al., 2001). Various studies
have reported an increase in polyol content in response to abiotic
stresses such as drought or salinity in plants (Press, 1995; Loescher
and Everard, 1996). Since polyol synthesis occurs in mature leaves,
an increase in abundance in sink organs is related to an increased
transport of polyols. In our study, TSS content was lower in WS
compared with the IR treatment. Other studies (Sofo et al., 2007)
have shown that stomatal closure starts at −2.5 MPa. In the present
study, MD�S was 1.5 fold lower than this threshold, which may  be
due to the lower photosynthetic activity in WS  than IR treatment,
which itself may  be responsible for the lower sugar content. In addi-
tion, Cherubini et al. (2009) and Migliorini et al. (2011) reported
that sugar concentration decreases throughout olive fruit ripen-
ing following a sygmoidal model. The lower TTS content detected
in WS  samples supports the hypothesis of an acceleration of the
ripening syndrome in olive fruit subjected to moderate water stress
applied in the final stages of fruit development. In Martinelli et al.
(2012a) we reported that, based on a metabolic profiling analy-
sis and the accumulation of primary and secondary metabolites in
fruit, irrigation delays ripening.

Besides fatty acids, polyols and organic acids, erythrodiol and
loganin were identified as being affected by water stress. Although
present in olive oil as minor components, terpenes are volatile
compounds and contribute to the sensory quality of olive oil.
Their amount is highly affected by the growing environment of
the trees (Mannina et al., 2001). For example, olive oils from
Liguria in Italy are always characterized by a high amount of
terpenes, which is considered as a “sensory marker” specific to
these olive oils (Mannina et al., 2010). Water deficits affect the
transcript accumulation and pathways associated with the pro-
duction of volatile compounds, as reported by Deluc et al. (2009)
in grape berries. O. europaea (L.) has long been known to con-
tain a variety of triterpenoids including erythrodiol, oleanolic acid,
and maslinic acid. Non-steroidal triterpenes are metabolized into
more-oxygenated compounds, which serve as substrates for the
synthesis of triterpenic saponins. From a health perspective, these
compounds contribute to the cancer protective activity of the
Mediterranean diet (Connolly and Hill, 2005). Interestingly a sig-
nificant increase in erythrodiol and loganin was observed in WS
olives. These data are in agreement with another study on the
effects of different water regimes on olive quality (Berenguer et al.,
2006) and are of particular interest due to the health-related prop-
erties of these compounds. Erythrodiol is the intermediate from
which oleanolic acid and its isomer maslinic acid are formed (Stiti
et al., 2007). The concentration of this pentacyclic triterpenic alco-
hol in olive oil is around 90 mg/kg (Blanch et al., 1998). It has been
described as having anti-inflammatory activities (De la Puerta et al.,
2000), vasorelaxant effects on rat aorta (Rodriguez-Rodriguez et al.,
2004) and antioxidant properties (Perona et al., 2005). In addi-
tion, the modulation of cytokine secretion by erythrodiol in human
mononuclear cells, antiproliferative and apoptotic activity in HT-
29 human adenocarcinoma cells have been recently described
(Marquez-Martin et al., 2006).

Loganin is an iridoid glycoside found in the Flos lonicerae, Fruit

cornus, and Strychonos nux vomica. Loganin has important health
properties since it regulates the immune system and has anti-
inflammatory and anti-shock effects (Frederich et al., 2004). The
increased accumulation of terpenes in WS  ripe olives could be the
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esult of an increase in their synthesis. In Martinelli et al. (2012a,b)
e reported that a decrease in ˇ-amyrin synthase gene expression,

esponsible for the cyclization of squalene in �-amyrin (triter-
enoid pathway), was observed in olive fruit grown under irrigated
onditions.

In conclusion, we believe our study confirms metabolic profil-
ng is a valid means to study the effects of stress applied to fruit
rops, and in particular in olive fruits. In fact we  managed to dis-
riminate and evaluate the effect of moderate water stress in the
omposition of ripe olives and highlighted that sugars and terpenes
epresent metabolic categories that are highly affected by different
evels of water availability during the final stages of fruit develop-

ent. A combination of such metabolic profiling and/or untargeted
etabolomics with transcript analyses will represent a next step

or a better elucidation of basic responses of olives to different
ater conditions.
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