Effect of facilitated harvesting and fruit
cooling on extra virgin olive oil quality
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To produce high quality olive oil, best practices recommend both to avoid fruit damages
during the harvesting and to avoid long storage time between harvesting and crushing.
The mechanical harvesting could damage the olives, favouring pulp softening, cell
breakage, increasing the fruit respiration and leading to a fast olive oil degradation.
Furthermore, the working capacity of the plants is not sufficient to cover the incoming
volumes of olives, and a storage period is needed. To minimise the spoilage of olives,
several hand-held facilitating machines were developed and refrigerated cells for fruit
storage are currently spread.

A full factorial design evaluated the combined effects of harvesting method (manual
vs facilitated), storage temperature (25°C vs 6.5°C) and their interaction, aiming to
understand if the storage at low temperature, applied to olives harvested using hand-
held electric combs, could mitigate the potential negative effects given by the beating.
From chemical analyses of legal parameters, phenolic and aromatic fractions, the
highest amounts of total phenolic compounds occurred in olive oil samples, extracted
from olives harvested through the manual method. Moreover, storage at low temperature
preserved secoiridoids, even if it favoured their oxidation. The mechanical stress on
olives due to harvest resulted in preferably activating the oxidative reactions, including
the lipoxygenase pathway, which is responsible for the production of olive oil fruity notes.
The latter phenomena were enhanced by low temperatures, probably due to the higher
solubility of oxygen and the selected activity of hydroperoxide lyase.

Keywords: Mechanical harvesting, Refrigeration, Phenolic compounds, Aroma profile,
Mechanization, Olive growing

1. INTRODUCTION

Extra virgin olive oil (EVOQ) is the highest commercial category of olive oil
and is more and more appreciated both for hedonistic features and for health
and nutritional properties [1]. Within the above category, chemical and sen-
sory characteristics of oils are very different, especially in terms of phenolic
and volatile compounds [2], resulting in a wide range of prices (in Italy, the
wholesale price between 4 and 12 euros per kg — ISMEA data consulted in
May 2021). The oil processing conditions are essential for the EVOO quality,
since they can cause several positive or negative phenomena that are able
to transform the qualitative characteristics of il in the olive fruit [3]. There-
fore, the capability to modulate aromatic and phenolic EVOO profiles through
planned processing conditions represents a key of commercial success for
the oil companies.

Among the pre-extraction factors, olive fruit storage is considered critical for
the EVOO quality since incorrect conditions can lead to the fermentation of
the olive fruit heaps, causing the loss of oxidative stability in the olive oil and
the development of off-flavour, namely fusty, musty, wine-vinegary and ran-
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cid [4, 5]. It is commonly recommended to immedi-
ately transport the olives to the mill and to crush them
as quickly as possible. However, since the incoming
volume of olive fruit may exceed the working capacity
of the extraction plant at peak harvest time, a storage
period is required [6] and time and temperature con-
ditions should be properly managed. In this view, the
decrease of olive oil quality, due to the not-avoidable
storage time, could be seen as a timeliness cost for
olive companies.

The manual harvesting of the olive fruit is still wide-
spread and hand-picking followed by collecting the
olives in baskets has been improved by the introduc-
tion of hand-held tools, and nets [7]. However, man-
ual harvesting carries the highest costs for the com-
panies, linked to both the labour and the reduction
of productivity [8 - 10]. In the last decades, mech-
anisation of olive harvesting accelerated powerfully
leading to the introduction of several harvesting tools
and machines [11], which can nowadays be chosen
according to the planting systems and the olive grove
size [12]. Hand-held electric or pneumatic combs,
hand-held vibrating rods, and arm combs are able
to facilitate workers during the olive harvesting and
could be easily used in traditional olive orchards. Ma-
chines, which are self-propelled or to be coupled with
the tractor (i.e., trunk shakers and straddle harvest-
ers), are also used in olive orchards that are ad-hoc
designed to be mechanised. Cresti et al. [8] found
an increased productivity and a reduction in unit cost
per hectare or per 100 kg of olives from the use of
most of the above practices compared to manual
harvesting. Similarly, Sperandio et al. [9] estimated a
decrease in harvesting costs which was directly pro-
portional to the level of mechanisation; the cost of
olive oil ranged from 4.7-2.7 euros per kg of ail by
manual harvesting, up to 0.3-0.5 euros per kg of oil
using straddle machine.

However, mechanical harvesting techniques can
cause technological damages on olive fruit, for in-
stance skin scratch or breakage, bruising and pulp
softening [12 - 14], favouring the release of cell liquids
and their contact with enzymes, oxygen and microor-
ganisms [16]. The degree of damage was not merely
related to the harvesting method (i.e., as much as the
energy was transferred to the olive tree), but it could
depend on the constructive characteristics of the
mechanical harvesters as well as their setting during
the use [14]. Moreover, since beating also causes a
breakdown of the pulp internal cells and the activa-
tion of fruit metabolism, the fruit damage was related
to a combination of physical and biochemical phe-
nomena, potentially able to affect the olive oil quality
16, 17].

Several detrimental effects on the olive oil quality,
such as the increase of acidity, the increase of oxi-
dation indexes and the off-flavour development, are
linked to senescence and microbial activity, affecting
olive fruit during the storage; low storage temperature

of olives was proved to be able to minimize the above
phenomena [18 - 22]. The cooling of olive fruit before
milling could be a useful control tool for the EVOO
quality, especially when the initial conditions of olive
fruit already represent a risk factor for the develop-
ment of sensory defect in the olive oil. Use of refrig-
erated cells for storage is one of the emerging tech-
nologies adopted by the several companies and is a
successful tool for the producers, in order to preserve
the quality of olive fruit [19, 21, 22]. Moreover, the ol-
ive fruit cooling may also have a modulating effect on
the composition of the volatile fraction of olive oil [24],
even when it is limited to a pre-crushing thermal con-
ditioning, i.e. without any storage period [25].
However, the effectiveness of refrigeration should be
linked to several factors, such as olive cultivar [26,
27], ripening stage [28] and health conditions, which
are affected by fly infestation rate, microbial contam-
ination and mechanical damage of harvesting meth-
ods [15, 26 - 28].

Few works have been carried out to study the com-
bined effect of harvesting method and storage tem-
perature (Tab. I). Among these, the work by Yousfi
et al. [13] was the only one that studied the effect
of different storage time-temperature conditions (i.e.,
3 and 18°C) on quality of olive fruit, which were har-
vested manually and mechanically through a grape
harvester. Mechanical harvesting accelerated the
decay of olive fruit and, consequently, caused a de-
crease of olive oil quality in terms of behaviour of sen-
sory defects and decrease of tocopherols and phe-
nolic compounds; cold storage was also able to slow
down the above degradation phenomena. However,
the results of Yousfi et al. [13] only referred to operat-
ing machines, and their results cannot be extended
to hand-held mechanical devices, which are wide-
spread in more than half of the ltalian companies
and often as complementary system to the manual
harvesting [29]. The current literature still lacks a fo-
cus on the actual benefits and/or contraindications
of the working practices of the small-scale compa-
nies, which produce high quality olive oil. To enhance
the product’s quality, short storage time are usually
adopted (i.e., most of the production regulations of
Protected Designation of Origin and Protected Geo-
graphical Indication Italian olive oils set a maximum
number of hours from the harvest within which the
olives must be processed). However, in a short stor-
age time, temperature and harvest method could still
play an important role in preserving the freshness of
the olive fruit and in determining the quality of the
olive ail.

To the best of the authors knowledge, a work evaluat-
ing the effects of different working chains, combining
effect of harvesting methods and storage tempera-
tures, is still lacking. Here we focus on these issues
with particular regard to two of the main distinctive
features of high-quality olive oil, phenolic and volatile
fractions.
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Table | - Main experiments on the effect of harvesting method on olive oil quality.

Reference Harvesting Olive fruit Olive fruit Parameters tested on Results
methods storage storage olive oil
temperature time
(h=hours,
dd=days)
(Dagetal. |Manual - hand- 0dd Free fatty acids Mechanical harvesting increases free
2008) picking Peroxide value fatty acids and peroxide value and
Total phenolic compounds reduce phenolic content of olive oils
Mechanical- Hand- (cv. Sourn.
held machine with
combs
(D'lmperio | Mechanical - Hand- 0dd Free fatty acids Hexanal amount was higher in olive oils
etal. 2010) | held machine with Peroxide value from olive harvested by shaking
combs UV spectrophotometric machine, whereas unsaturated fatty
indexes (K232, K270 and AK) | acids were lower in the same oil
Mechanical - Hand- NMR spectroscopy samples. This may indicate a greater
held shaking level activity of lipoxygenase enzymes
machine after shaking treatment.
(Yousfietal. | Manual - Hand 3£1°C 0,4,7,10, |Free fatty acids Free fatty acids, peroxide value and
2012) picking 18+3°C 14,21 dd Peroxide value K232 were significantly higher in oil from
UV spectrophotometric mechanically harvested fruit (cv.
Mechanical - Grape indexes (K232, Kz70 and AK) | Arbequina). No sensory defects were
straddle harvester Sensory evaluation detected in oils from hand harvesting,
Oxidative stability while oils from mechanical harvesting
Pigments obtained significant lower grading
Tocopherol scores after 4 days of storage at 18°C
Phenolic compounds or after 7 days at 3°C. Greater
Fatty acid composition concentrations of tocopherals, total
phenolic compounds and secoiridoids
were also found in olive oils from
manual harvesting.
(Morales- Manual — Hand 5°C <1dd Free fatty acids Oils from mechanically harvested olives
Silleroand | picking Peroxide value have lower acidity. Moreover, they
Garcia UV spectrophotometric shows a lower intensity of fruity, bitter
2014) Mechanical - Grape indexes (Kaz, Kzro and AK) | and pungent, and, consequently, a
straddle harvester Sensory evaluation lower overall grading. Mechanical
Oxidative stability harvesting also decreases the content
Pigments of total phenols, o-diphenols and
Tocopherol secoiridoids and reduces oxidative
Phenolic compounds stability in oils from cv. Manzanilla de
Fatty acid composition Sevilla and cv. Manzanilla Cacerefia.
(Saglam Manual — Hand 0dd Free fatty acids Acidity and peroxide value are lower in
etal. 2014) | picking Peroxide value olive oil from hand-harvested olives (cv
.Gemlik and cv. Ayvalik).
Mechanical - Hand-
held shaking
machine
(Abenavoli | Manual - Wood 8,24,48h | Free fatty acids Olive oils (cv. Carolea) from
and Proto | sticks (beating) Peroxide value mechanical harvesting through hand-
2015) UV spectrophotometric held shaking machine shows lower
Mechanical - Hand- indexes (K232, K270 and AK) | acidity and peroxide value compared to
held shaking oils from beating and trunk shaker
machine harvesting. Both parameters also rise

Mechanical - Trunk
shaker

increasing the time of storage of olives.
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Continua Tabella |

Reference Harvesting Olive fruit Olive fruit Parameters tested on Results
methods storage storage olive oil
temperature time
(h=hours,
dd=days)
(Morales- Manual - Hand 2+0.5°C 1,6, 11 dd Free fatty acids Mechanical harvesting increases free
Sillero et al. | picking Peroxide value acidity in Manzanilla de Sevilla oils . In
2017) UV spectrophotometric both Manzanilla de Sevilla and
Mechanical - Grape indexes (K232, K270 and AK) | Manzanilla Cacerefia oils, peroxide
straddle harvester Sensory evaluation value is significantly higher after the
Oxidative stability mechanical harvesting but there are no
Pigments differences among samples over the
Tocopherol cold storage of fruit. Manzanilla de
Phenolic compounds Sevilla oils from manual harvesting
Fatty acid composition have a higher sensory score for
Volatile organic compounds | positive attributes compared to samples
from mechanical harvesting. In general,
oxidative stability and total phenolic
compounds are lower in oils from
mechanical harvesting and decrease
over the storage. After 1 day of storage
oils from mechanical harvesting have
lower content of C5 and C6 volatile
compounds. These differences are
mitigated by cold storage of olives.
(Famiani et | Manual - Hand 18+ 2°C 0h, 48 h, 7 dd | Free fatty acids Fruit damage of olives (cv. Arbequina
al. 2020) picking Peroxide value and cv. Frantoio) is higher increasing
UV spectrophotometric the mechanization level of the
Manual - Rakes indexes (K232, K270 and AK) | harvesting (from hand picking to
Mechanical - Hand- Phenolic compounds straddle harvester). Total phenolic
held machine with Volatile organic compounds | content and some secoiridoids
combs decrease directly proportional to the
mechanization level and time of
Mechanical - Grape storage. The contents of volatile
straddle harvester compounds is linearly related to the
level of mechanization. In general,
concentration of C5, C6 and esters
decreases in oils increasing the level of
mechanization and the damaged index
of fruit.

2. MATERIALS AND METHODS
2.1 OLIVE FRUIT HARVESTING AND ANALYSIS

2.1.1 Harvesting of olive batches

Olive oil fruits (Olea europaea L.) of Frantoio cultivar
were harvested in central ltaly (Fattoria di Maiano,
Fiesole, Florence, Italy - approx. 43°79’ N, 11°30’ E)
during the 2020 olive crop season. Three replicated
collections were carried out in three different working
days within the same harvesting week (i.e., 9-13 No-
vember 2020). For each replicate, two different meth-
ods were used for harvesting of two 5 kg-batches of
olive fruit, respectively: i) the manual harvesting (MH),
detaching the fruit from the plants directly by hands,
or through the help of hand-held rakes ii) the facilitat-
ed harvesting (FH), using vibrating hand-held electric
combs. Within the same replicate, the representative
samples were obtained by collecting the olives from
various canopy areas of the same olive tree, carrying
out first the MH, then the FH.

2.1.2 Harvesting machines

There are various types of comb machines for har-
vesting on the market; they differ mainly for the driv-
ing power (electric or pneumatic) and the operating
mode of teeth that can be oscillating, vibrating or
rotating [30]. The devices used for the trials were
hand-held electric combs with vibrating system (Oliv-
ion, T220/300, Pellenc S.A.S., Pertuis, France), since
they were very suitable for the olive trees with a not
too dense crown of our host company. In detail, the
equipment was composed of portable battery (43.2
V), power cable, telescopic (2.20 m to 3.00 m length)
rod with ergonomic handling and ON/OFF button,
electric motor (380 W) and vibrating rake (38 cm
width) with 8 carbon prongs. The device operated in
“Continuous” mode at 840 strokes per min.

2.1.3 Olive fruit characterisation
After the harvesting, the whole batches were visually
inspected for health conditions including the pres-
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ence of fruit damage, examining a 100-unit sample.
A damaged olive index (DOI) was assigned accord-
ing to the method adopted by Famiani et al. [31]. A
sample of N=100 olives was divided into 4 groups
according to the degree of damage: no damage (i=0),
damage on < 50% of the pulp (i=0.25), damage on >
50% of the pulp (i=0.75), 100% damaged (i=1). After
counting the number of olives per each group (n), DOI
was calculated as follows:

i=1

por= XM

N

=0

The maturity index (M) was calculated following the
method described by [32] that divides the olives in a
8-point-scale (range from 0 to 7), according to the
colour of the skin and flesh. The water content was
measured after weighing 20 g of olives before and
after drying for 24 h at 105°C.

2.1.4 Storage conditions

All the olive fruit samples were immediately transport-
ed to the DAGRI (Department of Agriculture, Food,
Environment and Forestry, University of Florence, Flor-
ence, Italy) laboratory that was 12 km away from the
harvesting place, with a travel time of approximately
20 min. For each harvesting thesis (i.e., hand-picked
and facilitated harvesting) the initial batch was divided
in two homogeneous 2 kg sub-batches of fruit using
mash bags (Raschel), which were stored for 24 h as
follows: i) at 25°C in a controlled-temperature room;
i) at 6.5°C inside a chiller (Irinox MultiFresh, MF 25.1,
Irinox Spa, Treviso, Italy). The fruit sample mass was
arranged in monolayer to improve the heat exchange
between fruit and storage environment and to make
the samples reach promptly the setting temperatures.
The latter were chosen to obtain the largest tempera-
ture range between the two different storage condi-
tions. The 25°C-thesis was chosen to simulate the
worst-case storage scenario for olive fruit, assuming
masses of fruit waiting to be processed on a warm
harvesting day. Moreover, olive growers anticipated
the fruit harvest for either olive oil characteristics or
climate change related issues. In the Mediterranean
area, global warming led to the alteration of the phe-
nological stages of olive tree and fruit ripening [31, 32]
and growers often decided on an early harvest [35].
For instance, during the last 2021 olive oil season,
the average maximum temperatures in lItaly easily
exceeded 20°C in October (Ministero delle Politiche
Agricole, Alimentari e Forestali, consulted in January
2022).

The whole above scheme was replicated for 3 times,
one for each harvesting day, making a total of 12 olive
fruit samples and 12 olive oil extractions.

2.1.5 Olive oil micro-extraction
In order to exclude the effect of the whole mill oper-
ations, the olive oil samples were obtained in labora-

tory using a micro-extraction device as described in
Masella et al. [36]. After 24 h of storage at controlled
temperature, each olive sample was crushed using
a lab-scale crusher that totally reproduced a knife
crusher (Mori-TEM, Barberino Tavarnelle, Florence,
[taly). Then, 1.1 kg of olive paste was mixed in a lab-
scale cylindrical managing equipment at controlled
temperature (27°C) for 20 min. The olive paste was
also centrifuged at 4500 rpm (3600 xg) for 10 min to
separate the oily fraction from vegetation water and
solid particles through a NEYA 8 laboratory centrifuge
(REMI Neya centrifuges, Modena, Italy) equipped with
S 4-175 rotor (REMI Neya centrifuges, Modena, Ita-
ly). The oily fraction was recovered using a separatory
glass funnel. Finally, a further centrifugation (HERMLE
mod. Z 206-A, Benchmark Scientific, Sayreville, NJ,
USA) at 6000 rpm for 10 min was applied to clarify
the ail.

2.2 OLIVE OIL ANALYSIS

The obtained olive oil samples were analysed for
quality parameters according to EU official methods
[37], i.e., free fatty acids (% oleic acid), peroxide value
(meqgg, kg, ") and UV spectroscopic indices, i.e., K,
K,;, and AK. Tocopherols were determined according
to the ISO 9936:2016 method [38].

Phenolic compounds content were measured ac-
cording to the International Olive Council (I0C) official
method [39]. The extraction of the phenolic fraction
through MeOh: H,0 80:20 v/v solution was followed
by the identification and quantification through an HP
1100 liquid chromatograph coupled with both the di-
ode array detector (DAD) and mass detector (MSD).
Phenol separation was carried out with the aid of a
C18 SphereClone ODS column (5um, 250 x 4.6 mm
id; Phenomenex, Bologna, ltaly), using acetonitrile,
methanol and water (acidified to pH 2.0 with phos-
phoric acid) as elution solvents and following the elu-
tion gradient (1 mL min"' flow rate) described by the
IOC method. The chromatogram was recorded at
280 nm. Syringic acid was used as internal standard
and concentrations were expressed as Mg, ., Kgy -
For the evaluation of the volatile organic compound
(VOC) content, the solid-phase microextraction of the
headspace (HS-SPME) coupled with gas chromatog-
raphy and mass spectrometry (GC-MS) technique
was used, following the multiple internal standard
normalisation (MISN) method, as described by Fortini
et al. [40]. To obtain the stock standard solution mix,
71 analytes were dissolved in refined oil. Then, the
mix was diluted in the refined oil to obtain six levels
of calibration scale. Compounds and their concen-
tration ranges were chosen based on previous works
on ltalian virgin olive oils [41]. An internal standard
(ISTD) mixture (ISTD MIX) was prepared dissolving
11 molecules in refined olive ail, for a final concentra-
tion of 75 mg kg for each ISTD. ISTDs were chosen
to represent several molecular masses and several
classes of VOGCs, i.e., alcohols, aldehydes, ketones,
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esters, carboxylic acids and hydrocarbons. ISTDs
were either deuterium-labelled or found to be absent
in virgin olive oils and with no interference with their
volatile profile. Samples were prepared adding 0.1 g
of ISTD MIX to 4.3 g of olive oil sample into a 20 ml
vial fitted with open hole screw cap and PTFE/silicone
septa. The same amount of ISTD MIX was added to
calibration scales to normalise each compound con-
centrations of the calibration curve on those of the
respective ISTD, assigned according to the method.
The HS-SPME-GC-MS analysis was carried out us-
ing a 50/30 um DVB/CAR/PDMS SPME fibre by Su-
pelco for the extraction of VOCs and a Trace GC-MS
Thermo Fisher Scientific, equipped with a Zebron ZB-
FFAP capillary column (30 m x 0.25 mm ID, 0.25 pm
DF) for the identification. Identification was achieved
through a six-point linear least squares calibration of
the compound peak area over the relative ISTD peak
(area ratio) plotted versus the compound concentra-
tion ratio (amount ratio).

2.3 EXPERIMENTAL DESIGN AND STATISTICAL
ANALYSIS

The experimental design was set up as a full factori-
al, with 3 replicates. Two independent variables were
tested: the harvesting method (manual and facilitated)
and the storage temperature (room and refrigerated).
A two-way ANOVA model was applied to all the data
collected from the olive oil analysis including the 2 ex-
perimental factors as fixed effect variables and con-
sidering the 2 main effects and their interaction. The
harvesting day was considered as a blocking factor.
Significance was set at p < 0.05.

3. RESULTS

The harvested olives appeared in good health condi-
tions with no fly (Bactrocera oleage) infection. DOI val-
ues of 0.08+0.03, and 0.24+0.04 were determined in
hand-picked and facilitated harvesting olives, respec-
tively, and they can be related to bruising. Thus, the
olives harvested using facilitating devices were visu-
ally more damaged than the hand-picked ones. M/
and water content values were on average 1.6+0.2
and 52.1+0.9% w/w, respectively, without significant

differences among the treatments.

All extracted olive oil samples were classified as extra
virgin (Tab. Il). No significant differences were found
on free fatty acids (FFA), peroxide value (PV) and UV
spectrophotometric indexes (K., K,,o and AK) be-
tween samples obtained from different treatments.
Tocopherol amounts were not significantly different
between olive oil samples with an average value of
234 + 31 mg/kg (Tab. II).

The harvesting method significantly affected the total
phenolic compound content (TPC), and the phenolic
profile of olive oil samples (Tab. Ill). Particularly, the
TPC concentration resulted higher in MH oil samples
(average value = 624+93 mg/kg) compared to FH oil
samples (average value = 537+60 mg/kg). The MH
oil samples had the significant highest amounts of
phenolic acids and secoiridoids, with regards to oleu-
ropein derivatives (Fig. 1). The MH method favoured

Lignans Phenolic acids
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EQD b 'E’:':z i
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o i s o i
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Figure 1 - Group of phenolic compounds and indexes of olive
oil samples taken from manual and facilitated harvesting and
stored at cold (6.5°C) and room (25°C) temperatures for 24 h.
Error bars represent the Residual Standard Error of the
model. Letters a,b indicate a significant difference (p < 0.05)
for storage temperature, letters x,y indicate a significant
difference (p < 0.05) for harvesting method.

Table Il - Legal parameters and tocopherol content of olive oil samples taken from manual and facilitated harvesting and stored
at cold (6.5°C) and room (25°C) temperatures for 24 h. Different letters indicate a significant difference for (p < 0.05) found at the
ANOVA. RSE column reports the Residual Standard Error of the model. Significant codes: ns = not significant; * p < 0.1.

Room temperature storage Cold storage RSE p p p
25°C) (6.5°C) temp | harv. | int
Manual harv. | Facilitated harv. Manual harv. Facilitated harv.

FFA (% oleic acid) 0.24 0.26 0.26 0.26 0.02 ns ns ns
PV (meg O2kg™") 3.63 3.70 3.03 3.83 0.40 ns * ns
Kas2 2.05 2.04 2.07 2.04 0.05 ns ns ns
Karo 0.24 0.25 0.24 0.25 0.03 ns ns ns
AK 0.01 0.01 0.01 0.01 0.00 ns ns ns
Tocopherols (mg kg™) 235.67 235.33 234.00 246.67 35.83 ns ns ns
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the best preservation of 5 derivatives of secoiridoids,
namely hydroxytyrosyl acetate, decarboxymethyl
oleuropein aglycone oxidised dialdehyde form, oleu-
ropein aglycone dialdehyde form, oxidised dialde-
hyde form of decarboxymethyl ligstroside aglycone
and aldehyde and hydroxylic form of oleuropein agly-
cone. The MH oil samples also showed higher lignans
and cinnamic acid contents than the FH oil samples.
The following indexes was considered to evaluate the
oxidative degradation and overall hydrolytic status
of the phenolic compounds of the olive oil samples:
the ratio between non oxidised and oxidised forms of
secoiridoids (Nonox-Ox ratio) and the ratio between
the sum of tyrosol and hydroxytyrosol and the total
content of secoiridoids derivatives (R-Index), respec-
tively. The Nonox-Ox ratio was similarly proposed
by Armaforte et al. [42]; it gives an indication on the
freshness or aging of the oil from an oxidative point
of view. According to the literature data, the R-index
[2] was useful to monitor the hydrolytic transformation

of olive oil phenolic compounds during storage, due
to the release of simple phenols from secoiridoids
compounds [43]. Both the highest R-Index and the
highest Nonox-Ox ratio values occurred in the FH oil
samples (Fig. 1).

The olive fruit refrigeration improved the amounts of
six phenolic compounds, namely vanillic and caf-
feic acids, decarboxymethyl oleuropein aglycone
oxidised dialdehyde form, oleuropein aglycone di-
aldehyde form, lignans, cinnamic acid and oxidised
aldehyde and hydroxylic form of ligstroside aglycone.
Instead, the highest amounts of vanillin, p-couma-
ric acid and ferulic acid were measured in olive oil
samples which were extracted from olive fruit stored
at room temperature. The Nonox-Ox ratio values
showed the greatest oxidation of secoiridoids in oil
samples extracted from refrigerated olive fruit (Fig. 1).
It is important to point out that 4 compounds, mainly
secoiridoids, were significantly affected by both the
harvesting method and the storage temperature at

Table Il - Concentration of phenolic compounds in olive oil samples taken from olive fruits taken from manual and facilitated
harvesting and stored at cold and room temperatures for 24 h. Only significant differences (p < 0.05) at the ANOVA are reported

for individual compounds.

Room temperature storage (25°C) Cold storage (6.5°C)
Phenolic compounds Manual harv. Facilitated Manual harv. Facilitated RSE | pT | pH p INT
(mg kg) harv. harv.
Vanillic + caffeic acid 1.292 1112 1.82° 1.930 0.25 ** ns ns
Vanillin 6.25° 6.13° 5652 4832 0.64 * ns ns
p-coumaric acid 1110 0.96° 0.822 0.772 0.10 * ns ns
Hydroxytyrosyl acetate 2.23Y 1.48 x 2.35Y 1.36 0.54 ns * ns
Ferulic acid 3.67° 3.13°0 2,562 247 0.44 * ns ns
Decarboxymethyl 77.002y 59.68 2. 92.34 by 70.95 b.x 8.62 * * ns
oleuropein aglycone,
oxidized dialdehyde
form
Oleuropein aglycone, 51920y 40.84 b x 62.032y 50.47 a.x 5.60 * * ns
dialdehyde form
Decarboxymethyl 76.81Y 67.83* 85.81Y 74.89 % 7.66 ° * ns
ligstroside aglycone,
oxidized dialdehyde
form
Pinoresinol, 1 acetoxy- 25.04 ay 19.81 ax 28.82by 23.24 b.x 2.67 * * ns
pinoresinol
Cinnamic acid 19.73 by 16.12 b 22.09ay 19.91ax 2.15 * * ns
Oleuropein aglycone, 24.83Y 19.90 * 2167V 18.41 % 223 | ns * ns
aldehyde and
hydroxylic form
Ligstroside aglycone, 13402 12.032 15.84 0 15410 2.10 * ns ns
oxidized aldehyde and
hydroxylic form

Legend: Letters a,b indicate a significant difference for storage temperature, x,y indicate compound significantly different for harvesting method.
RSE column reports the Residual Standard Error of the model. Significant codes: ns = not significant; ° p < 0.1, * p < 0.05, * p < 0.01, ** p <

0.001.
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the same time (Tab. Ill). However, no significant inter-
actions between the harvesting method and storage
temperature were found for all measured phenolic
compounds.

After the HS-SPME-GC-MS analysis, 40 VOCs were
detected and 15 of them were identified as signifi-
cantly different between treatments, showing effects
due to storage temperature, harvesting method and
their interaction (Tab. IV and Fig. 2). Methyl propio-
nate was the only VOC significantly increased by
the MH method. The following six compounds (C6
from LOX pathway) were found to be increased by
the FH method: hexyl acetate, E-2-hexenyl acetate,
Z-3-hexenyl acetate, 1-hexanol, E-3-hexen-1-ol, and
Z-3-hexen-1-ol.

A significant increase at room temperature stor-
age was found for methyl acetate, 1-penten-3-one,
E-2-pentenal, Z-2-penten-1-ol, (E, E)-2,4-heptadi-
enal and propanoic acid (Tab. V). Conversely, the
amounts of hexyl acetate, E-2-hexenyl acetate,
2-heptanol, Z-3-hexenyl acetate, 1-hexanol, E-3-
hexen-1-ol, Z-3-hexen-1-ol and 1-octanol were the
highest in oil samples after the cooling treatment of
olive fruit (Tab. IV and Fig. 2).

Significant interactions between the harvesting meth-
od and storage temperature, occurred for several
C6 VOCs derived from lipoxygenase (LOX) pathway,
such as hexyl acetate, E-2-hexenyl acetate, Z-3-hex-
enyl acetate, 1-hexanol, E-3-hexen-1-ol, Z-3-hexen-
1-ol (Fig. 2). When the FH method was used instead
of the MH method, the above compounds showed
a considerable quantitative increase in the olive oil
samples, extracted from olive fruit stored at low tem-
perature. When the FH method was used instead of
the MH method, the C6 esters (i.e., hexyl acetate,

E-2-hexenyl acetate, Z-3-hexenyl acetate) also in-
creased in the olive oil samples, extracted from olive
fruit stored at room temperature; instead, the C6 al-
cohols (i.e.,1-hexanol, E-3-hexen-1-ol, Z-3-hexen-1-
ol) decreased (Fig. 2).

The VOCs were grouped in 4 classes according to
the number of carbon atoms (i.e., C5, C6) and their
microbial or oxidative origin; the microbial metabolite
VOCs included all the C5 compounds and some C >
6 compounds, whereas the oxidation VOCs grouped
exclusively compounds with more than 6 carbon at-
oms. A detailed list of compounds grouped by the
aforementioned groups is reported in Guerrini et al.
[44]. No interaction between storage temperature
and harvesting method emerged from the statistical
analysis of the above VOCs classes; 2 of them were
significantly affected by the storage temperature and
1 of them by the harvesting method (Fig. 2). Particu-
larly, the highest amount of the C6 LOX-derived VOCs
occurred in the olive oil samples, extracted from olive
fruit harvested through the FH method; whereas the
highest amount of the microbial metabolite VOCs and
C5 were measured in the olive oil samples, extracted
from olive fruit stored at room temperature. No signif-
icant difference of VOCs linked to oxidation contents
occurred.

The VOCs were also grouped in their chemical spe-
cies (Fig. 2). A significant effect of the olive fruit cool-
ing was observed on ketones, which increased in the
olive oil samples, extracted from olive fruit stored at
room temperature. Significant interaction between
storage temperature and harvesting method was
detected for ester and alcohol amounts, which had
a similar trend to the C6 compounds, as previously
reported.

Table IV - Concentration of volatile organic compounds in olive oil samples taken from manual and facilitated harvesting and
stored at cold and room temperatures for 24 h. Only significant differences (p < 0.05) at the ANOVA are reported for individual

compounds.
Room temperature storage Cold storage
(25°C) (6.5°C)

Volatile Organic Manual Facilitated Manual Facilitated RSE p p
Compounds (ug kg-) harv. harv. harv. harv. T PH | INT
Methyl acetate 59.1°0 72.22° 43.792 56.69 2 11.73 * ° ns
Methyl propionate 0.38Y 0.00 % 0.58Y 0.00x 0.30 ns * ns
1-penten-3-one 676.57 b 720.02° 349.672 363.50 2 77.48 b ns ns
E-2-pentenal 40245 51.99°b 10.13 2 15.852 9.12 i ns ns
Z-2-penten-1-ol 217430 226.01° 170.94 2 169.932 11.05 e ns ns
2-heptanol 8.76 2 8492 10.51° 12.02° 0.47 i ° *
(E,E)-2,4-heptadienal 78.61° 88.23°b 66.402 70.14 2 11.05 * ns ns
Propanoic acid 2990 27.36° 24,34 2 22,632 3.40 * ns ns
1-octanol 4322 44392 49.03 0 51.64 b 3.69 * ns ns

Legend: Letters a,b indicate a significant difference for storage temperature, x,y indicate compound significantly different for
harvesting method, h,i,j, indicate significant difference for temperature x harvesting method interaction. RSE column reports the
Residual Standard Error of the model. Significant codes: ns = not significant; ° p < 0.1, * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 2 - Volatile organic compounds in olive oil samples obtained from manual and facilitated harvesting and stored at cold
(6.5°C) and room (25°C) temperatures for 24 h. Results are reported as individual molecules for C6 VOCs (a) and as group of
compounds (b). Error bars represent the Residual Standard Error of the model. Letters a,b indicate a significant difference (p <
0.05) for storage temperature, letters x,y indicate a significant difference (p < 0.05) for harvesting method, letters h,i,j indicate a
significant difference (p < 0.05) for temperature x harvesting method interaction.

4. DISCUSSION

The cold storage of olive fruit, immediately after har-
vesting, was widely investigated, but it only recently
starts to spread among EVOO companies. In the high
quality EVOO context, the cold storage can preserve
phenolic and volatile fraction and prevent degradation
phenomena that are responsible for the formation of
fusty defect in olive oil [45]. Microbial spoilage activi-
ties in the olive fruit and warming of the olive masses
are the common causes of the degradation phenom-
ena[b, 12, 20, 21, 44] and can be favoured by the fruit
softening and leakage of cellular liquid [15, 19], which
can be particularly accelerated in mechanically har-
vested fruit [13]. The mechanisation of the harvesting
is spread, especially in the intensive or super-inten-
sive olive orchard, in order to reduce the labour cost
and increase the remuneration of companies [10]. It
is known from the literature data that the mechani-
cal energy transferred to olive fruit by the harvesting
tools affects the physical and physiological stability of
the fruit, causing some metabolic processes which
are responsible for a rapid deterioration of the olive
fruit components, including the oily fraction [12, 16,
17, 29]. According to Famiani et al. [31], the higher
the mechanisation level of harvesting, the higher the
percentage of fruit damage and, consequently, the
decay of the olive oil quality.

Since in small and medium companies, where the
use of trunk shaker or straddle harvester is not feasi-
ble due to the cultivation systems or unsuitable soils,
the transition to facilitated harvesting with the aids
of hand-held machinery is now well-established [8],

the effects of harvesting methods on olive oil quali-
ty is useful to study in order to process high-quality
EVOO. In this work, the initial characterisation of the
olive fruit showed a significant increase in mechanical
damage, due to the use of hand-held combs. The
experimental data showed no significant differences
for the legal parameters of the olive oil samples, ex-
tracted in the laboratory, and the values of FFA, PV,
UV, Kys,, Ko7 and AK were consistent with the “extra
virgin” category. Although the literature data are con-
tradictory [12, 17, 44-48], the above results may be
explained by the short storage time between harvest-
ing and milling, capable to well-preserve the olive oil
commercial quality. Moreover, the study of Famiani et
al. [31] did not detect changes in the legal quality pa-
rameters of olive oil, extracted from cv. Frantoio olive
fruit harvested through hand-held machines and after
48 h of fruit storage. Consistently with Yousfi et al.
[13], even the tocopherol contents of olive oil sam-
ples did not show significant differences; the applied
experimental conditions (i.e., cultivar, ripening degree,
content in other antioxidants, etc.) may explained the
above results, according to the study of Morales-Sil-
lero and Garcia [18], in which the tocopherol contents
decreased by more than 50% in Manzanilla de Sivilla
oils after mechanical harvesting, whereas non-signifi-
cant changes were found in Manzanilla Cacereria oils
during the same trials.

Instead, the phenolic and volatile compound contents
were deeply affected by both the harvesting method
and the storage temperature. The main changes on
olive oil quality due to the harvesting method was
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detected on the phenalic fraction, revealing a better
preservation of secoiridoids, phenolic acids, and lig-
nans after the MH method, with a TPC about 80-90
mg kg more than in the olive oil samples, extract-
ed from olive fruit harvested through the FH meth-
od. This is consistent with all the previous studies
indicating a low content of total phenols and secoir-
idoids as the mechanisation level and storage time
increase [12, 17, 29, 44, 45]. In addition, the R-index
showed the highest extent of hydrolytic degradation
of the secoiridoids in the olive oil samples, extracted
from olive fruit harvested through the FH method. The
beating of olive fruit during the facilitated harvesting
may cause the rupture of the cell wall and the release
of esterase and [3-glucosidase enzymes [51], leading
to an increase in simple phenols and a decrease in
total secoiridoids. In addition, the highest amounts
of LOX-derived VOCs and total C6 compounds were
found in secoiridoids in the olive oil samples, extract-
ed from olive fruit harvested through the FH method.
According to Morales-Sillero et al. [46], the damages,
caused by mechanical harvesting, may involve a pre-
mature activation of the LOX pathway, which lead to
the production of fruity notes. Famiani et al. [31] also
pointed out an increase of volatile content directly
proportional to olive damage, since the rupture of fruit
tissues releases the LOX enzymes [52]. This was also
described in Masella et al. [563], showing a significant
reduction of several C5 and C6 compounds in oils
from olive fruit frozen prior storage. In the latter, the
ice crystallization causes the rupture of tissues and
the contact between substrates and the LOX-en-
zymes, which may be inactivated before the milling
operations with prolonged storage. In summary, the
above events mean that the vibrational stress, given
to the olive fruit harvested by the FH method, was
capable to trigger immediately the enzymatic reac-
tions of olive fruit. Consistently with previous work
[24], the effect of cooling resulted in the preservation
of the individual phenolic and aromatic compounds.
The volatile profile did not reveal particular differenc-
es regarding VOCs that are related to olive oil defect,
because no marker of fusty, musty or wine-vinegary
defects expressed significant variation. The short
storage time of olive fruit could favour the above phe-
nomena, but the significant highest amounts of some
microbial metabolites, which were measured in the
olive oil samples extracted from olive fruit stored at
room temperature, suggests that these phenomena
were at an early stage. The cooling treatment caused
some significant differences linked to oxidation, prob-
ably due to both the highest solubility of oxygen at
low temperature and the enzymatic selection. On the
one hand, the cold storage preserved the individual
phenolic compound contents, but shifted the Nonox-
Ox ratio of secoiridoids towards the oxidation; it also
favoured the formation of C6 VOCs by the LOX path-
way, as also confirmed by the previous study [24]. On
the other hand, the effect of cooling decreased the

formation of C5 VOCs, confirming that this branch of
LOX pathway was not favoured by low temperatures,
as also described by Luaces et al. [54] and Dourou
et al. [25].

An interesting result for the olive oil aroma profile was
observed with the combination of mechanical har-
vesting and refrigerated storage of olive fruit. For sev-
eral C6-LOX related VOCs, an interaction between
temperature and harvesting methods was observed.
The mechanical stress induced by the FH method
pushed the enzymatic activity of the fruit including
the LOX activity; then, the following olive fruit cooling
enhanced the LOX pathway, increasing the formation
of the C6 VOCs responsible for the positive fruity at-
tribute in the EVOO. The above phenomena may be
explained by the different optimal temperatures of the
key enzymes of LOX pathway. For instance, the hy-
droperoxide lyase enzyme (HPL) slows down above
15°C [55], whereas the LOX enzyme has its optimum
at 30°C [56]. Therefore, room temperature storage
may activate preferably the LOX-mediated homolytic
cleavage of linolenic acids (LNA), that forms the C5
alcohol and 13-alcoxyl radical [57, 58]. The above hy-
pothesis was related to the study of Morales-Sillero et
al. [46] that conversely reported the highest amounts
of C6 compounds after manual harvesting and a
40% reduction of C6 compounds in mechanical har-
vesting with olive straddle machines, explained as a
premature activation of the LOX enzymes. However,
the same Authors pointed out that the differences of
the C6 compound contents was mitigated by cold
storage with a flattening of the differences between
the two harvesting treatments during storage. In
summary, cooling storage and FH method appeared
additional to achieve the best results in terms of ol-
ive oil aromatic profile. It should be highlighted that
the above results were related to a short-term stor-
age; therefore, the potential negative effects of the
enzymatic pathways, occurring after FH method and
during storage at room temperature, were not detect-
able and consequently did not lead to the formation
of oil sensory defects.

The results obtained at laboratory scale, could be
extended to a small industrial scale if the refrigerat-
ed cells are able to control olive temperature during
the fruits storage prior to milling. Guerrini et al. [24]
found that cells were able to control and decrease the
temperature of fruits stored in 250 kg bins. However,
for the same fruit mass, storing at room temperature
may cause a rise of temperature in the core part. On
the other hand, the use of a refrigerated cell is not
very suitable for a large industrial scale, where the
storage masses exceed 250 kg and may not reach
the desired temperature in the inner part causing the
worsening of the olive oil quality [6, 19].

Thus, in the high-quality EVOO processing, the most
correct management strategies for temperature con-
trol should be applied as a function of the plants and
equipment, as well as the climatic conditions.
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5. CONCLUSIONS

This work studied the effects of the following pre-ex-
traction factors on extra virgin olive oil quality: the
facilitated harvesting and the olive fruit storage at
low temperature. Application of vibrating hand-held
electric combs for the facilitated harvesting of olive
fruit represents a useful tool for improving the produc-
tion efficiency of olive oil companies, reducing labour
costs. However, it is a common thought, based also
on scientific evidence, that the above technique has
detrimental impact on the physical-chemical integrity
of the olive fruit before milling, compared to the man-
ual harvesting, and that it can be a potential factor for
the bad quality of extracted olive oil. At present, the
post-harvest cooling of the olive fruit is drawing inter-
est among the techniques used to prevent deteriora-
tion and sensory defects of olive ail, even if it involves
an additional cost, albeit relatively small.
Experimental data showed that the short-term stor-
age of olive fruit is the best practice to prevent the
downgrading of the olive oil “extra virgin” category,
since no significant differences on legal quality pa-
rameters were detected regardless the harvesting
method and storage temperature. The combined ac-
tion of FH method and storage at low temperature
during the storage of olive fruit, provided an oppor-
tunity for olive oil companies to obtain a modulating
effect on the oil aromatic profile, favouring both the
release of LOX enzymes and the solubility of oxygen.
Indeed, the above factors may contribute to a “good”
and controlled oxidation, leading to the production of
positive molecules for the EVOO flavour.

To sum up, the facilitated harvesting using hand-held
vibrating combs seems to have reached a sufficient
technological evolution to minimise the side effect on
olives and olive oil, especially if it is supported by stor-
age of olive fruit at low temperature. Nevertheless, the
facilitated harvesting must be included in an integrat-
ed post-harvest organisational approach that ensures
the correct handling, transport and hygiene practices,
combined with a short-term storage and small olive
heaps during storage.
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