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Abstract

Leaf and fruit size and shape were measured and mannitol, glucose, sucrose and malic acid were quantified in leaf,
bark and fruit of 25 Sicilian olive genotypes. Multivariate analysis was used to individuate groups with similar
chemical composition and morphological traits suggesting potential for stress tolerance and/or oil yield and quality.
Mannitol content varied greatly among genotypes and was the most abundant carbohydrate in leaf and bark,
whereas glucose was the most abundant in fruit. Sucrose and malic acid were generally low indicating a marginal
role in olive tissues. Mannitol and glucose were directly related in both leaf and fruit tissues. Genotypes also
differed for carbohydrate partitioning among tissues, and multivariate analysis individuated a group of seven
genotypes associated to leaf length:width, length:area, glucose, mannitol, and sucrose, which should stand for
environmental stress tolerance. Multivariate analysis also individuated a group of six genotypes associated to
malic acid, oleic acid, oleic:linoleic, and polyphenols, and therefore showing potential for production of high
quality and stable olive oil. Overall, three of the 25 genotypes in trial seem to combine a good degree of abiotic
stress tolerance with production of high quality and stable olive oil.
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1. Introduction

Olive (Olea europaea L.) is a species growing in Mediterranean and semi-arid regions where it commonly faces
high temperatures and irradiation along with long periods of water deficit. In those regions, most of the olive oil is
produced from trees typically grown in marginal areas (hilly sites and steep slopes) with little or no irrigation
inputs (Favia & Celano, 2005). Growth and yields of olive, as well as of most cultivated species, largely depend on
the resistance to environmental stress (Moriana, Orgaz, Pastor, & Fereres, 2003; Connor & Fereres, 2005).

Some morphological traits, especially at the leaf level, can be indicative of stress resistance or tolerance. For
example, leaf size, thickness and shape have been associated to leaf energy balance (Schulze, Robichaux, Grace,
Rundel, & Ehleringer, 1987) and hydraulic properties (Sack & Holbrook, 2006), and they can ultimately reflect
the species' level of adaptation to drought, as observed in Fraxinus (Abrams, Kubiske, & Steiner, 1990).

During stress periods, olive is able to reduce water content and potential in leaves and roots, ceasing growth but
maintaining some photosynthesis and carbohydrate accumulation (Xiloyannis, Dichio, Nuzzo, & Celano, 1999;
Dichio et al., 2003). This has been mainly attributed to the accumulation of compatible solutes (osmotic
adjustment). In particular, mannitol (along with glucose and malic acid) seems to contribute to osmotic
adjustment under water deficit (Xiloyannis et al., 1999) and salt stress (Gucci, Moing, Gravano, & Gaudillére,
1998), and it increases in response to low temperatures in vitro (Rejskova, Patkova, Stodilkova, & Lipavska,
2007), whereas sorbitol plays a similar role in apple (Wang & Stutte 1992), cherry (Ranney, Bassuk, & Whitlow,
1991), and peach (Lo Bianco, Rieger, & Sung, 2000).

Sorbitol and mannitol are polyols, or sugar alcohols, and are widely distributed in the plant kingdom (Bieleski,
1982). Specifically, mannitol comprises a significant portion of the soluble carbohydrate in species of Oleaceae,
Apiaceae and Rubiaceae (Barker, 1955; Zimmermann & Ziegler, 1975; Bieleski, 1982). It is synthesized in
mature leaves after reduction of mannose-6-phosphate by a NADPH-dependent mannose-6-phosphate reductase

229


https://core.ac.uk/display/53286798?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

www.ccsenet.org/jas Journal of Agricultural Science Vol. 5, No. 11; 2013

followed by dephosphorilation by a mannitol-6-phosphate phosphatase. Once synthesized, mannitol may be
accumulated in source tissues or transported to sink organs (Conde et al., 2007) where it is oxidized to mannose
by a NAD-dependent mannitol dehydrogenase (Stoop, Williamson, & Pharr, 1996; Noiraud, Maurousset, &
Lemoine, 2001).

It has also been suggested that mannitol and other polyols are strong water-structure formers acting as effective
stabilizing/protecting agents at both molecular and whole-cell level (Galinski, 1993). Furthermore, polyols may
function as scavengers of reactive oxygen species and represent a non-enzymatic mechanism to protect cells
from oxidative stress (Smirnoff & Cumbes, 1989). In transgenic plants exposed to salt or water stress, mannitol
induces better survival and/or performance compared to wild types (Tarczynski, Jensen, & Bohnert, 1993; Abebe,
Guenzi, Martin, & Cushman, 2003; Macaluso, Lo Bianco, & Rieger, 2007), and this does not seem to be
attributable to osmotic protection by mannitol (Karakas, Ozias-Akins, Stushnoff, Suefferheld, & Rieger, 1997;
Abebe et al., 2003) but rather to a more specific radical scavenging mechanisms (Shen, Jensen, & Bohnert,
1997).

In addition to the above osmotic or anti-oxidative functions, various other advantages have been proposed for
plants that produce polyols, like increased photosynthetic rates (similar to those of C4 species) and more
efficient carbon and energy allocation (Pharr et al., 1995). Mannitol concentration in the olive fruit can also be
indicative of the cultivar oil yield (Marsilio, Campestre, Lanza, & De Angelis, 2001). This could be explained by
the fact that more energy (NADH) is released during mannitol degradation compared to glucose; this additional
energy is then available for oil biosynthesis via acetyl-CoA.

Olive oil is primarily composed of oleic acid and the ratio between oleic and linoleic acid may affect oil stability
during storage and health properties after consumption (Rotondi et al., 2004). Carbohydrates generally function
as precursors for lipid formation, but also for the biosynthesis of secondary compounds, like polyphenols and
volatiles responsible for olive oil flavors and health properties (Conde, Delrot, & Gerds, 2008). Carbohydrate
composition and partitioning may therefore indirectly affect oil yield and quality.

Despite the amount of work classifying olive as a generally drought tolerant species, a relatively high number of
cultivars and genotypes have been identified world-wide (Bartolini, Prevost, Messeri, & Carignani, 1998) and
even in Sicily (La Mantia, Lain, Caruso, & Testolin, 2005), which may be different for their degree of stress
tolerance. In particular, identification and use of more tolerant cultivars, also producing high quality oil, would
allow for minimization of yield reductions due to environmental stress along with maximization of profits and
health benefits. More detailed work is therefore needed to individuate morphological or biochemical traits that
can efficiently discriminate olive genotypes according to their potential for stress tolerance and high quality oil
production. In this study, we screened 25 Sicilian olive genotypes for carbohydrate content in various organs as
well as leaf and fruit morphological traits, and used multivariate analysis to individuate groups of genotypes and
factors that could discriminate them for stress tolerance and oil properties.

2. Materials and Methods

The trial was conducted on 20-year-old olive trees from a collection of local genotypes (see Table 1 for names
and abbreviations) located near Scillato (37°50'14.94"N and 13°56'47.47"E), in Sicily. Trees were grown in an
open field with conventional cultural cares and no irrigation. On 12 September 2006, four trees per genotype
were selected and one bearing shoot (0.5 cm in diameter) per tree was sampled, transferred to the laboratory and
stored at -40°C for subsequent determination of glucose, sucrose, mannitol and malic acid.

In order to determine carbohydrate changes from source to sink tissues, mature leaves, internodal stem bark and
fruit pulp at the pre-veraison stage were taken from each shoot, yielding a total of 420 samples for analysis at the
gas chromatograph (GC).

Extraction was carried out using leaf blade portions, the bark of a 2-cm stem portion comprised between a leaf
and a fruit, or longitudinal portions of the fruit pulp. Plant tissues were taken from the freezer, cut in small pieces
with a razor blade, about 1 g was weighed, transferred into 1.5-ml eppendorf tubes and finely ground with a
V-shaped pestle in presence of liquid nitrogen. Ground tissues were extracted with 1 ml of 80% (v:v) methanol
solution containing 2.2 mg of phenyl-p-glucopiranoside as an internal standard. Extraction was completed by
vortexing for 1 min and centrifuging for 5 min at 3000 g. The supernatant was transferred into clean eppendorf
tubes and stored at -40°C for subsequent GC analysis.

Preliminary tests were performed to optimize the derivatization method and develop a FAST run (7.5 min) on the
GC. The primary aim of working with FAST GC was to reduce to about 1/5" the time for each run, given the
overwhelming number of samples. FAST GC essentially maintained the conventional analytical performance in
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terms of selectivity, sensitivity and resolution, while reducing costs of solvents, reagents and time of each
analytical step. The method is robust and achieves good reproducibility in terms of separation and quantization
of analytes.

Table 1. Abbreviations for names of the 25 Sicilian olive genotypes under trial

N. Genotype local name Abbreviation
1 Biancolilla di Caltabellotta BC

2 Biancolilla napoletana BN

3 Biancolilla siracusana BS

4  Bottone di gallo BG
5 Brandofino BR

6  Calatina CA
7  Cavalieri Ccv

8  Cerasuola CE

9 Crastu CR
10  Erbano ER
11 Giarraffa GF
12 Lumiaro LU
13  Minuta MN
14  Moresca MO
15 Nerba NE
16 Nocellara del Belice NOB
17 Nocellara etnea NOE
18 Nocellara messinese NOM
19 Olivo di Mandanici oM
20 Passulunara PA
21 Piricuddara PR
22 Pizzo di corvo PC
23 Santagatese SA
24  Tonda iblea TO
25 Verdello VE

A 50-pl aliquot of each extract was transferred into 2-ml GC vials and evaporated to dryness under nitrogen
current. Derivatization was carried out by adding 75 pl of BSTFA (N, O-bis (trimethylsilyl) trifluoroacetamide)
and 15 pl of piridine, followed by 15 min of sonication and 120 min at 75°C. Carbohydrates were quantified
with a Shimadzu 2010 GC (Columbia, MD, USA) using a Equity 5 fast column (15 m length, 0.1 mm inner
diameter and 0.25 m film thickness; Supelco, Bellafonte, PA). Calibration curves were constructed with separate
standards for glucose, sucrose, mannitol and malic acid using reagents from Sigma Aldrich (St. Louis, MO,
USA).

On the same genotypes, leaf length, width and area, and fruit and pit height and diameter were recorded; fruit
volume and flesh to pit ratio (flesh:pit) were calculated from size measurements (Tables 2 and 3). Indication of
oil yield (high, medium or low as a percentage of fruit weight) and average data of oleic acid percentage, oleic to
linoleic acid ratio (oleic:linoleic) and total polyphenols in oils from the same genotypes were taken from Caruso,
Caltabellotta, & Motisi (2007). Since information about the degree of drought tolerance was unavailable for all
the genotypes under study, leaf length to area ratio (length:area, integrating information on leaf shape and size)
was taken as an indicator of the level of adaptation to dry environments, and used to separate genotypes into
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three groups, potentially different for drought tolerance.

Carbohydrate data were analyzed by Analysis of Means; upper and lower decision limits were plotted and used
to show differences of genotype means from grand mean. Correlation analysis was used to establish associations
between carbohydrates in the same tissue or between tissues for each carbohydrate. Principal component analysis
(PCA) was performed to investigate the relationship among leaf or fruit carbohydrates and morphological traits
or chemical composition, and any possible cultivar grouping based on similar properties. Principal components
were standardized to similar dimensions with the Biplot procedure, and cluster analysis with the k-means
technique was performed on standardized component coordinates to individuate grouping of traits and genotypes.
Linear discriminant analysis (LDA) was performed using leaf carbohydrates and traits to attempt classification
of genotypes into the groups obtained with PCA, and ultimately to individuate the set of variables that would
allow for discrimination of groups. LDA was also performed using group coding indicated by leaf length:area or
oil yield levels. SYSTAT procedures (Systat Software Inc., Richmond, CA, USA) were used to perform the tests
described above.

3. Results and Discussion

Mannitol content varied greatly among genotypes ranging from 153.8 to 487.5 mg/g of fresh weight (FW) in leaf,
from 95.4 to 630 mg/g FW in bark, and from 37.1 to 183.6 mg/g FW in fruit. Also, greater average amounts of
mannitol were found in leaf, where it is formed and it may accumulate in cytoplasm and vacuoles, and in bark,
where it is translocated (Conde et al., 2007) and/or it may accumulate in parenchyma cells, compared to fruit
flesh, where it is expected to be degraded and used as a source of carbon and reducing power (Figure 1). A
decrease in mannitol content from leaf to fruit was common to all screened genotypes, but with various degrees
of change. There was, in fact, no correlation among mannitol contents of various tissues, meaning that different
genotypes may follow distinct strategies in the partitioning of mannitol among organs. Also, there was no
significant difference in average mannitol content between leaf and bark, which would be in contrast with
previous observations showing a totally symplastic pathway for mannitol phloem loading in olive (Flora &
Madore, 1993) and in favor of more recent findings supporting a dual (symplastic and apoplastic) loading system
(Conde et al., 2008). In addition to this, significant amounts of mannitol may be stored in parenchyma cells of
shoots and may have contributed to the high mannitol levels observed in our bark tissues. A previously reported
function of mannitol as a reserve carbohydrate and osmoprotectant (Stoop et al., 1996), along with the relatively
high variability of bark mannitol across genotypes seem to favor this scenario. On the contrary, the sharp
mannitol decrease from bark to fruit may simply suggest high degradative activities in sink tissues. It is also
consistent with low expression and activity of specific transporters and an energy-independent diffusion
mechanism for mannitol unloading already reported in olive fruits when mannitol levels are high (Conde et al.,
2007).
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Figure 1. Mannitol content in leaf (A), bark (B) and fruit (C) tissues of 25 olive genotypes (data points are means of
four replicates). Solid vertical lines indicate grand means of mannitol content in leaf (N = 122), bark (N = 119) and
fruit (N = 125). Dashed vertical lines indicate upper and lower decision limits from Analysis of Means (o = 0.05)
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Figure 2. Sucrose content in leaf (A), bark (B) and fruit (C) tissues of 25 olive genotypes (data points are means
of four replicates). Solid vertical lines indicate grand means of sucrose content in leaf (N = 122), bark (N =119)
and fruit (N = 125). Dashed vertical lines indicate upper and lower decision limits from Analysis of Means
(0=0.05)
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Figure 3. Glucose content in leaf (A), bark (B) and fruit (C) tissues of 25 olive genotypes (data points are means of
four replicates). Solid vertical lines indicate grand means of glucose content in leaf (N = 122), bark (N = 119) and
fruit (N = 125). Dashed vertical lines indicate upper and lower decision limits from Analysis of Means (o = 0.05)
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The high degree of variation along with accumulation in source tissues suggests that mannitol content may
represent one key factor in screening for stress tolerance. Despite the large variation, in leaf, only PA had above
average mannitol (Figure 1A). In bark, BN, CA, NE, and OM exhibited above average mannitol, whereas MN
and NOM exhibited below average mannitol (Figure 1B). In fruit, BC and NE showed above average mannitol,
whereas LU, NOM, and VE showed below average mannitol (Figure 1C).

Sucrose contents were generally much lower than mannitol contents in olive tissues. On an average basis, more
sucrose was found in bark (13.8 mg/g FW) compared to leaf (5.6 mg/g FW) and fruit (6.7 mg/g FW) tissues
(Figure 2). The relatively low amount of sucrose compared to mannitol, especially in leaf tissues, suggests that
sucrose in olive trees is an initial product of photosynthesis mainly translocated from sources to sinks, and does
not play a significant role as an osmolite or storage compound, at least in leaves. Low leaf sucrose was also
reported by Tattini, Gucci, Romani, Baidi, & Everard (1996) and Cataldi et al. (2000). In leaf, NOE and PC had
above average sucrose, whereas OM had below average sucrose (Figure 2A). In bark, sucrose content exhibited
high variability and only OM and CA showed above average levels, whereas the remaining genotypes were
comprised within decision limits (Figure 2B). In fruit, BC and BG showed above average sucrose, whereas LU
and GF showed below average sucrose (Figure 2C).

Glucose was also abundant in olive tissues, especially in fruit (127.5 mg/g FW), where it derives from the active
degradation of transport carbohydrates. In those tissues, glucose may represent a measure of metabolic rates and
a temporary osmolite favoring cell turgor and growth. Glucose was also detected in relatively large quantities
(97.0 mg/g FW, about 1/3 the amount of mannitol) in leaves, where it should contribute to osmotic adjustment
(Guceci et al., 1998; Xiloyannis et al., 1999). The relatively low amounts detected in bark (58.3 mg/g FW) should
be primarily due to its presence in tissues other than the phloem (i.e., cambial and parenchyma cells) as glucose
is generally not stable enough to be transported. In both leaf and bark, BS had above average glucose, whereas in
leaf only, MN showed below average glucose (Figure 3A and B). In fruit, BG, CR, ER, NE, and OM showed
above average glucose, whereas GF and NOM showed below average glucose (Figure 3C)

Malic acid contents were generally low, ranging from 2.2 mg/g FW in leaf to 18.0 mg/g FW in fruit, with
intermediate values of 5.0 mg/g FW in bark. In leaf, malic acid was not detected in six genotypes, while BG, BN,
CE, and CV exhibited above average levels (Figure 4A). In bark, only TO showed above-average malic acid,
whereas the remaining genotypes were comprised within decision limits (Figure 4B). In fruit, BC, CA, CV, and
SA showed above average malic acid, whereas BN, LU, and PR showed below average levels (Figure 4C).
Despite the significant increase of malic acid reported in olive under water deficit (Xiloyannis et al., 1999) and
salt stress (Gucci et al., 1998), the low levels observed in this study, along with relatively little variation among
genotypes in leaves, suggest a marginal osmotic role of malic acid and a minor factor in screening for stress
tolerance.
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Figure 4. Malic acid content in leaf (A), bark (B) and fruit (C) tissues of 25 olive genotypes (data points are means
of four replicates). Solid vertical lines indicate grand means of malic acid content in leaf (N = 122), bark (N =119)
and fruit (N = 125). Dashed vertical lines indicate upper and lower decision limits from Analysis of Means
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In leaf tissues, simple correlation analysis showed a positive relationship between mannitol and glucose (r = 0.41,
P =0.042). In bark tissues, sucrose was directly related to mannitol (r = 0.62, P < 0.001). In fruit tissues, sucrose
was directly associated with malic acid (r = 0.47, P = 0.018), glucose (r = 0.40, P = 0.045) and mannitol (r = 0.55,
P = 0.005); also mannitol and glucose were directly related (r = 0.54, P = 0.006). Neither mannitol nor sucrose of
bark tissues was associated with mannitol or sucrose in leaf or fruit tissues, suggesting that apoplastic steps and
specific carriers may be involved in the loading and unloading of the two carbohydrates.

When leaf size, shape, carbohydrate levels, and genotypes were considered together, PCA showed that about
73% of the variability observed was explained by the first three components (Table 4). PC1, PC2, and PC3
accounted for 35, 21, and 17% of the total variability, respectively. Although the number of principal
components considered does not allow for an easy interpretation of associations, further analysis with perceptual
mapping procedures (biplot) and clustering produced some interesting results. In particular, the analysis revealed
some expected associations like the one between leaf length:width and length:area, some associations already
revealed by simple correlation analysis, like the one between mannitol and glucose, and some other interesting
relationships, like the association between leaf shape or size parameters and sugars (glucose, mannitol and
sucrose) (Table 5). But most importantly, cluster analysis on standardized component scores allowed for the
individuation of three main groups associating specific leaf parameters with certain genotypes. In particular,
cluster analysis indicated that BC, BS, MO, NOE, PA, PC, and VE form one group along with leaf length:width
and length:area, glucose, mannitol, and sucrose; BN, BR, CA, CR, CV, GF, NE, NOM, and TO form a second
group along with malic acid; BG, CE, ER, LU, MN, NOB, OM, PR, and SA form a third group along with leaf
area (Table 5). It is interesting to notice that the grouping obtained in this study does not reflect the geographic
area of diffusion of the considered genotypes, suggesting that area of cultivation and origin may be different.
Similarly, no straight association was found between genetic similarity and area of diffusion for those genotypes
in a previous study (La Mantia et al., 2005).

Table 2. Leaf size and shape of the 25 Sicilian olive genotypes under trial. For length:area, letters indicate coding
(H=high, M=medium, L=low) used for linear discriminant analysis. Means + standard errors

Genotype Length Width Area Length:width Length:area
(cm) (cm) (cm’)
BC 4.85+0.46 1.11+0.14 3.93+0.56 436 +0.30 1.23+0.11 (M)
BG 6.20+0.62 1.33+0.19 6.40 +0.98 4.66 +0.41 0.97+0.10 (L)
BN 6.50+0.65 1.20+0.16 548 +£0.83 5.40+0.42 1.19+0.12 (M)
BR 4.85+0.59 1.07+0.14 3.94+0.89 4.55+0.37 1.23+0.11 (M)
BS 4.73+£0.51 0.98+0.12 3.28 £0.61 4.84 +0.31 1.44+0.14 (H)
CA 5.00 £ 0.60 1.28 £0.17 3.70 £0.78 391+0.33 1.35+0.13 (M)
CE 6.00+0.78 1.53+0.26 5.10+1.11 3.92+0.52 1.18 £0.14 (M)
CR 6.50+0.85 148 +£0.21 570+ 1.21 439 +0.55 1.14+0.13 (L)
(Y 5.90+0.57 1.13+0.17 4.10+£0.97 522+0.37 1.44£0.12 (H)
ER 6.90+0.83 1.44+0.19 7.70 + 1.18 4.79 +0.51 0.90+0.11 (L)
GF 6.70 £ 0.81 1.09 +0.20 4.90 +0.81 6.15+0.49 1.37+0.13 (H)
LU 6.60 £0.80 1.42+£0.22 6.10+£0.76 4.65+0.50 1.08 £ 0.11 (L)
MN 5.14+0.76 1.39+0.19 4.46 +£0.55 3.70+£0.52 1.15+0.14 (L)
MO 4.77+£0.57 1.10+0.20 3.72+0.79 432 +0.38 1.28 £0.13 (M)
NE 6.40 +1.07 1.21+0.25 530+0.93 529+ 0.64 1.21£0.14 (M)
NOB 6.08 £ 0.86 1.36+0.16 6.13+£0.76 4.47+0.50 1.00+0.10 (L)
NOE 6.16 +0.89 1.19+£0.19 5.37+£0.90 5.17+0.54 1.15+£0.13 (L)
NOM 5.52+1.06 1.04+£0.22 442 +0.87 5.29+0.62 1.25+0.13 (M)
oM 6.30+0.73 1.42+0.17 6.00+1.06 444 +0.46 1.05+0.12 (L)
PA 547+0.79 1.04 +0.22 3.90+0.97 5.25+0.51 1.40 £ 0.14 (H)
PC 5.77+0.81 098 +0.18 4.22+0.77 5.90+0.48 1.37+0.13 (H)
PR 5.61+0.74 1.27+£0.17 5.14+0.78 443 +045 1.09+£0.11 (L)
SA 4.80 +0.52 1.41+0.23 4.70 £ 0.65 3.40+0.38 1.02+0.10 (L)
TO 4.07 +£0.86 0.96 +0.17 2.89+0.59 424 +0.51 1.41+0.13 (H)
VE 435+0.61 0.87+0.17 2.79+0.74 4,99 +0.39 1.56 £ 0.15 (H)
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Table 3. Fruit morphological traits and chemical composition of the 25 Sicilian olive genotypes under trial.
Means =+ standard errors

Genotype Width:height Flesh:pit  Volume Oleic acid"  Oleic:linoleic'  Polyphenols’
(em’) (%) (ppm)
BC 0.74+0.09 239+131 328+0.74 69.6 6.2 133
BG 0.60+0.07 1.92+098 193+0.36 68.7 10.8 492
BN 0.67+0.09 3.09+1.59 282+0.59 69.6 6.2 133
BR 0.62+0.08 2.17+1.19 341£071 725 7.2 277
BS 0.69+0.09 234+127 286+0.57 69.6 6.2 133
CA 0.68+0.09 320+1.61 3.55+0.72 803 19.1 366
CE 0.77+0.10  522+223 6.66=1.16 74.9 7.3 469
CR 0.80+0.10 3.12+148 215+044 74.1 12.4 136
CcV 0.82+0.11  4.09+2.17 497+098 67.4 8.0 278
ER 0.62+0.08 256+139 217+045 71.7 8.7 454
GF 087+0.12  7.61+3.11 1561+294 69.4 6.0 126
LU 0.82+0.11  535+236 7.96+154 679 6.6 221
MN 0.78+0.10  2.00+1.16 2.68+0.55 65.0 5.3 364
MO 0.72+0.09 332+1.69 657120 61.4 4.1 273
NE 0.65+0.08 436+224 636+1.09 64.0 52 209
NOB 097+0.15 7.69+3.28 9.11+1.89 73.7 9.8 261
NOE 081+0.11  448+221 5.02+£096 66.4 54 181
NOM 0.82+0.11  6.01+3.05 10.27+2.04 612 3.8 160
OM 0.67+0.09 3.12+141 467087 71.7 12.1 123
PA 0.64+0.08 3.75+1.82 624+1.08 78.6 21.0 214
PC 0.79+0.10  4.87+246 13.10+2.53 69.4 6.0 126
PR 0.71£0.09 2.00+1.09 222+049 74.9 12.9 215
SA 0.63+0.08 657+3.66 9.78+1.92 67.1 4.5 270
TO 092+0.14 4.11+2.13 759+146 63.6 4.4 105
VE 0.77+0.10 347+1.69 3.76+0.71  69.9 6.0 138

! Data from Caruso et al., 2007.

FACTOR2 (6.8%)

-1 1

FACTOR1 (93.2%)

Figure 5. Canonical score plot from linear discriminant analysis for leaf shape, size and carbohydrate contents in
the 25 olive genotypes under trial. Genotypes groups from PCA and cluster analysis (1=cluster 1, 2=cluster 2,

3=cluster 3)
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In summary, PCA and cluster analyses indicate that there is a group of seven genotypes which is distinguished
for small, elongated leaves along with high mannitol and glucose, while there is another group of nine genotypes
which is distinguished for high leaf area. Within a local pool of genotypes, variation in leaf size and shape should
be indicative of environmental adaptation with small, elongated leaves being better adapted to dry, high radiation
environments (Abrams et al., 1990), and large leaves being indicative of less dry environments and possibly
faster growth. In addition, the ability to accumulate mannitol, and in part glucose, in olive leaves may increase
tolerance to drought and salinity (Gucci et al., 1998; Xyloiannis et al., 1999), low winter temperatures (Rejskova
et al., 2007), or even provide additional protection against oxidative stress (Lo Bianco, Losciale, Manfrini, &
Corelli Grappadelli, 2011). Therefore, genotypes of cluster 1 should be more tolerant to abiotic stress than those
of cluster 3.

When genotypes were grouped by clusters obtained with PCA, LDA was able to fully separate the three groups
(Figure 5) with a canonical discriminant function after a backward step analysis that included leaf area,
length:width, malic acid, and mannitol. Canonical score plot (Figure 5) and Mahalanobis distances also confirm
an intermediate position for cluster 2. The same results were obtained when genotypes were grouped by level
(high, medium, low) of length:area. Mannitol and malic acid, along with leaf size and shape, were the most
important factors to discriminate the three groups of genotype, presumably by their degree of stress tolerance. It
is interesting to notice that general indications of drought tolerance reported by Bartolini et al. (1998) for a few
of the genotypes investigated in this study (namely MO, NOE, and PA as drought tolerant and MN, NOB, and
OM as drought sensitive) match our classification by multivariate analysis and leaf traits.

Table 4. Eigenvalues and proportion of total variability among olive genotypes as explained by the seven
principal components (PC) using leaf size, shape and carbohydrates

. . C lative variance
PC Eigenvalues Variance (%) umuiative varianc

(%)
1 2.46 35.2 35.2
2 1.46 20.8 56.0
3 1.18 16.9 72.9
4 0.99 14.2 87.1
5 0.58 8.3 95.4
6 0.29 4.2 99.6
7 0.04 0.4 100.0

As for fruit, when size, shape, carbohydrate levels, chemical composition and genotypes were considered
together, PCA showed that about 70% of the variability observed was explained by the first three components
(Table 6). PC1, PC2, and PC3 accounted for 37, 20, and 13% of the total variability, respectively. Like in leaves,
further analysis with perceptual mapping procedures (biplot) and clustering produced some interesting results. In
particular, the analysis revealed some expected associations like the one between fruit width:height, flesh:pit and
volume or the one between oleic acid percentage and oleic:linoleic, some associations already revealed by
simple correlation analysis, like the one between mannitol and sucrose, and some other interesting relationships,
like the association between fruit size and glucose or the one between malic acid, oleic acid and polyphenols
(Table 7). Many of the observed associations can be related to the growth stage of our fruits. Our olives were
collected green at the pre-veraison stage, toward the end of mesocarp development. At this stage, glucose is still
a major component (Marsilio et al., 2001) and may represent the primary driving force for cell turgor and
expansion. It is therefore not surprising its association with fruit size, even across genotypes. Furthermore, at the
green stage, the olive fruit is making some photosynthesis, basically re-fixing the CO, derived from
mitochondrial respiration of photoassimilates through the CAM and C4 photosynthetic pathways (Sanchez,
1994). The formation of malic acid and pyruvate along this pathway together with the role of pyruvate as
substrate for lipid and oil formation can explain the observed association between malic and oleic acid; more
complex and less immediate is the link between malic acid and polyphenols, synthesized from
phosphoenolpyruvate through the shikimic acid pathway (Conde et al., 2008).
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In addition to multiple associations among fruit traits and carbohydrates, cluster analysis on standardized
component scores allowed for the individuation of three main groups associating specific fruit parameters with
certain genotypes. In particular, cluster analysis indicated that BG, BR, CR, ER, GF, LU, NOB, NOE, NOM,
OM, PR, PC, and SA form one group along with fruit width:height, flesh:pit, volume, and glucose; CA, CE, MO,
PA, TO, and VE form a second group along with malic acid, oleic acid, oleic:linoleic, and polyphenols; BC, BN,
BS, CV, MN, and NE form a third group along with fruit mannitol and sucrose (Table 7). According to this
clustering profile, genotypes belonging to cluster 1 with larger fruits rich in glucose may be more suited to
double processing, olive oil or table olives; indeed, some of those genotypes (BR, GF, LU, NOB, NOE, NOM,
PC and in part SA) are currently used for oil and/or table olives; those of cluster 2, rich in oleic acid and
polyphenols, should produce best quality and more stable olive oil. Despite their association with mannitol,
genotypes of cluster 3 are reported as low to medium oil yielding (Caruso et al., 2007). This seems to disagree
with previous findings showing a relationship between mannitol and oil content in olives (Marsilio et al., 2001).

Table 5. Standardized component coordinates for olive genotypes, leaf size, shape and carbohydrates from biplot
analysis and grouping by cluster analysis

PC1 PC2 PC3  Cluster

BC 0.846 -0.903 0.456 1
BS 2.890 -1.323 0.338 1
MO 1494 -0.628 0.121 1
PA 2939 0.263 0.397 1
PC 2751 1.821 0.724 1
VE 2.732  -0.176 -0.548 1
NOE 1.013  1.179 1.436 1
Glucose 2286 -1.941 1.635 1
Mannitol 3390 1915 1416 1
Sucrose 2.307  1.866 2.248 1
Length:width 2139 3.699 -0.907 1
Length:area  4.165 -0.652 -2.275 1
BN -0.509 1.387 -0.688 2
BR 0.006 -0.837 -0.226 2
CA 0.132  -1.575 -0.160 2
Ccv 0.628 0915 -2.180 2
CR 0.285 0.391 1.366 2
GF 0269 1.132 -1.273 2
NE -0.374 0.563 -0.065 2
NOM 0.822 0.033 -0.02 2
TO 0.358 -0.975 -1.566 2
Malic acid -1.279 1955 -3.122 2
BG -1.269 1.144 0.536 3
CE -1.084 -0.412 -0.232 3
ER -3.157 1.409 0.503 3
LU -1.431 0.274 0.240 3
MN -1.690 -1.158 -0.052 3
NOB -2.819 0478 -0.435 3
oM -1.660 -0.885 0.628 3
PR -1.701 -0.614 -0.082 3
SA -1.472  -1.50 0.787 3
Leaf area -3.668 2470 1.718 3
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Table 6. Eigenvalues and proportion of total variability among olive genotypes as explained by the seven
principal components (PC) using fruit carbohydrates, chemical composition, and morphological traits

PC Eigenvalues Variance (%) Cumulative variance (%)

1 3.72 37.2 37.2
2 1.96 19.6 56.8
3 1.28 12.8 69.6
4 0.98 9.8 79.4
5 0.66 6.6 86.0
6 0.51 5.1 91.1
7 0.40 4.0 95.1
8 0.29 2.9 98.0
9 0.14 1.4 99.4
10 0.06 0.6 100.0

Table 7. Standardized component coordinates for olive genotypes, fruit carbohydrates, chemical composition, and
morphological traits from biplot analysis and grouping by cluster analysis

PCl PC2 PC3 Cluster

BG 3335 0318 0.152 1
BR 1.166 -0.062 -0.524 1
CR 0965 -0470 -0.398 1
ER 2500 -0.137 0.107 1
GF -3.863 -0.268 0.684 1
LU -2.271 -0.589 -0.319 1
NOB -2.523  -0.769 0900 1
NOM -3.221 0409 -0.228 1
OM 0.757 -0.593 -0.313 1
PR 0.543 -1.294 -0.865 1
PC -1.171 0.779 0574 1
SA -0.351 0.654 0925 1
NOE -0.927 0249 -0.052 1
Glucose 3625 0941 0841 1
Width:height  -3.599 0.352 0953 1
Flesh:pit -3.711 -0.031 2.761 1
Volume -3.767 0549 2325 1
CA 2.364 -1986 0965 2
CE 0.536  -0.195 0917 2
MO -0.522 0917 -0.399 2
PA 0.610 -2.272 0.073 2
TO -2.068 0.728 -0.297 2
VE -0.563 -0.008 -0.601 2
Malic acid 2,512 1.003 3236 2
Oleic acid 1.935 -3.720 1.183 2
Oleic:linoleic  2.091 -3.976 0.769 2
Polyphenols 2376 -0.813 1.692 2
BC 2497 1932 0438 3
BN -0.359 -0.268 -1.097 3
BS 0.927 0.607 -0.781 3
CvV 0.727 0.681 0.850 3
MN -0.105 0.123 -0.616 3
NE 1.015 1.515 -0.096 3
Mannitol 2.575 2587 0.627 3
Sucrose 2910 2.774 0593 3
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In addition, LDA on groups of genotypes obtained from PCA or classified by oil yield did not reveal any
significant discriminatory function (data not shown). Oil content was not directly measured in our samples, and a
direct association between mannitol and oil formation cannot be ruled out. Nevertheless, our results (simple
correlation, PCA or LDA) do not show any implication of fruit mannitol in fruit growth or chemical
composition.

Overall, MO, PA, and VE may represent more suitable options for olive growing and olive oil production in
areas where unfavorable environmental conditions are frequent or more severe. Those genotypes should in fact
combine a good degree of drought and abiotic stress tolerance with high quality and stable olive oils. On the
other hand, genotypes like CE may require greater cultural cares to avoid drought or other stressful conditions
and ultimately express their productive (oil yield) and quality potential.
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