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The Influence of Light on Olive (Olea
europaea L.) Fruit Development Is
Cultivar Dependent

Lara Reale*, Luigi Nasini, Martina Cerri, Luca Regni, Francesco Ferranti and
Primo Proietti

Department of Agricultural, Food and Environmental Sciences, University of Perugia, Perugia, Italy

In olive, the response to environmental conditions, such as light availability, is under
genetic control and requires a combination of biochemical and physiological events.
We investigated the effect of irradiance in fruit development in two Italian cultivars,
Leccino and Frantoio. Morphological and cyto-histological analyses, as well as water
and oil content determination, were carried out in fruits exposed to a different light
regime (named as light and shade fruits). Results demonstrated that the influence of
light availability on fruit development depends on the cultivar. In Leccino, the fresh
and the dry weight, the percentage of dry matter, the kernel and fruit diameter, the
mesocarp thickness and the mesocarp cell size were higher in the light exposed fruits
than in the ones grown in the shade. In Frantoio, differences between light and shade
fruits were observed only at 140 DAF (Days After Flowering) and only in the kernel and
fruit diameter and in the dry and fresh weight, which were higher in the light exposed
fruits. Leccino, therefore, showed a greater sensitivity to the light availability. This may be
related to the observed delay in the endocarp lignification as compared to the Frantoio
cultivar. In each cultivar, moreover, shade and light fruits did not show differences in the
timing of cell differentiation. Finally, the investigation of oil storage carried out in cyto-
histological studies demonstrated that differences in oil content between fruit subjected
to different light regimes correlated with the number of oil containing cells, rather than the
oil content per cell. A different behaviour was observed in the two cultivars: in Leccino,
the mesocarp cell size was almost twice of Frantoio, while oil drops were only 30%
larger; therefore, the percentage of cell volume occupied by the oil drops was lower in
Leccino than in Frantoio. The chemical analysis confirmed this observation.

Keywords: cyto-histological observations, endocarp, fruit oil content, fruit shading, mesocarp

INTRODUCTION

The sunlight use efficiency (i.e., dry matter formed per unit of photosynthetically active radiation
absorbed) has long been investigated to improve quantity and quality of fruit harvesting.
Optimisation of the sunlight use has been obtained in orchards systems by the improvements
in some cultural choices, such as orchard design, training system, and pruning, directed
toward the upgrading of photosynthetically active radiation (PAR) interception and distribution
within the canopy (Jackson, 1980; Palmer, 1989; Proietti and Palliotti, 1997; Proietti, 1998;
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Corelli-Grappadelli, 2003; Corelli-Grappadelli and Lakso, 2007).
In olive production, there is extensive knowledge of the
importance of the sunlight irradiance (Connor et al., 2009, 2016;
Proietti et al., 2012; Cherbiy-Hoffmann et al., 2013; Trentacoste
et al., 2016; Caruso et al., 2017). Olive fruits grown under well
lighted conditions are heavier than those grown at low light
intensity, have a higher percentage of oil, and a lower water
content (Ortega Nieto, 1962; Gémez-del-Campo and Garcia,
2012; Proietti et al.,, 2012; Benelli et al., 2016; Caruso et al,
2017). Moreover, the oils obtained from olives grown under
well lighted conditions had higher phenol content and better
sensorial characteristics than those extracted from less lighted
fruits (Proietti et al., 2012). Many biochemical and physiological
events contribute to olive fruit development and they are strongly
influenced by several environmental conditions and genetic
background (Proietti and Tombesi, 1996). At the histological
level, olive fruit is characterised by a fleshy mesocarp (pulp)
and a hard endocarp (pit), both contributing to fruit growth
following different morphogenic patterns (Gucci et al., 2009).
Fruit development, as reported by Conde et al. (2008), lasts for 4-
5 months and is characterised by 5 stages: (I) fertilisation and fruit
set, during which the early mitotic activity promotes embryo’s
growth; (II) seed development, the first period of rapid fruit
growth, characterised by the little mesocarp development and the
intense growth of endocarp as a result of division and expansion
cell activity (seed/pit); (III) pit hardening, due to differentiation
of endocarp cells, which stop dividing and become sclerified;
(IV) mesocarp development, the second major period of fruit
growth, mainly characterised by the expansion of parenchima
cells in a radial direction and by an intense oil accumulation,
and (V) ripening, that represents the last stage of development,
in which the biochemical and physiological changes lead to an
acquiring of a characteristic appearance, texture, flavour and
aroma. In olive, ripening starts when the fruit colour changes
from hard green to yellow-green (Conde et al., 2008), as a result
of chlorophyll degradation.

Potential fruit size is genetically regulated (Padula et al., 2008)
and may greatly differ between olive cultivars (Barranco, 1999).
These differences are mostly determined by cell number, although
cell expansion is the great driving force for the growth of the
fruit (Rapoport et al., 2004; Hammami et al., 2011). Both these
processes (division and expansion) contribute to fruit growth
but in different percentages and at different times. As reported
by Hammami et al. (2011), in mesocarp, which is the largest
and economically most important olive tissue, growth occurred
mainly due to cell division during the first 8 weeks after bloom;
in this period “65% of final mesocarp cell number and 25% final
cell size were reached.” However, in the successive phases of
fruit development (8-32 weeks) growth was mainly related to cell
expansion and a 75% increase in cell size was achieved.

Environmental conditions can determine fruit size by affecting
mitotic activity, cell expansion or both (Denne, 1960; Bergh,
1985; Costagli et al., 2003; Gucci et al., 2009). Trentacoste et al.
(2016) investigated the influence of irradiance in the olive fruit
development; they demonstrated that fruit and mesocarp weight
and oil content increase from the base to the top of the canopy,
suggesting a linear relation to irradiance. Otherwise, endocarp

weight and composition are little affected by light availability.
Different assimilation levels influence the rate of endocarp
development, but not its final size or composition, showing
the strong sink activity of this tissue. Differences in mesocarp
weight among canopy position was not influenced by fruit
number, indicating that the sink competition was not a limiting
factor (Trentacoste et al., 2016). While the role of division and
expansion in fruit development has long been investigated, their
relationship with assimilate (e.g., oil) storage is only beginning
to be explored. Trentacoste et al. (2016) showed that mesocarp
composition was influenced by cell number and size: 51 and 67%
of oil content variation among fruit position was due to changes
in mesocarp cell number and mesocarp cell size, respectively. Cell
number and the rate of cell expansion during the last phases
of fruit growth appears to play an important role in import of
assimilate into the olive (Gillaspy et al., 1993; Génard et al., 1999)
but also in other fruit as tomato (Bertin et al., 2003). Mesocarp
composition is the most important commercial criterion in
olive and is largely influenced by genotypes, environment and
management, but the association between expansion, oil storage
and cell processes, during the mesocarp development is yet
still poorly understood. In this study two olive cultivars were
considered: Frantoio and Leccino. Cultivar Frantoio is a widely
spread Italian variety. It is a medium vigour tree, it has a high
lateral development and a medium density of foliage. The fruit
branches are hanging, and the fruits ripening is scalar and late.
It is highly valued for its high and consistent productivity, and
for its ability to adapt to different environmental conditions;
it’s, however, sensitive to winter cold temperature. It produces
medium-size fruit with medium to high oil content. The oil
produced is greatly appreciated for its excellent organoleptic
characteristics and stability. Cultivar Leccino is vigorous, able
to easily adapt to different soil conditions and highly tolerant
to cold temperatures. It has a high lateral development and a
high density of foliage. The fruit branches are hanging. It is
valued for its early onset of bearing and its high and consistent
productivity. It has medium-size and very early ripening fruits,
with low retention force thus making easy to harvest. It has low
oil content (Barranco et al., 2010).

In this context, the aims of this work were to: (1) study
the influence of light availability on olive fruit development;
(2) investigate oil storage in mesocarp cells during the different
phases of fruit development and at different light conditions;
(3) compare the behaviour of two Italian cultivars to verify the
presence of eventual differences.

MATERIALS AND METHODS

Plant Material

The trial was carried out in 2011 in central Italy, Deruta (PG)
latitude 43° North, in a non-irrigated, slightly sloping olive grove
(350 m a.s.l.). The climate of the area is characterised by mild
winters and warm, dry summers, with an annual average rainfall
of 850 mm, mainly distributed in autumn and winter. The soil
was medium textured and was kept under clean cultivation
throughout the entire growing season. The 20-year-old trees from
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cultivars Frantoio and Leccino were spaced 5 x 5 m and trained
to the vase system.

Ten uniform trees per cultivar having a fruit load at harvest
of about 20 £ 1.6 kg of olives per tree were selected. The trees
were about 4 £ 0.35 m high, with a canopy of 4.5 £ 0.30 m
in diameter and 3.5 £+ 0.25 m in height. Two hundred
fruiting branches (20 per tree) were selected in June; in these
branches, during the day at the beginning of the experimentation,
the light availability was measured in the fruiting portion
(average of three measurements for each branch), using a Licor
Quantum/Radiometer/Photometer — 185B. Measurements were
taken on south external portion (at about 150 cm in height from
the ground) and in the centre (at about 150 cm in height from
the ground and 200 cm from the edge) of the canopy for lighted
and shaded branches, respectively (Table 1). Data collected
showed, at 11:00 am, in shade branches a light availability of
around 400 pmol (photon) m~2 s~ in these conditions net
photosynthesis in olive is half that at photon saturation, i.e., about
1000 pmol (photon) m~2 s~! (Proietti and Famiani, 2002), that
is the value observed in our light branches. Fruits for all the
determinations and observations were sampled from the south
external and internal portion of the canopy. In particular, for the
morphological observations, 30 shade and light fruits, (from the
middle part of the labelled shade and light branches, respectively)
collected at 50, 80, and 140 DAF (Days After Flowering), were
considered. The full bloom (50% of open flowers) occurred at the
same time (1st-3rd June) for the two cultivars.

Morphological Observations

The selected dates for morphological observations correspond
to three of the five stages of fruit development: epicarp and
mesocarp differentiation (50 DAF, stage II), pit hardening (80
DAE stage IIT), and mesocarp development (140 DAF, stage IV)
(Conde et al., 2008). Fresh weight and diameter (by calliper) of
fruits and kernel were detected. To determine the dry weight and
the percentage of the dry matter, 30 shade and light olive fruit
for each cultivar, collected at 140 DAF, were weighted before and
after being oven dried at low heat (95°C) to constant weight.

TABLE 1 | Average light availability + standard error at different hours (15th June)
in the south external portions of the canopy (at about 150 cm in height from the
ground) and in the centre (at about 150 cm in height from the ground and 200 cm
from the edge) where light/shade fruits were taken in Frantoio and

Leccino cultivars.

Hour of the Frantoio Leccino Full sun
day light
Light Shade Light Shade
PPFD (wmol m—2s-1)

8:00 3083+32 182+14 290+33 162+19 515+38
11:00 1030 +£53 407 £42 984 +£54 397 +66 1391 +74
14:00 9514+48 369+31 938+50 315+33 1326+62
17:00 605+34 313+22 585+31 309+29 828+36

The light availability at the full sun near the considered trees is also reported.

Cyto-Histological and Morphometric

Observations

To conduct cyto-histological observations, 30 shade and light
fruits were collected at 14, 21, 50, 80, and 140 DAF. The stages
were confirmed, before image analysis, by observation of semi-
thin sections under a light microscope, according to Conde et al.
(2008). Fruit portions were fixed in 3% (w/v) glutaraldehyde in
0.075 M cacodylate buffer, pH 7.2, for 10 h. The samples were
then washed three times for 7 min in 0.075 M cacodylate buffer,
pH 7.2, post-fixed in 1% (w/v) OsOy4 in the same buffer for
1 h, dehydrated in increasing concentrations of ethanol and, at
the last, embedded in epoxy resin (Epon, 2-dodecenylsuccinic
anhydride and methylnadic anhydride mixture) (Reale et al,
2016, with modifications). Semi-thin sections (1-2 jum), obtained
with an ultramicrotome (OmU?2, Reichert, Heidelberg, Germany)
equipped with a glass blade, were stained with toluidine blue or
by Periodic Acid Schift’s reaction (O’Brien and McCully, 1981)
and observed under a light microscope (BX53; Olympus, Tokyo,
Japan). For the Periodic Acid Schiff’s reaction, semi-thin sections
were treated with 0.5% periodic acid for 30 min at 40°C, washed
with tap and demineralised water, and covered with Schift’s
reagent for 15 min. Sections were then washed rapidly with tap
water, washed two times for 3 min with SO, water, and washed
two times for 10 min with demineralised water. Sections were
also counter-stained for protein with 1% (w/v) amido black in
7% acetic acid. The presence of proteins was indicated by a blue
colour, while starch grains appeared magenta. For the toluidine
blue staining, semi-thin sections were covered with 0.5% (w/v)
toluidine blue in 2% NaHCOj3 buffer. Toluidine blue has a high
affinity for acidic tissue components and stains nucleic acids blue
and polysaccharides purple. For each stage, 50 semi-thin sections
obtained from at least 10 fruits, were observed under a light
microscope (BX53; Olympus, Tokyo, Japan) equipped with image
analysis software (CellSens Standard; Olympus, Tokyo, Japan). In
30 of these sections collected at 50, 80, and 140 DAF (10 semi-thin
sections for each date), mesophyll thickness, transversal area of 10
parenchyma cells and 10 oil drops were also measured. In the text,
we refer to “cell transversal area” as “cell size.” The thin sections
(0.08 pm) obtained with an ultramicrotome (OmU2, Reichert,
Heidelberg, Germany) equipped with a diamond blade, were
mounted on uncoated copper grids (200 mesh) and contrasted
by adding uranyl acetate and an aqueous solution of lead nitrate.
Observations were carried out with a transmission electron
microscope (TEM 400 T; Philips Electron Optics - FEI Company,
Hillsboro, OR, United States).

Oil and Water Content

At the harvesting, 20th November (170 DAF), 40 shade and
light olive fruits for each cultivar were collected and oil and
water content were determined in 3 replicates of the same
weight, using the “SpectraAlyzer ZEUTEC” - NIR: Near Infra-
Red (Cayuela et al., 2009). The near infrared radiation covers the
spectrum range electromagnetic between 780 and 2500 nm. NIR
spectroscopy consists in irradiating the product and measuring
the radiation, reflected or transmitted. During the penetration
of the radiation in the product, its spectral characteristics vary
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through the wavelength, both for the dispersion (scattering) of
light and for the absorption processes. This variation depends on
the chemical composition of the product as well as the properties
of the scattering, they are variables related to the microstructure
of the matrix (Nicolai et al., 2007; Ruiz-Altisent et al., 2010).

Statistical Analysis
The statistical analysis was conducted in R environment (R
Core Team, 2015). Values were compared by a two-way non-
parametric ANOVA and ¢-test analysis and P < 0.05 was
considered significant. Data are reported as average + standard
error or standard deviation.

RESULTS

Morphological Observations

In Leccino, at all dates, significant differences in fresh weight
and diameter were observed between shade and light fruits:
shade fruit had a lower fresh weight (Figure 1A) and a
lower diameter (Figure 1C) than the light ones. In Frantoio,
shade fruit had a lower fresh weight (Figure 1B) and a lower
diameter (Figure 1D) than the light ones, but differences
were significant only at 140 DAF. For both these parameters
differences between cultivars were significant only at 50 and 80
DAF (Supplementary Table S1) and the interaction between
cultivar and light condition was significant only at 50 DAF
(Supplementary Table S1). With respect to the kernel diameter,
in Leccino, significant differences were observed at 50 and 140
DAE when light fruit showed larger kernel diameter than shade
ones (Figure 1E). In Frantoio, at all dates, shade fruit had a
smaller kernel diameter than the light ones, but differences were
significant only at 140 DAF (Figure 1F). For this parameter,
slight differences were observed between cultivars only at 80
DAF and no significant interaction was observed between light
and cultivar (Supplementary Table S1).The dry weight of
light fruits was higher than the shade ones in both cultivars
(Figure 1G); differences were also observed between cultivars,
without interaction with light (Supplementary Table S1).The
percentage of dry matter was not different in light and shade
fruits of Frantoio, while this percentage was significantly higher
in Leccino light fruit than shade ones; indeed, a significant
interaction was observed between cultivar and light condition
(Figure 1H and Supplementary Table S1). Differences were
observed between cultivars: both light and shade fruit of Frantoio
showed higher percentage of dry matter than the Leccino ones
(Supplementary Table S1).

Cyto-Histological and Morphometric

Observations

14 DAF

At this stage, the histological structure of the young pericarp was
very similar to a leaf; the external epidermis is covered by a thick
cuticle and is characterised by the presence of anticlinal divisions
(Figures 2A,B). Mitotic activity was also observed in the cells that
will differentiate the mesocarp and the endocarp (Figures 2C,D).

In the inner portion of the pericarp, scattered individual sclerified
stone cells were observed throughout the principally parenchyma
cells (Figures 2C,D). In the vascular bundle, it is already possible
to distinguish the first xylem cells (Figures 2C,D). Sphaerosomes
were not evident, and neither starch grains were observed.

21 DAF

The histological structure of the mesocarp was almost the same
as that observed at 14 DAF; mitotic divisions were yet evident
(Figures 2E,F). In the endocarp, groups of two or four sclerified
stone cells were detected (Figures 2E,F). Sclereid cells appeared
more frequent in Frantoio (Figure 2F) than in Leccino fruit
(Figure 2E), suggesting the precocious endocarp lignification
in Frantoio. In the semi-thin sections, the presence of starch
grains or oil drops was not evident, while TEM observations
demonstrated the presence of little starch grains inside the
plastids and the first oil drops (Figure 2G).

50 DAF

At this stage, the mesocarp thickness and cell size of light
fruits were significantly higher than shade ones in Leccino
(Figures 4A,C), but no differences were observed in Frantoio
(Figures 4B,D). For both parameters, statistically significant
differences were observed also between Frantoio and Leccino
(Supplementary Table S1), with a significant interaction between
light and cultivar. In both cultivars and light conditions, oil drops
were evident in the mesocarp by light microscope observations
(Figures 3A-D), but were detected only in some cells of the
mesocarp, especially in the external portion; they appeared
roundish and occupied only a small fraction of the cell lumen
(Figures 3A-D). The size of the oil drops at 50 DAF in Leccino
was larger in light fruits compared to shade ones (Figure 4E),
whereas the opposite was observed in Frantoio (Figure 4F). The
interaction between light and cultivar was statistically significant
(Supplementary Table S1). The endocarp area appeared to be
characterised by a high number of sclerified clusters, composed
of many sclereids that showed a different shape and thickening
of the lignified secondary walls (Figures 3E-H). At this stage,
differences between Frantoio and Leccino in the endocarp
differentiation were no longer appreciable.

80 DAF

About mesocarp thickness and cell size, the differences between
shade and light fruits were still significant in Leccino and not
in Frantoio, but differences between cultivar were not detected
(Figures 4A-D and Supplementary Table S1). The interaction
between cultivar and light condition was not significantly
different for any parameters (Supplementary Table S1). In
both cultivars and light conditions, oil drops were uniformly
distributed in the mesocarp (Figures 5A-D) and occupied
generally a greater fraction of the cell lumen (Figures 5E-H).
Differences in size between the oil drops were evident in the
fruit semi-thin sections and can be related to a different oil
storage. In Leccino, oil drops were larger in light fruits compared
to shade ones, while in Frantoio no differences were detected
(Figures 4E,F). At this stage and in both light conditions, oil
drops appeared to occupy a larger fraction of the cell volume
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FIGURE 1 | Fruit fresh weight (A,B), fruit diameter (C,D) and kernel diameter (E,F) in Leccino (A,C,E) and Frantoio (B,D,F) shade and light fruits at different
developmental stages. Dry weight (G) and dry matter (H) in Leccino and Frantoio shade and light fruits at 140 DAF. Data are reported as means =+ standard errors
per cultivar (Leccino and Frantoio) and light environment (light and shade). The asterisks indicate significant differences (t-test) between treatments after Analysis of
Variance within each date of sampling (P < 0.05).
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FIGURE 2 | Semi-thin sections at 14 DAF (A-D) and 21 DAF (E-G) of
Leccino (A,C,E) and Frantoio (B,D,F) olive fruits. At 14 DAF, in the external
epidermis, anticlinal divisions (black arrow) were detected (A,B), while, in the
inner portion of pericarp (C,D), individual sclerified stone cells (s) and xylem
cells (x) were differentiated. At 21 DAF mitotic divisions were yet evident (E,F,
black arrows), while in the endocarp sclerified stone cells (s) were detected
more frequently in Frantoio (F) than in Leccino fruits (E). (B) is stained with
PAS reaction, while the other figures are stained with toluidine blue. (G) Thin
section of pericarp of Frantoio light fruit at 21 DAF: the presence of primary
starch (st) in the plastid (p), and the oil drops (o) were evident.

in Frantoio (Figures 5EH and Supplementary Table S2) than
in Leccino (Figures 5E,G and Supplementary Table S2) fruit.
Endocarp was almost completely differentiated; the sclerified area
was more continuous and the separate cluster of sclereid cells
merged (data not shown).

140 DAF

At this stage, no differences were observed about mesocarp
thickness between light and shade fruits in Leccino and Frantoio
(Figures 4A,B); significant differences were instead observed
between cultivar, as Leccino showed a thicker mesocarp than
Frantoio (Supplementary Table S1). The mesocarp cell size was,
however, larger in light than in shade Leccino fruits (Figure 4C),
while no differences were observed between light and shade fruit

FIGURE 3 | Semi-thin sections at 50 DAF of Leccino (A,C,E,G) and Frantoio
(B,D,F,H) fruits in light (A,B,E,F), and shade (C,D,G,H) conditions. Oil drops
were evident (as little dark spheres) in some mesocarp cells and the endocarp
was occupied by sclerified clusters (E-H). (A-D) are stained with osmium,
while (E=G) are stained with PAS reaction and (H) is stained with

toluidine blue.

in Frantoio (Figure 4D). About the cultivar effect, mesocarp cells
of Frantoio fruits had a smaller size than those of Leccino fruit
(Supplementary Table S1).

In all collected samples, endocarp was completely lignified,
and oil bodies were larger than those detected at 80 DAF
(Figures 4E,F). In Leccino, the cell volume occupied by oil drops
was considerably lower than Frantoio in both light conditions
(Figure 6 and Supplementary Table S2). No differences were
observed in oil drops size between shade and light olive fruit.

Water and Oil Content

At harvest, water and oil composition varied significantly
among light exposure (Table 2). In both cultivars shade fruits
showed a higher water content than the light ones. The
oil content was, instead, higher in the light fruits of both
cultivars then in the shade ones. Significant differences were
also observed between cultivars in both water and oil content
(Supplementary Table S1).
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FIGURE 4 | Mesocarp thickness (A,B), size of mesocarp cells (C,D) and oil drops (E,F) in Leccino (A,C,E) and Frantoio (B,D,F) shade and light fruits at different
developmental stages. Data are reported as means + standard errors per cultivar (Leccino and Frantoio) and light environment (light and shade). The asterisks
indicate significant differences (t-test) between treatments after Analysis of Variance within each date of sampling (P < 0.05).

DISCUSSION

Light availability affects fruit development by a direct effect
on carbon metabolism, and indirectly by other mechanisms,
such as: (1) the translocation of carbohydrates from nearby
reserves, stored in the more lighted portions of plants (Cherbiy-
Hoffmann et al., 2013); (2) the photosynthetic activity of the
fruit itself that contributes to growth (Proietti and Tombesi,
1996); (3) the increase in fruit temperature, related to higher
irradiance exposure, which intensifies the translocation of carbon
and other assimilates to the fruit and, therefore, its sink activity

(Génard and Bruchou, 1993; Garcia-Inza et al., 2014). The aim
of this research was to study the effect of the sunlight on
the fruit development of two different olive cultivars, Frantoio
and Leccino. Cyto-histological observations carried out in fruits
harvested at 14, 21, 50, 80, and 140 DAE corresponding to
the I, II, III, and IV developing phases, respectively (Conde
et al, 2008), showed that light irradiance did not influence
the succession of these developmental phases: indeed, shade
and light fruits in both cultivars did not show differences
about the timing of cell differentiation in all fruit tissues.
Differences were only observed between cultivars at 21 DAF;
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FIGURE 5 | Semi-thin sections at 80 DAF of Leccino (A,C,E,G) and Frantoio
(B,D,F,H) fruits in light (A,B,E,F), and shade (C,D,G,H) conditions. Oil drops
were uniformly distributed in the mesocarp (A-D) and occupied a larger
fraction of the cell volume in Frantoio (F,H) than in Leccino fruits (E,G);
endocarp was almost completely lignified (M). (D) is stained with osmium,
while the others are stained with toluidine blue.

indeed, sclereid cells appeared less frequent in Leccino than in
Frantoio, suggesting the precocious endocarp lignification in the
last one. As proposed also by Trentacoste et al. (2016), the delay
in endocarp lignification, observed in Leccino, could produce
a greater and longer competition for the assimilates between
mesocarp and endocarp, which exacerbate differences related to
light availability. In Leccino, the fruit fresh and the dry weight,
the percentage of dry matter, the kernel and fruit diameter, the
mesocarp thickness, and the mesocarp cell size were higher in the
light fruit than the shade ones. In Frantoio, differences between
light and shade fruit were observed only at 140 DAFE, and only
in the kernel and fruit diameter and in the dry and fresh weight,
which were higher in the light fruit than the shade ones. Leccino,
therefore, showed a greater sensitivity to the light availability,
probably related to the delay in the endocarp lignification.

At 140 DAF, which is near to harvesting, the oil content
(determined as percentage on dry weight) was different between
cultivar and light and shade fruits, while the size of oil drops

FIGURE 6 | Semi-thin sections at 140 DAF of Leccino (A,C) and Frantoio
(B,D) fruits in light (A,B), and shade (C,D) conditions: the cell volume
occupied by the oil drops was higher in Frantoio (B,D) than Leccino (A,C)
fruits. All the figures are stained with toluidine blue.

TABLE 2 | Water and oil content at harvesting time (20th November).

Cultivar Exposure Water content Oil content (% Oil content (% of
(%) of fresh weight) dry weight)
Leccino Shade 55.292 18.28° 40.80°
Leccino Light 53.810 19.212 41.582
Frantoio Shade 51.66° 17.51P 36.220
Frantoio Light 49.90° 18.592 37.102

Light fruits were taken on the external portion of the canopy, while shade fruits were
collected in the centre. Different letters indicate statistically significant differences
by T-test at p < 0.05.

did not change. These differences in the oil content would
be, therefore, related to the number of cells containing oil
and not to the oil content in each cell. A different behaviour
was observed in the two cultivars; as demonstrated by cyto-
histological observations and morphometric measurements, at
140 DAF. In Leccino the ratio between oil drops size and
mesocarp cell size was considerably lower than in Frantoio, where
oil bodies occupied almost all the cell lumen. Indeed, in Leccino
the mesocarp cells size was almost twice that of Frantoio, while
oil drops were only 30% larger. The chemical analysis confirmed
this observation: the percentage of water and the oil content were
higher in Leccino than in Frantoio, but the differences in the
water content were greater than those in the oil content. The
values relating to the water content of Leccino shade and light
fruit were 7.02 and 7.83% higher than those of Frantoio shade
and light fruit, respectively; moreover, oil content in Leccino
shade and light fruit were 4.39 and 3.33% higher than those of
Frantoio shade and light fruits, respectively. In both cultivars, the
oil content referred to the fruit dry weight was only slightly higher
in light fruits compared to shade ones. However, considering the
greater weight of light fruits (Figure 2), the differences in terms
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of oil content per fruit (g oil/fruit) are higher. In both cultivar,
the higher oil content, fresh, and dry weight, fruit and kernel
diameter registered in the light fruits compared to the shade ones,
were paired to a higher water content in the shade than in the light
fruits. These results are in contrast with observations carried out
at different water status or with different cultivars, in which larger
fruits have higher water content (Motilva et al., 2000; Alegre
et al., 2002; Mailer et al., 2007; Martin-Vertedor et al., 2011), but
agreed with data collected by Trentacoste et al. (2016). These
authors hypothesised that the microenvironment surrounding
the olive fruits with different light availability influenced oil
accumulation and dry matter composition more strongly than
the water accumulation, which drives cell expansion and also
fruit growth. The relationships between fruit growth and oil
and carbohydrate accumulation are quite complex and were also
related to cultivar, as also demonstrated by differences observed
in our research between Leccino and Frantoio.

Our data confirmed the influence of light availability on
fruit development as previously observed also by other authors
(Trentacoste et al., 2016; Caruso et al., 2017), but also outlined
that this effect can vary depending on the cultivar. The
different behaviour of cultivars could be related to differences
observed in the endocarp development; Trentacoste et al.
(2016) did not observed any differences in the endocarp size
and composition in fruit of the same cultivar in different

REFERENCES

Alegre, S., Marsal, ., Mata, M., Arbonés, A., Girona, J., and Tovar, M. J. (2002).
Regulated deficit irrigation in olive trees (Olea europaea L.cv. Arbequina)
for oil production. Acta Hortic. 586, 259-262. doi: 10.17660/ActaHortic.2002.
586.49

Barranco, D. (1999). “Variedades y patrones,” in El Cultivo del Olivo, eds D.
Barranco, R. Fernandez-Escobar, and L. Rallo (Madrid: Mundi-Prensa).

Barranco, D., Ferndndez-Escobar, R., and Rallo, L. (2010). Olive Growing. Pendle
hill, NSW: RIRDC.

Benelli, G., Caruso, G., Giunti, G., Cuzzola, A., Saba, A., Raffaelli, A., et al. (2016).
Changes in olive oil VOCs induced by water status and light environment
in canopies of Olea europaea L trees. ]. Sci. Food Agric. 95, 2473-2481. doi:
10.1002/jsfa.6977

Bergh, O. (1985). Effect of the previous crop on cortical cell number of Malus
Domestica cv. Starking Delicious” apple flower primordia, flowers and fruit.
S. Afr. J. Plant Soil 2, 191-196. doi: 10.1080/02571862.1985.10634168

Bertin, N., Borel, C., Brunel, B., Cheniclet, C., and Causse, M. (2003). Do genetic
make-up and growth manipulation affect tomato fruit size by cell number, or
cell size and DNA endore duplication. Ann. Bot. 92, 415-424. doi: 10.1093/aob/
mcgl46

Caruso, G., Gucci, R, Sifola, M. I, Selvaggini, R., Urbani, S., Esposto, S., et al.
(2017). Irrigation and fruit canopy position modify oil quality of olive trees (cv.
Frantoio). J. Sci. Food. Agric. 97, 3530-3539. doi: 10.1002/jsfa.8207

Cayuela, J., Garcia, J., and Caliani, N. (2009). NIR prediction of fruit moisture,
free acidity and oil content in intact olives. Grasas Aceites 60, 194-202. doi:
10.3989/gya.097308

Cherbiy-Hoffmann, S. U., Hall, A. J., and Rousseaux, M. C. (2013). Fruit, yield,
and vegetative growth responses to photosynthetically active radiation during
oil synthesis in olive trees. Sci. Hortic. 150, 110-116. doi: 10.1016/j.scienta.2012.
10.027

Conde, C., Delrot, S., and Gerés, H. (2008). Physiological, biochemical and
molecular changes occurring during olive development and ripening. J. Plant
Physiol. 165, 1545-1562. doi: 10.1016/j.jplph.2008.04.018

Connor, D.J., Centeno, A., and Gémez-del-Campo, M. (2009). Yield determination
in olive hedgrow orchards II analysis of radiation and fruiting profiles. Crop
Pasture Sci. 60, 443-452. doi: 10.1071/CP08253

canopy position, while present data suggested a different
endocarp development in Frantoio and Leccino shade and
light fruits. Finally, for the first time, to our knowledge,
the oil storage in mesocarp cells was investigated by cyto-
histological studies, at different light conditions, suggesting
that the differences in oil content were not related to a
different oil storage in each mesocarp cell. Our data, in fact,
demonstrated that oil drops size in each cell was not influenced
by light condition.

AUTHOR CONTRIBUTIONS

PP, LRea, and FF designed the work. LN collected the samples.
LN, MC, PP, and LRea acquired and analysed the data. LRea
drafted the manuscript. MC, LN, PP, FE, and LReg critically
revised the article. All authors approved the version of the
manuscript to be published.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2019.00385/
full#supplementary- material

Connor, D. J., Gémez-del-Campo, M., and Trentacoste, E. R. (2016). Relationships
between olive yield components and simulated irradiance within hedgerows of
various row orientations and spacings. Sci. Hortic. 198, 12-20. doi: 10.1016/j.
scienta.2015.11.009

Core Team, R. (2015). R: A Language and Environment for Statistical Computing.
Available at: https://www.R-project.org/

Corelli-Grappadelli, L. (2003). “Light relations,” in Apples: Botany, Production and
Uses, eds D. C. Ferree and 1. J. Warrington (Wallington: CAB International),
195-216.

Corelli-Grappadelli, L., and Lakso, A. N. (2007). Is maximizing orchard light
interception always the best choice? Acta Hortic. 732, 507-518. doi: 10.17660/
ActaHortic.2007.732.77

Costagli, G., Gucci, R., and Rapoport, H. F. (2003). Growth and development of
olive fruits (cv. Frantoio’) under irrigated and rainfed conditions. J. Hortic. Sci.
Biotechnol. 78, 119-124. doi: 10.1080/14620316.2003.11511577

Denne, M. P. (1960). The growth of apple fruitlets, and the effect of early thinning
on fruit development. Ann. Bot. 24, 397-406. doi: 10.1093/oxfordjournals.aob.
a083713

Garcia-Inza, G. P., Castro, D. N, Hall, A. J., and Rousseaux, M. C. (2014).
Responses to temperature of fruit dry weight oil concentration and oil fatty acid
composition in olive (Olea europaea L. var Arauco’). Eur. J. Agron. 54, 107-115.
doi: 10.1016/j.€ja.2013.12.005

Génard, M., and Bruchou, C. (1993). A functional and exploratory approach to
studying growth. J Am. Soc. Hortic. Sci. 118, 317-323. doi: 10.21273/JASHS.118.
2.317

Génard, M., Reich, M., Lobit, R. P., and Besset, J. (1999). Correlations between
sugar and acid content and peach growth. J. Hortic. Sci. Biotechnol. 74, 772-776.
doi: 10.1080/14620316.1999.11511187

Gillaspy, G., Ben-David, H., and Gruissem, W. (1993). Fruits: a developmental
perspective. Plant Cell 5, 1439-1451. doi: 10.1105/tpc.5.10.1439

Gomez-del-Campo, M., and Garcia, J. M. (2012). Canopy fruit location can affect
olive oil quality in ‘Arbequina’ hedgerow orchards. J. Am. Oil Chem. Soc. 89,
129-133. doi: 10.1093/jxb/50.339.1593

Gucci, R., Lodolini, E. M., and Rapoport, H. F. (2009). Water deficit-induced
changes in mesocarp cellular processes and the relationship between mesocarp
and endocarp during olive fruit development. Tree Physiol. 29, 1575-1585.
doi: 10.1093/treephys/tpp086

Frontiers in Plant Science | www.frontiersin.org

March 2019 | Volume 10 | Article 385


https://www.frontiersin.org/articles/10.3389/fpls.2019.00385/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2019.00385/full#supplementary-material
https://doi.org/10.17660/ActaHortic.2002.586.49
https://doi.org/10.17660/ActaHortic.2002.586.49
https://doi.org/10.1002/jsfa.6977
https://doi.org/10.1002/jsfa.6977
https://doi.org/10.1080/02571862.1985.10634168
https://doi.org/10.1093/aob/mcg146
https://doi.org/10.1093/aob/mcg146
https://doi.org/10.1002/jsfa.8207
https://doi.org/10.3989/gya.097308
https://doi.org/10.3989/gya.097308
https://doi.org/10.1016/j.scienta.2012.10.027
https://doi.org/10.1016/j.scienta.2012.10.027
https://doi.org/10.1016/j.jplph.2008.04.018
https://doi.org/10.1071/CP08253
https://doi.org/10.1016/j.scienta.2015.11.009
https://doi.org/10.1016/j.scienta.2015.11.009
https://www.R-project.org/
https://doi.org/10.17660/ActaHortic.2007.732.77
https://doi.org/10.17660/ActaHortic.2007.732.77
https://doi.org/10.1080/14620316.2003.11511577
https://doi.org/10.1093/oxfordjournals.aob.a083713
https://doi.org/10.1093/oxfordjournals.aob.a083713
https://doi.org/10.1016/j.eja.2013.12.005
https://doi.org/10.21273/JASHS.118.2.317
https://doi.org/10.21273/JASHS.118.2.317
https://doi.org/10.1080/14620316.1999.11511187
https://doi.org/10.1105/tpc.5.10.1439
https://doi.org/10.1093/jxb/50.339.1593
https://doi.org/10.1093/treephys/tpp086
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Reale et al.

Olive Fruit Development: Influence of Light

Hammami, S. B. M., Manrique, T., and Rapoport, H. F. (2011). Cultivar based
fruit size in olive depends on different tissue and cellular processes throughout
growth. Sci. Hortic. 130, 445-451. doi: 10.1093/treephys/tpp086

Jackson, J. E. (1980). Light interception and utilization by orchard systems. Hortic.
Rev. 2,208-267.

Mailer, R. J., Ayton, J., and Conlan, D. (2007). Influence of harvest timing on
olive (Olea europaea) oil accumulation and fruit characteristics in Australian
conditions. J. Food Agric. Environ. 5, 58-63. doi: 10.1002/9781118060759.ch5

Martin-Vertedor, A. L, Pérez Rodriguez, J. M., Prieto Losada, M. H., and Fereres
Castiel, E. (2011). Interactive responses to water deficits and crop load in olive
(Olea Europaea L., cv. Morisca) I- growth and water relations. Agric. Water
Manag. 98, 941-949. doi: 10.1016/j.agwat.2011.01.002

Motilva, M. J., Tovar, M. J., Romero, M. P., Alegre, S., and Girona, J. (2000).
Influence of regulated deficit irrigation strategies applied to olive trees
(Arbequina cultivar) on oil yield and oil composition during the fruit ripening
period. J. Sci. Food Agric. 80, 2037-2043. doi: 10.1002/1097-0010(200011)80:
14<2037::AID-]JSFA733>3.0.CO;2-0

Nicolai, B. M., Beullens, K., Bobelyn, E., Peirs, A., Saeys, W., Theron, K. I, et al.
(2007). Nondestructive measurement of fruit and vegetable quality by means of
NIR spectroscopy: a review. Postharvest Biol. Technol. 46, 99-118. doi: 10.1016/
j.postharvbio.2007.06.024

O’Brien, T. P., and McCully, M. E. (1981). The Study of Plant Structure Principles
and Selected Methods. Melbourne VIC: Termarcarphi Pty Ltd.

Ortega Nieto, J. M. (1962). ). Estudios y Experiencias de la Poda del Olivo. Madrid:
Ministerio de Agricultura.

Padula, G., Giordani, E., Bellini, E., Rosati, A., Pandolfi, S., Paoletti, A., et al. (2008).
Field evaluation of new olive (Olea europaea) selections and effects of genotype
and environment on productivity and fruit characteristics. Adv. Hortic. Sci. 22,
87-94.

Palmer, J. W. (1989). “Canopy manipulation for optimum utilization of light,” in
Manipulation of Fruiting, ed. C. J. Wright (London: Butherworths), 245-262.
Proietti, P. (1998). Gas exchange in senescing leaves of Olea europaea L.

Photosynthetica 35, 579-587. doi: 10.1023/A:1006987109181

Proietti, P., and Famiani, F. (2002). Diurnal and seasonal changes in photosynthetic
characteristics in different olive (Olea europaea L.) cultivars. Photosynthetica 40,
171-176. doi: 10.1023/A:1021329220613

Proietti, P., Nasini, L., Famiani, F., Guelfi, P., and Standardi, A. (2012). Influence of
light availability on fruit and oil characteristics in Olea europaea L. Acta Hortic.
949, 243-249. doi: 10.17660/ActaHortic.2012.949.35

Proietti, P., and Palliotti, A. (1997). Contribution of the adaxial and abaxial surfaces
of olive leaves to photosynthesis. Photosynthetica 33, 63-69. doi: 10.1023/A:
1022175221813

Proietti, P., and Tombesi, A. (1996). Translocation of assimilates and source-
sink influences on productive characteristics of the olive tree. Adv. Hortic. Sci.
10, 11-14.

Rapoport, H. F., Manrique, T., and Gucci, R. (2004). Cell division and expansion
in the olive fruit. Acta Hortic. 636, 461-465. doi: 10.17660/ActaHortic.2004.
636.56

Reale, L., Tedeschini, E., Rondoni, G., Ricci, C., Bin, F., Frenguelli, G., et al. (2016).
Histological investigation on gall development induced by a worldwide invasive
pest, Dryocosmus kuriphilus, on Castanea sativa. Plant Biosyst. 150, 35-42. doi:
10.1080/11263504.2014.918058

Ruiz-Altisent, M., Ruiz-Garcia, L., Moreda, G. P., Lu, R., Hernandez-Sanchez, N.,
Correa, E. C,, et al. (2010). Sensors for product characterization and quality of
specialty crops-a review. Comput. Electron. Agric. 74, 176-194. doi: 10.1016/j.
compag.2010.07.002

Trentacoste, E. R., Gomex-del-Campo, M., and Rapoport, H. F. (2016). Olive fruit
growth, tissue development and composition as affected by irradiancereceived
in different hedgerow positions and orientations. Sci. Hortic. 198, 284-293.
doi: 10.1016/j.scienta.2015.11.040

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Reale, Nasini, Cerri, Regni, Ferranti and Proietti. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Plant Science | www.frontiersin.org

10

March 2019 | Volume 10 | Article 385


https://doi.org/10.1093/treephys/tpp086
https://doi.org/10.1002/9781118060759.ch5
https://doi.org/10.1016/j.agwat.2011.01.002
https://doi.org/10.1002/1097-0010(200011)80:14<2037::AID-JSFA733>3.0.CO;2-0
https://doi.org/10.1002/1097-0010(200011)80:14<2037::AID-JSFA733>3.0.CO;2-0
https://doi.org/10.1016/j.postharvbio.2007.06.024
https://doi.org/10.1016/j.postharvbio.2007.06.024
https://doi.org/10.1023/A:1006987109181
https://doi.org/10.1023/A:1021329220613
https://doi.org/10.17660/ActaHortic.2012.949.35
https://doi.org/10.1023/A:1022175221813
https://doi.org/10.1023/A:1022175221813
https://doi.org/10.17660/ActaHortic.2004.636.56
https://doi.org/10.17660/ActaHortic.2004.636.56
https://doi.org/10.1080/11263504.2014.918058
https://doi.org/10.1080/11263504.2014.918058
https://doi.org/10.1016/j.compag.2010.07.002
https://doi.org/10.1016/j.compag.2010.07.002
https://doi.org/10.1016/j.scienta.2015.11.040
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	The Influence of Light on Olive (Olea europaea L.) Fruit Development Is Cultivar Dependent
	Introduction
	Materials and Methods
	Plant Material
	Morphological Observations
	Cyto-Histological and Morphometric Observations
	Oil and Water Content
	Statistical Analysis

	Results
	Morphological Observations
	Cyto-Histological and Morphometric Observations
	14 DAF
	21 DAF
	50 DAF
	80 DAF
	140 DAF

	Water and Oil Content

	Discussion
	Author Contributions
	Supplementary Material
	References


