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Abstract

Olive oil quality has received much attention during the last 2 decades. However, in some countries e.g. Morocco data
reported so far are still deficient and incomplete since only a few researchers have so far addressed the impact of pedocli-
matic factors on its quality. For this purpose, thirty-eight Moroccan extra virgin olive oils from the “Picholine Marocaine”
variety were collected over two successive crop years (2018 and 2019) and nineteen soil samples were sampled during the
first agricultural campaign considering the appropriate sampling equipment recommended. Twenty-three polar phenolic
compounds and five Vitamin E isomers (a, f, v,  tocopherol and a-tocotrienol) were detected, using HPLC-PDA-ESI-MS
and NP-HPLC-FLD, respectively. The most abundant phenolic class was represented by secoiridoids and derivates with an
average amount of 1112.3 mg kg™!, whereas among Vitamin E homologs, a-tocopherol was the most abundant, accounting
for 91% of total vitamin E. The correlation test and the Principal Components Analysis revealed the significant influence of
the pedoclimatic factors on some classes of phenolic compounds (phenolic acids, flavonoids, and secoiridoids); nevertheless,
no correlation was detected between phenolic alcohols and other variables under study. Furthermore, the dendrogram cluster
allowed to classify the studied areas into five zones, indicating the discrimination of olive oil quality in terms of geographical
origin. Besides, phenolic compounds and tocopherols showed significant dependence on the crop year of production. Further,
the harvest time turned out to be another factor that can influence the antioxidant fraction quantitatively.
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Introduction

Agriculture is one of the chief sectors of growth and allows
to fight poverty and enhance food security. In this contest,
the olive tree (Olea europaea L.) has considerable socio-
economic importance in the Mediterranean countries [1];
it is known as a perennial, long-lived, and evergreen tree
which is probably among the oldest domesticated trees in the
basin [2], and its growth in the region is positively related
to the sustainability of soil resource management practices
[3]. Morocco is an agricultural country where edaphic and
climatic conditions are diverse. The agricultural sector plays
a role as a real driver of economic increase [4] and it is
well known for the abundance cultivation of the olive tree
in almost the entire national territory, except for the Atlantic
coastal strip. With up to 96% of the “Picholine Marocaine”
as the main variety produced, olives sector contributes up
to 5% to the national agricultural Gross Domestic Product
(GDP) [5]. Throughout the Country's history, its growth
began in the first millennium BC. Since then it underwent a
significant expansion, with an olive crop area of 84.000 ha
in 2011[6, 7], withal one million ha in 2016 thanks to the
efforts under-taken in the framework of the Green Morocco
Plan (GMP) [8]. At present, considering its importance in
the GMP, it represents the highest cultivated fruit in the
country representing 65% of the tree-growing area [7], and
interestingly, almost 75% of the harvest fruits go for olive
oil production [6].

Extra-virgin olive oil (EVOO) is increasingly recognized
as the most prestigious edible oil because of its considerable
benefits in the human diet, prevention, and disease treatment
[9]. Due to the rising demand for this food product, olive
tree cultivation is enlarging worldwide [1]. Statistically, the
Mediterranean countries are the dominant producer and con-
sumer with about 97% and 91% of world olive oil production
and consumption, respectively [10]. Additionally, Morocco
is among the largest producing countries where the produc-
tion tripled in the last 60 years, reaching 33,79,000 tons in
the 2017/18 crop year [11].

The composition of EVOO consists of about 98%-99%
of glycerols [12, 13] and ~2% of minor compounds [14],
including more than 230 chemical compounds, such as ali-
phatic and triterpenic alcohols, sterols, hydrocarbons, etc.
Moreover, carotenoids, tocopherols, and hydrophilic phenols
[15—19] represent the fraction of bioactive compounds, key
components of EVOO. They have received much attention
over the last 2 decades due to their responsibility for free
radical-scavenging activities, the antioxidant properties [20],
and the anti-cancer activity [21].

Being EVOO quality an essential factor in competitive-
ness [22], all over the world research works showed an
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increased interest in its composition and the impact of some
factors on this quality [23] e.g. the type of crushers for olive
oil extraction [24], storage conditions [25], maturity stage of
the fruit [26], geographic origin [27] such as altitude [28].
Besides, other authors substantiated the effect of climate
(rainfall and temperature) [29, 30], and soil [31]. Neverthe-
less, to the best of our knowledge, most Moroccan studies
were only carried out in a small number of areas. While
some research works were carried out on the impact of the
geographical origin, so far too little attention was paid to the
soil of olive trees. Accordingly, this research project aimed
to obtain some findings useful to address these research
gaps.

This study had two primary aims: first, to widen the cur-
rent knowledge about the EVOO bioactive fraction in the
well-known EVOO production areas by identifying and
quantifying phenolic compounds and tocopherols (Vitamin
E); second, to investigate the impact of pedoclimatic fac-
tors and the crop year on these phytochemical compounds
and emphasize possible distinction among the geographical
origins. For this purpose, the current work was carried out
throughout nineteen central producing sites of EVOO for
two crop seasons, 2018/19 and 2019/20. Taking into account
that the distribution of olive trees in Morocco highlights
four or five large growing areas where the edaphic and cli-
matic factors vary, the sampling sites choice was based on
in-depth research that considered several parameters such as
the regional distribution and the abundance of olive trees,
the climate, and the EVOO production.

Materials and methods
Samples collection

The present work was carried out on thirty-eight Moroccan
EVOO samples obtained by milling olives from Picholine
Marocaine cultivar. Sampling was carried out during two
consecutive productive seasons 2018/19 and 2019/20, in
nineteen Moroccan mills sited in the regions of EVOO pro-
duction, as reported in Fig. 1. During the 2018/2019 pro-
ductive season, nineteen samples were collected in nineteen
mills of North-Center-West Moroccan area: two samples
from Tangier-Tetouan-Al Hoceima (Spl, Sp2), one from
Rabat-Sale-Kenitra (Sp3), seven from Fes-Meknes (Sp4-
Sp10), four from Beni Mellal-Khenifra (Sp11-Sp14) and
five from Marrakech-Safi region (Sp15-Sp19). Sampling
collection in the second study year (2019/2020) was per-
formed in the same Moroccan mills where samples were col-
lected in the first year (2018/2019). The EVOO miills of sam-
pling were equipped with similar technology and procedure.
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Fig. 1 The study area map with respect to the location (longitude and latitude) of the nineteen sampling sites that are depicted with green circles
and numbered in order from the north to the south, Sp1 to Sp19. Each polygon represents the province of origin

To protect the oil from oxygen and light, the samples were
stored in dark-colored glass bottles that were closed her-
metically and kept away from light. Soil sampling was con-
ducted in November 2018 while considering the appropriate
sampling equipment (an Edelman's Auger), the earth depth
(0—60 cm), and the samples conditioning. For more details
about the study areas, Table S1 (in supplementary materials)
provides the geolocation (latitude, longitude and altitude) of
the sampling sites.

Chemicals and reagents

Tyrosol (p-HPEA), purity > 95%, hydroxytyrosol (3,4-
DHPEA), purity >90%, oleuropein aglycone (3,4-DHPEA-
EA), purity > 98, gallic acid, purity >97.5%, caffeic acid,
purity >98%, luteolin, purity > 97%, apigenin, purity >99%,
ethyl gallate, purity > 96% reference materials, and the
LC-MS grade: acetonitrile, n-hexane, methanol, formic
acid, and water were obtained from Merck Life Science
(Merck KGaA, Darmstadt, Germany). Tocopherols (a, (3, v,
8) and tocotrienol (o) standards were purchased from Extra-
synthase (Genay Cedex, France).

Phenolic compounds analysis
Phenols extraction

Extraction was carried out according to Ricciutelli and co-
workers [32]. Briefly, I mL of each EVOO was diluted in
1 mL of n-hexane. The sample was extracted with 1 mL of
methanol/water (3:2, v/v), shaken for 5 min and extracted for
2 min in an ultrasonic bath (temperature, 37 °C; Hz, 60 W).
Then was centrifuged for 10 min at 3000 rpm. The aque-
ous phase (1 mL) was recovered and washed with 1 mL of
n-hexane. Before HPLC injection, 20 pL of internal standard
(I.S.) ethyl gallate (1000 ppm) were added to each extract.
Each sample was analyzed in triplicate.

Phenols determination by HPLC-PDA/MS

HPLC analysis was performed using a Shimadzu (Kyoto,
Japan) instrument, composed of binary solvent pumps LC-
20AD, a SPD-M20A photodiode array detector (PDA) and a
LCMS-2020 mass spectrometer detector (MS). MS detector
was equipped with an electrospray ionization (ESI) source
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operating in negative ionization (NI) mode and single quad-
rupole MS. Data acquisition was performed by Shimadzu
LabSolution software (Ver. 5.65, Shimadzu, Kyoto, Japan).

Separations were performed on an Ascentis Express
C18 (150x 4.6 mm, 2.7 pm) analytical column (Merck Life
Science, Merck KGaA, Darmstadt, Germany). The mobile
phase for HPLC-PDA/ESI-MS analyses was water with
0.1% formic acid (A) and acetonitrile with 0.1% formic acid
(B) working in the gradient mode 0 min, 10%; 4 min, 35%
B; 12 min, 47% B; 12.5 min, 60%; 16 min, 75%; 21 min,
100% B with a flow rate 1.0 mL min~'. All analyses were
performed at room temperature of the column and the injec-
tion volume was 5 pL. PDA was monitored at a wavelength
of 280 nm. The ESI ion source conditions were as follows:
DL (desolvation line) temperature, 280 °C; nebulizing gas
(nitrogen) flow, 1.5 L min~!; drying gas (nitrogen) flow rate,
5 L min~'; heat block temperature, 300 °C. The mass scan
range was set in the range of m/z 100-800; event time was
0.5 s. SIM (single ion monitoring) mode was used for phenol
quantification: gallic acid (170 m/z), 3,4-DHPEA (154 m/z),
p-HPEA (138 m/z), 3,4-DHPEA-EA (378 m/z), ligstroside
aglycone (p-HPEA-EA, 362 m/z), oleocanthal (p-HPEA-
EDA, 304 m/z), oleacein (3,4-DHPEA-EDA, 320 m/z), api-
genin (270 m/z), luteolin (286 m/z).

Tocopherols and tocotrienols determination
by NP-HPLC-FLD

EVOO samples were analyzed without any pre-treatment.
In order to quantify a, B, y-tocopherol and a-tocotrienol in
a single analysis, each sample was diluted with n-hexane
(1:10, 1:15 or 1:30, v/v) before NP-HPLC analysis. Each
EVOO was analyzed in triplicate.

HPLC analyses were carried out using a Shimadzu Nex-
era-X2 system (Shimadzu, Milan, Italy), including a CBM-
20A controller, two LC-30AD dual-plunger parallel-flow
pumps, a DGU-20ASR on-line degasser, an autosampler
SIL-30AC, a CTO-20AC column oven and a RF-20AXS
fluorescence detector with cell capacity of 12 pL, xenon
lamp and wavelength range 200-750 nm. Data acquisition
was performed by the LCMSsolution Ver. 5.85 software
(Shimadzu, Milan, Italy).

Analyses were carried out on an Ascentis Si,
250x 4.6 mm I.D. with a particle size of 5 um (Merck
KGaA, Darmstadt, Germany) column. The injection vol-
ume was 5 pL. Analyses were carried out in isocratic
mode: n-hexane and isopropanol (99:1, v/v). Flow-rate was
1.7 mL min~!. Column oven was set at 25 °C. Data were
acquired using a Fluorimetric detector at 290 nm for the
excitation wavelength of and 330 for emission.
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RP- and NP-HPLC methods validation

To quantify the vitamin E and phenols content in the EVOOs
samples calibration curves were constructed by using every
single available standard, according to the method previ-
ously developed and validated by Dugo et al. [15]. Briefly,
for tocopherols and tocotrienols quantification five different
concentrations of each component, in the range between 0.1
and 200 mg L~!, were analyzed five consecutive times by
NP-HPLC. On the other hand, for hydrophilic phenols quan-
tification, five different concentrations of each component, in
the range between 0.1 and 1000 mg L=}, were analysed five
consecutive times by RP-HPLC. Before injection, 20 pL of
internal standard (I.S.) ethyl gallate (1000 ppm) was added
to 1 mL of each standard solution.

Soil physicochemical characterization

Upon receipt, the soil samples were dried in the open air
to limit microbial activity. They were then ground to sepa-
rate the soil from the gravel and pebbles prior to be turned
into a homogeneous powder. Afterwards they were manu-
ally sieved using 0.2 and 2 mm mesh screens, respectively
and the suspension density according to the Stokes law [33]
was evaluated. The active acidity (pH,,.,) Was measured
using a pH-meter according to a ratio of soil: water (1:2.5),
and the conductivity by employing a conductivity meter.
Total limestone (CaCO;) was executed using Bernard's Cal-
cimeter Method, total organic carbon and organic matter by
the Walkley and Black method, and total nitrogen using
the Kjeldahl method. Moreover, the available potassium
has been extracted using standard ammonium acetate then
quantified by Flame Photometer. Each sample was analyzed
in duplicate.

Statistical analysis

The R software version 4.1.0 was used for the Principal
Components Analysis (PCA), the Hierarchical Clustering
on Principal Components (HCPC) (after data standardiza-
tion) and the correlation test (Supplementary material) by
Pearson's correlation coefficient (Table S2). The two-ways
ANOVA was conducted using XLSTAT 2018, and the analy-
sis of the differences between the categories via Tukey test
(HSD) with a confidence interval of 95%. ArcGIS® software
version 10.6.1 was used to visualize the location of sampling
sites in Fig. 1.
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Results and discussion
Phenolic compounds

Phenolic compounds are part of polar fractions usually
obtained by methanol-water extraction. In the present study,
23 hydrophilic phenols classified into four major classes
were detected: phenolic acids, phenolic alcohols, secoiri-
doids and derivates, and flavonoids.

As can be seen from Table 1 that the total phenol content
ranges from 110,1 mg kg™! (Sp6) to 4105.7 mg kg~' (Sp2)
and from 52.8 mg kg™! (Sp10) to 1420.8 mg kg™! (Sp5) for
2018/2019 and 2019/2020 crop season respectively, indicat-
ing a certain gap of antioxidants in EVOO from the nineteen
sampling sites in Morocco. Interestingly, the amount of phe-
nolic compounds in almost all the tested EVOO falls within
the average (250 mg kg~!) recommended by European Com-
mission Regulation [34] and it is slightly consistent with
what is mentioned in the book of Boskou [35] where wide
ranges (50-1000 mg kg™ ") for the levels of total polar phe-
nols in EVOO were reported.

Diamantakos et al. [36] analyzed the phenolic content by
gNMR in 5764 olive oil samples from Greece and more than
30 varieties for 11 years. They found a maximum concen-
tration of 4003 mg kg™! of total phenols in oils produced in
September 2017 from Kalamon variety. They also observed
a significant correlation between the phenols and the har-
vest period. In another research work, some authors con-
ducted a 3-year study to investigate 44 varieties of olive
oils. According to the results, total phenolic compounds
varied from 260 to 4497 mg kg~! during the 2017-2018
crop season [37]. In addition, a study conducted on 25 and
80 cultivars for 2014/15 and 2015/16 crop seasons, respec-
tively, showed high amounts in various phenolic compounds
like p-HPEA-EDA (up to 2931.1 mg kg~! for the first crop
season), 3,4-DHPEA-EA (up to 3501.3 mg kg™~! in 2015/16
season), p-HPEA-EA and 3,4-DHPEA-EDA [38]. Strikingly,
as far as we know, these are the first and the only highest
values reported in the literature.

Regarding the classes of phenolic compounds, with an
average of 1112.3 (for 2018) and of 705.85 mg kg~ (for
2019), secoiridoids and derivates represented the primary
class, followed by phenolic alcohols with a total average of
86.69 and 20.45 mg kg~' for 2018 and 2019, respectively,
and phenolic acids in the range from 6.00 (Sp3) to 48.10
(Spl) mg kg~! for 2018, and from 3.54 (Sp18) to 34.33
(Sp3) for 2019. The smallest class was one of the flavo-
noids with an average of 10.25 and 9.54 mg kg™! for 2018
and 2019, respectively. While studying the phenolic profile
of “Picholine Marocaine” for three consecutive crop sea-
sons in Meknes, Bajoub and his co-authors [39] found phe-
nolic alcohols and secoiridoids in the highest amount, with

flavonoids in higher content than phenolic acids. Our results
agree with the ones reported by Bouymajane et al. [40],
who found the same abundance order of phenolic classes
in Moroccan EVOOs. Furthermore, according to Boskou
[35], the aglycons derived from secoiridoids were the most
abundant phenolic compounds in the EVOOs investigated.

Among minor constituents of EVOO, the dialdehydic
form of elenolic acid linked to 3,4-DHPEA (3,4-DHPEA-
EDA), decarboxymethyl 3,4-DHPEA-EA, and 3,4-DHPEA
are principally responsible for the exceptional resistance of
EVOO to oxidation. Nonetheless, p-HPEA, lignans, and
p-HPEA-EA are weaker antioxidants [35]. In accordance
with Tuck and Hayball [20], glycoside oleuropein (a het-
eroside of elenolic acid), 3,4-DHPEA and p-HPEA present
the highest amount (around 90%) of EVOO phenolic com-
pounds. Comparatively, in the present work, 3,4-DHPEA-
EA appeared in good amount with a total average of 615.83
and 367.01 mg kg~!, followed by elenolic acid 166.66 and
184.49 mg kg~! and p-HPEA-EA with a total average of
136.92 and 89.90 mg kg~! for olive oil in 2018 and 2019,
respectively. Such data are higher with respect to the ones
recently reported for five Algerian cultivars [41].

In accordance with some Moroccan findings [39, 40], our
investigation on the two crop years revealed that p-HPEA
amount was higher than 3,4-DHPEA within to phenolic
alcohols class. Such an aspect is linked to the age of the
studied e.g. Di Stefano and Melilli [42] proved that during
olive oil aging, secoiridoids are transformed into hydrophilic
substances.

With regards to flavonoids, luteolin was the highest
compound (7.06 and 9.32 mg kg~' for 2018 and 2019,
respectively), followed by luteolin glucoside (4.32 and
1.12 mg kg~!, respectively for the two crop years). Like-
wise, Boskou [35] reported some research work that found
around 0.2-7 mg kg~! of luteolin in Greek VOO, while oth-
ers reported a value of 10 mg kg~ in selected Spanish VOO.

Tocopherols (Vitamin E)

Tocopherols are fat-soluble compounds consisting of a
single benzene ring with a hydrocarbon tail attached [43].
They are recognized for their dual beneficial action: the
advantage of being the vitamin E occurring in human blood
and tissues, as well as the possession of vigorous anti-oxy-
gen activity [35]. From the eight E-vitamers (tocopherols
(a, B, v, ©) and tocotrienols (a, B, v, 9)), a-tocopherol is
found in the free form [13] and alone accounts for 90%
of all tocopherols. In the EVOO samples investigated in
this work, five vitamin E isomers (o, B, v, & tocopherol
and a-tocotrienol) were detected. Total vitamin E ranged
between 38.4 (Sp10)-213.0 mg kg-1 (Sp14) for 2018 and
between 48.4 (Sp2)-147.3 (Sp7) for 2019, with an average

@ Springer



European Food Research and Technology (2021) 247:2993-3012

2998

vd
“VAdHA-¥'¢
_ [AyrowAxoq
ao1> ao1> ao1> ao1> ao1> ao1> ao1> ao1> 9C0+¢0 0202/610C -Ie09p
90'1+¢6¢ 0r'0+¢0I1 ao1> ao1> TC0+80 ao1> ao1> LETFICT ao1> 610¢/810C Axo1pAH
900F1°¢6 SreFeet 1€TF966C 8ICF8LE 0€9F 1291 01'0F80I LITFLES OLTFL6Y  T8VIFLOLI 020¢/610T
8ETFESEC6 8S°0F886¢ 1€0FT6 9€0+F9¥ LY0OFT10€ LYOF L6 EEYFO660l  €6'LIF1999 8TSCF6'€91 6102/810C  VA-VAJH-d
0I0F Y1 €00F€0 600F¢¢ W0O0FL1 EIoF6'1 €00F1°0 0C0F€9 w00F¢E €TO0F8 9 020¢/610T vVad
S90F6IE €00F €91 01'0F60 LOOFE0 Y90+ LI 81'0F0'6¢ L8TF6IIL LTY+9°S81 YO+ L8y 6107/810C  -VAdHA-¥'€
T00FL0 00T1> 001> 00T1> 100F1°0 YIOF1°0 001> ao1> aoT> 0202/610T
60F90 ao1> 000F20 000F0°0 [ANIES 4] 01'0F07C €TOFI1 ao1> ao1> 610¢/810C VAA-VAdH-d
10V F¢LTy 69°0F608 LY 0FTS6€ 9TIFGL6E  ILITFTILL ELTF8 V6 L6'TF901Y 1€ 1F8 61 91'9F81¢S 0c0¢/610T va
PE8F6C09 S9EIFSS091 S80F08L 9TIF€7TT 891 FS 0OV ETYFISTY YLSFESI8Y 9SHSFO6SYT  TILIFEYT9 6107/810C  -VAdHA-¥'€
190FV'I¢ 8CT0FT1'6 CS0F9LI LTEF08Y 9TEF6'YS 610F6'T I OFICI SO0+8'T LOOF¥'01 020¢/610C -<mEEQ.MM
I EFEECL SLTFO0IS TCOF9°CI LEOFE9 €6'0F 168 €CT+86¢E TLOF6'SE Cro+168 0CT+6'LY 6102/810¢ Ax01pAH-01
JJeALIDp
puE SPIOPLIOJS
001> 001> 001> ST'0FLT 001> 001> 001> 001> 001> 0202/610C
€00F1°0 ao1> 61°0F8Y 1€0F€T €00F9'1 100+87T YIOFCTY €9°0F09 ao1> 6107/810C  9n[S urjodn]
001> 001> 001> 001> 001> 001> 001> 001> 001> 0202/610C
001> ao1> 001> 001> 001> 001> 001> 001> ao1> 6102/810¢ uruasidy
600F¢CI €00FC1 900F1°C Er0FT6 €00+ 191 6L0F99 W00F1'S (AAIE A4 ST'0F+9 020¢/610T
woF6s 960+ LTI TCOFLS €0'0F80 600F0°L 0I'0FT1'L €00F1°¢ PP 0F9'8 001> 6102/810C urjosing
SPIOUOAR[]
seeFeel 69°0F V11 8T S+891 ao1> Y1°0F09 1TeF8¢l STY+TLI LY'T1F6€ ILTFYCI 0202/610C
€TTFTeEl €0CF6'61 ao1> W ITFTYI €S0F¥01 S90F¢01 ao1> ISV F e 9CTIF1'8Y 610¢/810C p1oe d1en
100+8°¢S SO0F9'1 900+F9'1 100F9¥I1 ¥0°0F0¥ €50F8°¢ 9S°0F6Cl 0S0F€¢ SO0FEY 0202/610C
100F06C ao1> IT0FC8'T IT°0F99°L 90+ L891 LOOFESL LEOFOLE ao1> ao1> 610¢/810C ploe J1InIoq
100F€¢ ao1> ao1> S0'0F09 Zro+so 001> 60TFIY ao1> ao1> 0202/610C
YI0F9Y ao1> 6C0F6'Y PIOFLT €00+F8'1 SE0F8¢ Cro+ee ao1> ao1> 610¢/810C ploe J19jje)
spIoe orjouaydq
SSOFO0LT ao1> 9C0F <Y 81'¥+99C 7€0F€9 001> orv+10C ao1> 9’0+ €01 020Z/610C [osozx
S80T+9°¢CT1 9$TF0S9 0S'0F69¢ 00FSTI 0L0F6'LT 61°0F879 LTTFYPE I8 LFL9¢T 8TSF1'88 6102/810C -K1kx01pAH
89°0FSCIT €9°0+8°01 9C0FTTl 760F 901 09°0F V1 89°0F9°01 IS0F6S 8T0FS¢ 9€'0FSTI 0202/610C
98'0FLCC PITFLET 9C0FT8 LTOFEL 9C0F1°CI 100F091 8S0FT 61 S0F06Y 80'0F69¢ 6102/810C [oso1k],
s[oy
-09[e J1jouayd
6ds gds Lds odg cdg pds ¢dg zds 1ds uoseas dox) spunodwo))

«QUIBDOIBIA] QUI[OYPI,, JO [I0 SAI[O UBIIOIO UI (;_SY Sur) $)usyuod sjo1eydooo) pue spunoduwod drjoudyd jo (IS F95eI10AY | djqeL

pringer

fH's



2999

European Food Research and Technology (2021) 247:2993-3012

100FL0 100+9°0 100F60 100+6°0 100FL0 001> 100+80 100+9°0 100FL0 020¢/610T
1'0+890 1'0F9%°0 €00+ 150 0°0FLY'0 600F+S°0 00F90 SO0FTT $00F9°0 S0'0+9°0 6107/810C  1010ydooo]-Q
0T'0+T¢ 0T'0+T¢ 0T'0F06 0C0F6'S 0T 0F¢Y 0€0F6'S 0T'0+8¥ 0T0FL¢ 0¥'0FS9 020¢/610C
0C0F0S'L €0+8¥'9 8€0F9¢°L IT0F+0L €S0FEI'8 0C0+99 €1'0+09 LO0OF0'6 EI0FSL 6107/810C  To1oydodog-A
0T'0F€T 0T'0F6'T 0T'0+T¢ 100+9°¢ 0T'0F¢C 0T0F1C 100+9°C 0T'0+TC 0T'0FSC 020¢/610T
0S0+8LT 01'0+92C 8T'0F+8°C 60°'0F9S°C 9C0F19C 1'0+CC 800F1+'C ST'0+87T Cro+v'e 6107/810  To1oydoso]-¢
0S0F0'L 001> 0€0F0°¢ 100F€¢l 0C0+t'8 T100FT°¢ 0T'0+9C 0T'0+TC 0C0F6C 020¢/610T
001> 001> 001> 001> 0T'0+8C 0T'0+¢SC 001> 001> 001> 610¢/810C  10ULLNOS0] -0
T0+8¢S8 60F0CL ¥'0FT6CT LTF6'811 €SF6TL YEFTOL €0+€TS S0+86¢E 90FS9IT 0c0¢/610C
80+ 06951 PIFSTEST €Sy +05°08 €90F Y ETT I'0T+9€°68 SOFEITT 09°0+0790T 6£0F9¢eT 9’ T+T Y01 6107/810  To1eydodog-0
g UIeirA
ao1> ao1> ao1> ao1> ao1> ao1> ao1> 60°0F¥+°0 ao1> 0202/610C proe orjou
ao1> ao1> ao1> I7'0+98°0 ao1> ao1> ao1> ao1> ao1> 6102/810C -o[0 Axosa(
OT'C+1'81 EEYFOEE SE0F19 LTOFT'LT 810+ L6V 00F0TT 9STFGSII 9T0FS Y1 YI0F0T 0202/610C proe orjou
06'S+¢€0I1 0C0Ft9 I1€0+891 000FL9 0C0+L0¢ ITTFELI IL0OFL6 6V'0FL'LT 6SVCF6'6¢ 6107/810C  -o[° Axo1pAH
proe
_ _ _ _ _ _ _ _ _ J1ouR[? [Aylo
86°0+TL 90'0+¢6C Y0'0+6°0 190+1°¢ 0C0+SY €e'0+CT SYO+T1 6¥'0+8°0 Co+¢'l 0202/610CT  -wAxoqressp
LEECFILT SLOFES ILOFTE ¥0'0F+0°¢ TLOF8Y €L0OF06 €00F6'1 060F¢ T ST'T+9°0T 6102/810C Axo1pAH
€691 +99LT 9ETFOYL L6'TFT6ET $S°0+009C  SI'CCFYTIE ELLF098  LEYTFT 60V ECTFSLY SL'T*9°09 0c0c/610C
80°L+S90¢ 88'6F¢691 6C0+T19 SToFTEl YLOF8CE 189+99CI IY'SF+TE0T  EIYTF9'ISY ILT+TTIT 610¢/810C  ploe drjousrg
0€'T1+8SC LLOF0T €00F¥'L LETF6'6 80°0F89 ao1> Y91F+TY ao1> WWIFTLY 0202/610C -<mmIQ.Mmm_
LTOFE0 €0°0F+°0 ao1> ao1> ao1> ao1> €I0+81 ao1> 0r'0F0C 6102/810C Ay
vd
“VAdHAY'¢
ao1> ao1> ao1> ao1> ao1> ao1> ao1> ao1> ao1> 020T/610T  (Ayrowkxoq
600FT'T 8T 0FS'T ao1> ao1> ao1> ST0FST OrFEE 6L0F 61 ao1> 6107/810  -Tedap (Ao
aor> ao1> aor> SETFTC L90FT6 ao1> €8'0F¢9 aoT> ao1> 020T/610C QBI00. [0S
aoT> ao1> aotT> ao1> aoT> ao1> aotT> aoT> ao1> 6102/810¢  -01K1 Ax01pAH
apky
_ _ _ _ _ _ _ _ -op[eIp ploe
6C0+61 9CTO0+1'1 cro+ov 0S0+¢'¢ ao1> 8I'0+T'1 SI'0+60 IT°0+¢°0 €0+90 0202/610T orjousys [Ay1o
€0'T+GS'8 ao1> EI'T+CTI I7'0FL9 YCOF8L 810F¢T 16°0F09 ao1> STOF1'6 6107/8107  -wAx0qIEd(
88 T+G¢€E STOF6V ao1> ST'T+E6C ao1> ao1> ao1> 6£0F9°6 Y€0F19C 0202/610C -<mnEQ.M,mm
6V 0F 1Y 900F0°¢ ao1> ao1> 9T'0F80 600FL0 SI+T1 1TTF¢ES EIEF6'L 6102/810C o1pAya(
6ds gds Lds odg cdg pds ¢dg zds 1ds uoseas do1) spunodwo))

(ponunuoo) | sjqey

pringer

Ns



European Food Research and Technology (2021) 247:2993-3012

3000

JJeALIOp
puE SPIOPLIOdAS
001> 001> 001> 001> 001> 001> 001> 000+200 001> 80'0F9T 0T0T/610C
01'0%09 LSOFGSET 010+€0 001> LTOFE8 001> 100+1°0 0S0F6¥ 001> €EI'0F60 6107/810C  On[3 urodiny
001> 001> 001> 001> 001> 001> 001> 001> 001> 001>  020T/610T
001> IS0+67C 001> 001> 001> 001> 001> 001> 001> 001> 6107/810C uruesidy
9TO0+FTI'S Y90+ 1°SI 190+ 691 100F+°0¢C ¥0°0F9°CI STOF06 STOF6'S 600F 1€l S00F06 60'0FT'8 0T0T/610C
ST0F0Y 9 TFT6I 0T'0+¢8 91'0+99 08°0F¢II 800+ %9 LY 0F 101 810FS¢ 1€0+7T0I1 ¥0'0FT¢ 6107/810C utjoang
SPIOUOAR[]
ao1> aoT> ao1> ao1> ao1> 00C+68 ao1> 8€€+991 90'T+0'IC ITCF6'L  020T/610C
200F €€l €eeFTTC 18C+¢0C 8T0FTSI SECSFESI 6£0F09 TC0F€E6 ELTFL8I YO'CTFS'8 STOFSL 6102/810C PpIoe Jl[[eD
€Io+L9 800F6'1 18°0+CCI 900+F17C 9€0+0°S 0C0+FSC 100+L¢ 100+8V 900F0°1 100+270 020T/610C
9T0+FT¢ aoT1> €00FL0 WOoFS'T 6C0+86 (AN N W0WO0+FST ao1> ao1> POOFEL'E  610T/810C PpIoe Ol[nIoq
Ero+0T1 0T'0F¢S'T 001> 001> 9TO0+FTY ao1> 0r'0+8'1 $00+6C 001> 001> 0207/610C
ao1> ao1> 001> WOFT'T €00FLL EIo+17C 0T'0F¥'1 ao1> YOO+ €T 001> 6107/810C pIoe dloyen
SpIoe d1jousyJ
9T0+FS'L €6'0F6' 11 WTFYTI 0S0+€6 1T0+¢6l STOFSY STOFL6 S8IF+6CC €1'0+CT 80'0FL'S 0T0T/610C [0sox
88 CF6'LTI 8 1F+0°6¢ 6T TF1°¢C LTOF99L S60F90S TO6FTIICT 89V +T+9 €E0FLYE 6€F006 €6'0F9°LT  610T/810C -Kikxo1pAH
YLOFPII ST0+68 6v'0F9°CI $6'0+8'8 €6'0F TSI 0T0F€¢T 86 0F V'€l S90+CTII ILTF491 YI'0FST 0202/610C
8T TFBTCS 8 0F V¥ 0T0+0IT 1T0+¢91 1TT+09¢ 6C0F1°¢T (ANIRSY] LTTFTSE 8T0FT1'CE 100F0¥ 610T/810C [0SOIAT,
s|oy
-09[e d1jouayq
uoseas
61ds 81ds L1ds 91ds s1ds v1ds €1ds z1ds 11ds ords do1p spunoduo)
1°696 9°LSE 0116 P88 8'0crl g'sye £'C86 I'rel L'€E6 020¢/610C  spunodwioo
Cleel 9'9¢6¢ 1°0s¢ o1t 96°0¢Y 0°LS8 006 LvSIY ¥ 0SET 6102/810C Sroudydx
101 9LL Lyl 44! 9'88 €18 1'€9 ¥'8y Iecl 020T/610C
8'L91 €791 L'TLT £'ecl Sv'ocl (414! 498! (%41 8yl 6102/810C q UIe)AY
L'L68 yeee 8'¢L8 €¢CI8 geLel ¢80T 916 L'LLT G'L88 020¢/610C  oyearsap pue
L'S9TT SIve 9'L6l Y9 Iese Vvl 6'CL8 L'616¢ ILLTT 610C/810C  SPIOPLIOd2SX
£l 'l I'c 601 1’91 99 149 ¥'C 9 020T/610C
1’9 Lel S0l I'e 98 6’6 €L Lyl 00 610C/810C  SPIOUOABIX
§'ce 0¢l P81 9°0¢ 901 96l £re L 891 020T/610C sproe
8'0C 6’6l L9 9'¢C 06T L'eT 6'S y've |14 6102/810C dljouaydx
gce 801 $91 LE §'0c 9°01 1'9¢ 9'¢ 8'CC 020T/610C [0yoo[e
V'8¢l L'88 cse 6'81 o'ov 8'8L L'€S 8'681 |BY4! 6102/810C dljouaydx
6ds gds Lds odg cdg pds ¢dg zds 1ds uoseas do1) spunodwo))

(ponunuoo) | sjqey

pringer

Qs



3001

European Food Research and Technology (2021) 247:2993-3012

68°S 7981 SL'9 LT 960
F66' 1Tl FSSLYT FT86I1  TTTFOLYI F90'62¢ F6cTel 9I0IFOPPE  €O9OFECTLI 80 TF98ICT  9SOFICl  0T0T/610T
0SSFISHL  ISSFLLII  96+F8IFT  +SOFECIST  €TLFI68  8C0FS00E  S8SFOHSI CTIFIIL  LUVFECICE  $LOFYSL 610T/810C  PIE dlous[q
ao1> €OTF8 Y €TO0F9¢E SOFF9  YTTFITI ao1> TI0FLS ao1> ao1> do1>  0207/610C .<mm:a.w,mm,
0L0F 601 SLOFOS ao1> 600F¢€E €SO0FIT €S0F0°€ 620F9°0 ao1> ao1> T6'0F9°01  6107/810C AN
v
-VAdHA-¥'€
ao1> ao1> ao1> dao1> ao1> ao1> ao1> ao1> ao1> aoT> 0T0T/610T  |Ayewkxoq
ao1> ao1> ao1> ao1> aot> T00F 1T ao1> aor> 001> doT1>  6107/810C  -1eosp Ay
ao1> ao1> ao1> ao1> ao1> ao1> ao1> ao1> ao1> doT1> 020T/610C JrId0L [0S
ao1> aot> ao1> ao1> ao1> aot> ao1> ao1> ao1> do1>  6107/810C -01A) Axo1pAH
ophy
_ _ _ _ _ _ -op[eIp proe
9T 0F9'T LTOFOT SOTFEY ao1> ao1> ao1> ao1> 000FT1 0E0F T LYOFT€ 0T0T/610T orjousyo [Ayte
86'TF86 1T0FC¢ 6£0F9T  LOOFVIY ao1> IC0FTIT FOFOT €C0F6'8 LEOFY6 SCOFECT 6107/810C  -whxoqress(
ao1> ao1> ao1> ao1> ao1> €S0F8T ao1> ao1> ao1> dao1>  020T/610T .<mmma.wm
ao1> ao1> STOFIT IY'0F+°0 ao1> LTOFO¢ SIOF¢T TTOFST LTOFTS 200799  610T/810C oxpAyag
vd
-VAdHA-¥'€
_ _ [AyrowAxoq
ao1> ao1> 110F90 TI0F6'1 aot> ao1> ao1> ao1> ao1> ao1>  020T/610C -1eoap
aor> aor> LOOFL'S o 1F+'9 €C0F96  9LTFICI SS0FTTT ao1> SOFIL ao1>  6107/810C Axo1pAH
PLIFE6E  6V0FLST  800FLIS #TOIFO6IT  TSOFLG66  LSTFI6I 6L TFE901 €0°0F00I  6L8FTTET YOOF ¥y 0T0T/610T
TW6F9EST  0TTFSLT  LI'SFECOTT  vLOFES9  LyTFIUIY  I¥PF66LT  TESFVICI  80TF89S  0SHF90ST  #HOFI'¥I  6107/810C  VH-VAdH-d
LOTFOGC8  L6OFHOL  99°CFE0S  T0EFILY YCOFSY 90°0F LT 900F€T 100F1°0 0T0FST 001>  0207/610C vag
PEOF6'SS  €8TFOLS  6C0FQLET  T8OFI96  SLIFLS6 LOOF6T8T  9TIFTT8L  9P0FIST 19°0F67CC 110F99 6107/810C -VAdHA-b'¢
T00F 10 0I'0F80 €0'0FS0 600F €0 000F9'1 001> €00F1°0 001> 001> 001>  0207/610C
000F20 ao1> SO0FT0 900F8°0 8TTFSE 001> Y0'0F80 ao1> 90°0F ¢l dao1> 610/810C vAd-vAdH-d
88°01 008 86°CI LLT 8¢ 171 8¢'LI 9%°0 6T Y1 100
F6T8¢ F9°06¢ F09%9 FLI9Y FEI129 F106 FCOPS FL8ST Feo'LTy Fr'e  020T/610T v
8C6FITH6 €SOTFLSIE TOYFTEIS TCPF696Y LY LFTYIE TTOFHIY0l  06CTF6'E8S  LLTFESIT  699F08¢9 €6 TFSICI  6107/810C  -VAIHA'E
€TOFL6  €TOFOOI  €OTF6HE 0I'0F8S  TOOFSEI ¥9'0FC9  II'0F8YC  SOOFIFT  800FI9I 001>  0202/610T -<mmmm.ww
LLOF00CT [0CFE€0S 66 TF6+Cl  €STFIQE  0TTFSIr  0SOFHECT  I10FEHCl 96 TFELI  66CTF6E8T  SLTFTOL 6107/810C  AXOIPAH-0T
uoseas
61ds 81ds L1ds 91dg srds ¥1ds ¢rds z1ds 11ds 01ds doxp spunodwo)

(ponunuoo) | sjqey

pringer

A's



European Food Research and Technology (2021) 247:2993-3012

3002

1'6L9 T66L $'896 L'8€8 9°6SIT LT 6'1L01 7798 7856 8§ 0T0TU6I0C  spunoduwiod
T8I ShL L6¥E 6166 $'59L 66612 prIEl 6956 6'LEST L'SLE  610T/8107  OHOUSYAR
¥6 Te9 xaal Y101 126 T16 6L L'69 $6 687 0202/610C
$991 $HO1 LTl L€ 6’81 0€Ie 91LI 00LI 98zl €8¢ 6107/810C  H UIWBNAR
I'L+9 0'09L €rl6 8'L6L 16601 L9¥T I°LEOT 06t 9'806 99T  0T0T/610T  ayeanap pue
grsel $'LE9 09821 ChL8 7969 9°6202 911zl 9657 9°c6el S'IPE  610T/8I0T  SPIOPHOIST
I's 11 691 ¥0¢ 9 06 6 Il 06 $6  0207/610¢
001 Lse ¢8 99 961 I'L 901 v'8 zo1 Tt 6107/810C  SPIOUOABIAT
LL ge vel 1T 6 It 96 i 1z I'8 020T/610C sproe
oI T 01z 6L 6T 8T1 €zl L8 86 TIl 6I0T/810C  OOUSYAR
0’61 ¥0C 0z T8l 3 6°¢ 1€ I'v€ 9'81 T8 0T0T610C joqoore
L081 c6p I 66 LoL THSI 86L 0'0L vl 91T 6I0T/810C  OUOUSYAR
100F€0  100F€0 001>  100FT0  100F€0  [00F€0 001> 001>  0I0F60  100F80 0T0T/610C
100F80  100FL0  100F80  [00FL0  [00F$90  [00F80  100FLO  SOOFIL0  S00F990  00F8F0 610Z/810¢  [01ydooos-Q
0LOFO08  0TOF¥FS  OFOFIHI  O0COFSL  OFOFSH  100FHS  OU0FSE  OI0FL9  OI0FSH  Or0FS9  0T0/610C
100F8S  OI0FFE  OU0FPF  OI0FS9  0C0FTL  T0O0F6L  C00F89  TT0F669  SIOFELL  OI0FSSE 6107/810C  [0wydooog-A
100FTE  0I0FTT  0I'0F9¢€ OOT>  090FS¢T  OI0F0E  0U0F0T  0TOFIY  0I0FTT  0£0F9E  0T0T/6I0T
10FLT 10F6T TOFTE I0F9T  0I0F09¢  100FTE  TO0F0E  €I0FHTT  600F0FT  OIOFErT 6107/810¢  [030ydooos-q
0T0FI'S 0TOF¥'S 001> 001> 001> 001> 001> 001> 001> OT0F Iy 0TOT/610T
0TOFFE  OI0F0E  100F0¥  100FLT  TOFEIE 001>  WOFST  LIOFISE  6I0FSET DOT>  610T/8107  [0USLI00LP
9OFCLL  YOF66r  9TTFISI  09FC96  SOFISS  €TFCT®  OSFOVL  pTF6SS  TIFE9S  FOF6EE  020T/610T
0SOFEPST  O0LOF6F6 06 TFEOEI  060F 611  0SOFEFII  S0OFITI0Z  OTFSSST 060F9T9SI €TOFEIOII  HOFE6TE 6107/810C  10104doooL-n
g i
aot> aot> aot> aot1>  600FLOY  TEOFHTE aot> ao1> ao1> aoT>  0T0T/610C  proe orpou
aot> aot> aot> aot> aot> aot1>  SO0FHI0 aot> aot> aoT>  6107/810C -9 Axosaq
900FLT  STIFLL  SOOFST  LIOFYOS  SIOFOEl  600FTS  SLOFLG  #80F661  OI0FSS  900FET 0C0U6I0T  proe orou
COF6S  90EFTLL  6V0F00E  TCOFOY  0S0FESI  SLIFPEI  rOFECEl  60IFEL  IFOFLTE  OFOFT6T 610T/8I0T -9l AX0IpAH
proe
ao1>  90FF0  STOFS0  I00FIT  SCOFSE ao1>  980F6T  PIOFSE  0TOFLO aoT>  0Z0T/610¢ onaMMHWHM
€COFE0I  SLOFSE  080F0S  ¥OIFH9  ILIFGL  LO0FS6  vSOFES  0I0FST  6rIF8TC  TI0F60  610T/8I0C AxoIpAy
uoseas
61ds 81ds L1ds 91ds s1ds 4CN ¢1ds zids 11ds ords doxp

b

L
50

R

spunodwo)) nw.b.r
&ll

(ponunuoo) | sjqey



European Food Research and Technology (2021) 247:2993-3012

3003

of 139.8 +36.46 and 92.60 +30.00 mg kg~', respectively.
a-tocopherol was the most abundant isoform (91.5% and
87% of total vitamin E, respectively for 2018 and 2019) with
an average of 122.7 +36.84 and 80.39+27.68 mg kg™!, a
range of 32.9+0.4 (Sp10)-201.1 +£0.08 (Sp14) and of
33.9+0.4 (Sp10)-129.2 +0.4 (Sp7). It was followed by
y-tocopherol (7 and 6.5%) with a total average of 6.6 +1.46
and 6.06 +2.48 mg kg~!, for 2018 and 2019, respec-
tively. However, the abundance order of B-tocopherol and
a-tocotrienol is dissimilar between the 2 years; for 2018
season: B-tocopherol was more abundant than a-tocotrienol
(1%), and an inverted trend can be appreciated for 2019 olive
oils. 8-tocopherol was found in trace, with an average of
0.66+0.15 and of 0.47 +0.34 mg kg~! for 2018 and 2019,
respectively.

In general the results attained match those observed
in earlier studies and, specifically, the average amount of
a-tocopherol fits with that fixed by USDA [44]. In addition,
wide ranges of a-tocopherol have been reported in Italian,
Spanish, and Greek oils, and the typical values are from 100
to 250 mg kg~! oil [35]. Such results agree with the ones
found by Roézanska et al. [45] who investigated bioactive
compounds in Italian EVOO and revealed a total vitamin E
ranging between 70.2 and 232.2 mg kg™, with an average of
169.0+37.7 mg kg~!, as well, a-tocopherol was the major
tocopherol isomer. Moreover, the finding of &-tocopherol
seems to be consistent with that of the “Picholine Maro-
caine” shown in ref. [46], in which the d-tocopherol was
reported as 0.5 mg kg~!. Also, Bedbabis et al. [47] found
amounts of 8-tocopherol of 0.42 and 0.35 mg kg™ in oils
from the olives irrigated with well water and treated waste-
water, respectively. Further, in the case of Greek VOO, Pso-
miadou et al. [48] reported a mean value for d-tocopherol
of 4 mg kg™,

Pedoclimatic conditions

Table 2 provides the climatic and edaphic conditions in the
study sites. As can be seen Sp10 was collected from a heavy
rainfall site (639 mm); in contrast, Sp18 had the lowest value
of precipitation (145 mm). The yearly temperature average
was between 14.04 and 18.22 °C and the wind speed was
within 1.7-4.34 m/s.

The particle size is a pivotal variable in the agriculture
field. The percentage of sand in our samples ranged between
1.64% (Sp2) and 57.19% (Sp11), which is within the values
(£75%) established by the IOC [49], whereas silt and clay
fractions were above the standard values. Exhaustively, 53%
of the samples were Silt Loam, 21% are Silty Clay Loam,
16% Clay Loam, and about 5% Sandy Loam, and Silty Clay
textures. Such balanced proportions seem to be favorable
for olive growing.

The most prominent finding to emerge is that soil phys-
icochemical parameters, particularly pH (except for Spl),
electrical conductivity (EC) and limestone were within the
optimal values for olive growing areas [49]: pH varied in
a range between 5.43 (Sp1l) and 8.84 (Sp16) and EC val-
ues did not exceed 2dS/m. Furthermore, the organic mat-
ter ranged from 0.57 to 3.29% with 84% of samples > 1%
(the optimal). Potassium amounts were within the range
of 40.68-393.32 ppm, and the C/N ratio between 5.35 and
32.38 indicating the wide disparity between the sampling
sites.

The influence of geographical origin

Geographical origin regroups three main parameters; loca-
tion (latitude, longitude, and altitude), soil composition, and
climate that encompasses temperature, rainfall, humidity,
and wind speed. By nature, the environment differs from one
site geographically to another, though weather conditions are
changing speedily due to global warming. Soil is a surface
rich in organic and mineral constituents, where plants and
microorganisms nourish and find their needs in essential
elements. As this latter is prominent in feeding plants, its
texture is vital for the tree roots and the necessary water
infiltration. Therefore, soil composition variability could
influence olive tree, fruit, and thus EVOO quality. Consid-
ering the variability of all these parameters, we attempted
to investigate their impact on VOO bioactive profile through
the correlation test and the PCA.

In fact, to study the impact of pedo-climatic factors,
EVOOs were collected during the same period (November
2018) and from the same cultivar “Picholine Marocaine",
but different geographical origins characterized by the dis-
tinct location and climate. The latters have a direct rela-
tionship with the fruit ripeness thus the maturation factor
was considered as similar to that of the geographic origin’s
climate. This is in agreement with Bajoub and his co-authors
[50, 51] who dismissed the ripening index while examin-
ing the geographic origin discrimination in EVOOs from
“Picholine Maroccaine” in a large Northern Moroccan area.

Principal component analysis (PCA)

Based on the results of the correlation test (Table S2), the
PCA was plotted. Figure 2 presents the distribution of vari-
ables and observations (19 X 25 matrix). Five principal com-
ponents were extracted because their cumulative variance
was 54.4% PC1xPC2 and PC1xPC3 were plotted since
they were sufficient for the interpretability of the major cor-
relative links between the studied variables. The two first
eigenvectors carry 43.8% of dataset information, dimensions

@ Springer



European Food Research and Technology (2021) 247:2993-3012

3004

$90FTE6  €C0FIL'T 98'8LF00°LOT 8I'6FII'6 O9I'0FFC0 STOFET8 6TEIF069C V' eF8I8y  LIOFISSI ¥8'SL vey 96°L1 Ly1T 61ds
PPTFLSET €€0F66'1 YO'E9F VYOI PIPFSE6  SOTFY0T +vH0FTS8  6I'TF800I €ITFS6'8S  LOSFTIIT LS99 we 8Ll SAERICN
IT0FCSS  T¥0F9L0  0€TOIFLYIST 6I0F0ST TEOFO60T 91'0F0F'8 LTTFLEST  STOFIS09 €8 T+EI61 €L’SS €eT £0°81 8Lc L1ds
€OSFTEL  SLOFETT WerFECo6LT 60 TFLTO PIOFSTO €O0FH¥88  OI'0FLIIT 69SFTOTIY  09SFHho¢ 99CS 10C €91 1vC 91ds
81°0F069 LT'0OF90'T 6V 0OV F100IT TTOFLYT 900FLEO €00F0S8 ICTYF6VEl  T8SFE699 T8IFIILI oS LT 8l ¢6¢ stds
98°0+7801 SOTFIT'E ILYLTFE6IE 90 TF0SE CTI'0F8TO0 9I'0F+vE8 CTI'0OFS6'E LYEFIOLL  ELTFYSSI YT ss L8] I'LT 80¢ t1ds
PETFI9L0T TI'OFTLT 6SYLFECE6E L9OFIST  600F¥C0 +vIOFSI'8 6V 1F€99 61'CF60'L9 SEYFTLYT 9T’ SS o'l 6911 01+ ¢1ds
SOYF6TO0I €V 0F68'1 689 FEIYYT OI'0FYE0 CO0FEI'0 TIOFO68L 9I'TF9¢9 SLLF098Y  899FILVY 8L'6S LL'1 YOyl v9¢ z1ds
SLTFLYL 900FLSO PPECFIZIL  000FI¥0  SOOFOI'0 800FS8LL SIVCFO6I'LS ISLTFLSYT SCEFV]LI 8L'6S LL'1 YOyl TLe 11ds
98'8CF8CTE SOTFSIT 99°0TFCTL9Y  8SOFILLI €00FLI'0O IT0F098 LI'OFSEIT T100FT68¢ L OFIOLT 26°€9 €T Lyl 6€9 01ds
OSPIFLYOT T1€0FI0°T 9901 F690r LLOFETOT €00F9T0 T00F+98 0L SF68'8 SS8F00€9 TYECFBYLI °6°¢9 €T Lyl s 6ds
ELIFSES  SOTFT60  PITEIFB60IT 960FSOTT $TOFICO IT0F8ER  6T0FI6C IEY+TSLY 99 SFTSLE 16769 81'C L9l 105 8ds
BLOFVYCTIT 9S0F6C¢ 9€'8EFTLOLE 8E0F86'E PI0OFPY0 000FPI'8 S8OFEISI  L66FSOTY OTTIIFHEo6E 1T°¢9 LET 69°¢1 st Lds
6CSFI60T 0S0+F8S'T €TIEFVOIIT YO TFLYET T00FET0O0 SO0FPS8 8P TFLOY PYCTIF860S LOTIFS8I0E 16769 81'C L9l res  ods
08°0FPI'TT SOTFE0E €YYOIF660CE 86TFBIS LIOFICO 6C0FLT8 II'V+E08T LI'OFPI0S 9TLFSI9C 88°C9 80C I9°L1 679 ¢ds
ILT+886'8 LIOFIIT LO99F+6'80¢ 90'TFH¥9E  TO0FHCTO0 T100F9¢8 OV I1+608 ITLFS0TL  SSLFTTII LT89 LT ¥8°LI ¢6r  ¥ds
60°SF09IT SLOFE6'T ILLTF6TOLT 610F¥S0  000FLI'0 6C0FCHL LYIFIOVC €90FTILY 6CTTFELLT LT89 L1'C Y8'LI 6¢s  ¢ds
I8C+SL'S 00 T+TST WOYIFEO'I6  LLOFSOVT $O0OFSTO €I'0FIES  OI0F¥91 T8TFIT09  69¢+SSET €0°0L €1r'e €8°L1 00s cds
0F'8+CC0l ¥LTF66T PPECF08Y9  O0I'0FI190 <TO0F900 €IOFEH'S ¢€rOFLYYT TTEFI0TY  €9eFI16°€E £8°CL L1 1L91 ¢S 1ds
(%)

Wz (SNT (D) NT /()

Apruny  Je paads e 2In) [Tejurex

QATe[aI JO puim  -erodwey QATIE]

(%) 1eNReW (%)  (wysp) An o3eI1one o3eIoAe a3eIoAe -numnod

oneI N/D owediQ (wdd) wnissejod — ouojsowlr] -Anonpuo)  Idjem Hd (%) pues (%) ms (%) KerD K[1eox JARLE)§ JARLENE Apreax

soqerrea orydepg Bildiing)

810C UI (S FaSeI10Ay) S)NSAI [10S oY) PUE [[ ‘0f] "SJOY WOIJ PI)IS[[0d AI9M BIEP dNRWId Y} ‘sA)Is Surjdwes oY) Uo SUOHIPUOd dNBWI0Pad T d|qel

pringer

Qs



European Food Research and Technology (2021) 247:2993-3012

3005

Fig.2 Variables score plots.
Top (PC1 x PC2) and bottom
(PC1 x PC3) of VOO phenolic
fraction, pedo-climate, and
geographical origin parameters
of the study zone. G.Ac: gallic
acid, HY-Decarboxymethyl-E.
Ac: hydroxydecarboxymethyl
elenolic acid, Lut: luteolin,
Api: apigenin, HY-Decar-
boxymethyl-Ol.Ag: hydroxy
decarboxymethyl 3,4-DHPEA-
EA, Dehydro. Ol.Ag: Dehydro
3,4-DHPEA-EA, DEDA: decar-
boxymethyl elenolic acid dial-
dehyde, Methyl-Ol.Ag: Methyl
3,4-DHPEA-EA, A-tocopherol:
a-tocopherol, B-tocopherol:
B-tocopherol, G-tocopherol:
Y-tocopherol, D-tocopherol:
d-tocopherol. Cond: conductiv-
ity, CaCOj: limestone, K: avail-
able potassium, WS.2 M: wind
speed at 2 m, RH.2 M: Relative
humidity at 2 m
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1 and 2 had, respectively, 26.2 and 17.6% of affinity between
VOO phytochemical compounds, soil, climate, and geo-
graphical origin parameters. Together, Dim 1 (26.2%) and
Dim 3 (10.6%) carried 36.8% of information. The relatively
low variations in the data described by PC1 and PC2 could
be caused by the low variability of the parameters.

As shown in Fig. 2A, the group of variables chosen for
the PCA analysis was well scattered along with the two
first components, and the most striking result to emerge is
that latitude, rainfall, and longitude contribute negatively
to Dim 1 revealing a negative effect on a-tocotrienol and
flavonoids (luteolin, apigenin, and luteolin glucoside). In
contrast, these latter compounds were influenced positively
by conductivity. Investigating the effect of location on VOO
of two main Tunisian olive cultivars, “Chemlali” and “Ché-
toui” in three different sites, Guerfel et al. [29] concluded
that EVOOs obtained from the two varieties showed differ-
ent characteristics in the three locations studied. Similarly,
Romero et al. came to an end that latitude enlarges the effect
of the geographical origin [52]. Some studies carried out on
other matrices confirmed the association between salinity
(conductivity) and phenolic compounds, mostly flavonoids,
e.g. Neocleous et al. [53] observed that in some instances
the use of saline waters enhances health-beneficial phenolic
compounds in baby leaves of lettuce. Besides, Talhaoui
et al. [54] reported that salinity stress associated with high
sunlight reveal an enhancement of the biosynthesis of other
phenolic compounds, particularly flavonoids.

On the other side, the second component provided other
correlative links: relative humidity, wind speed, and C/N ratio
showed a positive correction to flavoniods and alpha-tocot-
rienol. Consequently, they correlated positively to methyl
3,4-DHPEA-EA and impact in a negative way hydroxy
decarboxymethyl 3,4-DHPEA-EA, «, f, and y-tocopherol.
Via PC1xPC3 variables plot (B), negative relationships
were observed: the percentage of soil limestone (CaCOj)
influenced &-tocopherol amount. Likewise, soil parameters
(pH,,4er» and available potassium) and two bioactive com-
pounds (gallic acid and hydro decarboxymethyl elenolic acid)
were linked negatively. Crucially, soil pH is the most substan-
tial property, considering its effects on all other soil variables
[55]. Investigating the influence of pH on plant phenolic com-
pounds stability, Friedman and Jiirgens [56] demonstrated
that gallic acid was not stable to high pH, and this explains
the high amount of gallic acid correctly in VOO from Spl
characterized by slightly acidic soil (5.43+0.13).

Regarding climatic parameters, the present findings seem
to be consistent with other research papers, which found
that the cumulative rainfall appears to significantly influence
phenolic and o-diphenol content [57]. Moreover, between
the tree cultivation zones studied in Guerfel’s paper [29],
different phenolic profiles were observed, and the authors
supposed the provenance of this result from the climate and

@ Springer

particularly the rainfall. In contrast to earlier findings, Proi-
etti and Regni [58] reported that the influence of summer
and autumn temperatures on the EVOO phenols was higher
in the ones produced in cold environments, while Romero
et al. [57] reported the effect of the minimum temperatures
during the harvest period in the case of a-tocopherol. How-
ever, no correlation was found between bioactive compounds
and temperature in our results.

Additionally to PCA, the correlation matrix (Table S2)
highlighted the positive influence (r=0.51, p <0.05) and
(r=0.53, p<0.05) of silt percentage on o and -tocopherol,
respectively. However, it had a negative impact (r=—0.58,
p <0.01) on decarboxymethyl elenolic acid dialdehyde
(DEDA). The findings observed mirror those of the prec-
edent studies that examined the effect of soil on EVOO
quality: Rouas et al. [28] suggested that the limestone
percentage of soil was the cause of the quantitative differ-
ences in all analyzed EVOO parameters, Rached et al. [31]
claimed that different soil types affected total phenols, and,
finally, Ranalli et al. [59] evaluated the skeleton percent-
age of soil and its positive correlation with EVOO phenols
content. Moreover, the test exhibited a significant positive
correlation (r=0.61, p<0.01) between altitude and dehy-
dro 3,4-DHPEA-EA. Somehow, our results support previ-
ous findings in the literature considering how phenols and
stability correlate positively with the zone elevation of the
olive tree [27]. Nonetheless, working on “Mastoides” olive,
Mousa et al. [60] showed a negative correlation between
phenol compounds and altitude.

To summarize, the correlation test and PCA revealed
several exciting relationships: all the vitamin E isomers,
two phenolic acids (gallic acid and hydroxy decarboxym-
ethyl elenolic acid), flavonoids (luteolin, apigenin, luteolin
glucoside), and four secoiridoids and derivate (dehydro
3,4-DHPEA-EA, methyl 3,4-DHPEA-EA, hydroxy decar-
boxymethyl 3,4-DHPEA-EA, decarboxymethyl elenolic
acid dialdehyde (DEDA) were linked to location (latitude,
longitude, and altitude), climate (except for temperature),
and some soil parameters: texture (the percentage of silt),
PHacer» cOnductivity, available soil potassium, limestone
(CaCOs;), and C/N ratio. Nevertheless, no correlation was
detected between phenolic alcohols and other variables
under study.

Hierarchical cluster analysis of principal
components (HCPC)

A cluster dendrogram was conducted to classify the sam-
pling sites which share common characteristics regarding
EVOO bioactive compounds and the geographical condi-
tions. The dendrogram (Fig. 3) suggested a 5-group solu-
tion. The first cluster included one sampling site (Sp10),



European Food Research and Technology (2021) 247:2993-3012

3007

Fig.3 Dendrogram of the
hierarchical cluster analysis of

Cluster Dendrogram

principal components (HCPC)
using Ward’s criterion on the
first and the second principal
components. The grey dashed
rectangles points out the cut
in the tree, resulting in five
clusters: (1, Red), (2, Yellow),
(3, Green), (4, Blue), and (5,
Purple)

Height

distinguished by the highest values of C/N ratio, methyl
3,4-DHPEA-EA, and limestone (CaCOs), also the lowest
amounts of a, § and y-tocopherol. The variables hydroxy
decarboxymethyl elenolic acid, dehydro 3,4-DHPEA-EA,
gallic acid, and available potassium were most significantly
associated with cluster 2 (Sp1, Sp9, and Sp11). Comparing
the averages of these variables to the overall average in all
clusters, it can be concluded that cluster 2 was characterized
by high amounts of bioactive compounds mentioned previ-
ously and low rates of available potassium. Additionally, a
high similarity was observed between Sp9 and Sp11.

Cluster 3 regrouped seven sampling sites (from Sp2 to
Sp8) mainly differentiated by heavy rainfall and low eleva-
tions. Further, it was divided into two significant sub-clus-
ters. For instance, Sp2 and Sp8 contained a high percent-
age of CaCOj; and showed zero value in decarboxymethyl
elenolic acid dialdehyde. Moreover, Sp3, Sp5, and Sp7
provided high similarity in sand percentage. Cluster 4 con-
tained two significant sub-clusters and six sampling sites
(from Sp13 to Sp17), Sp13 and Sp14 revealed the high-
est amount of hydroxy decarboxymethyl 3,4-DHPEA-EA
among all the studied sites. Besides, Sp12 and Sp16 had the
lowest percentage of CaCO; among all the zones studied
and the lowest p-tocopherol among the sampling sites of
the same cluster. Generally, this cluster is distinguished by
high amounts of P -tocopherol, hydroxy decarboxymethyl
3,4-DHPEA-EA, and a-tocotrienol. On the contrary, CaCOj;,
rainfall and relative humidity are in low value. Comparing
the average of the fifth cluster variables to the overall aver-
ages, a high rate of wind speed, apigenin, luteolin glucoside,
methyl 3,4-DHPEA-EA, conductivity, and a low quantity of
y-tocopherol and rainfall was observed.

On the whole, most of the classified groups showed very
close geographical neighbourhoods; except only the zones
of clusters one and two, all the other fifteen sampling sites
were clustered geographically very well. Briefly, the signifi-
cant discrimination observed between the sampling areas in
terms of phytochemical compounds composition and loca-
tion conditions indicate the strong impact of the production
zone on the Moroccan EVOO quality. Interestingly, our find-
ings could enable the geographical traceability of EVOO
quality in the country.

Crop season impact

As mentioned in several studies, the crop year could have a
significant influence on the quality of the EVOO produced.
In our turn, we sought to assess the impact of the production
year on the bioactive fraction in Moroccan EVOO of “Picho-
line Marocaine”. The histograms in Fig. 4 show compara-
tive analysis, and the repeated-measures ANOVAs in Fig. 5
provide the summary statistics.

As shown in the graph above (Fig. 4), the two crop sea-
sons revealed an evident diversity concerning the total aver-
age of the phenol groups and Vitamin E. Except for flavo-
noids, all the other classes showed significant variability.
The post hoc analysis confirmed these observations; the
effects of crop seasons, sampling sites and their interac-
tion on vitamin E and phenolic compounds were significant
(p<0.0001).

Besides, these tremendous distinctions can be seen clearly
in Fig. 5. For instance, polyphenol amounts in Ouazzane
(Sp2) are highly different between 2018 and 2019 crops
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Fig.4 Classes of bioactive 8000.00
fractions (tocopherols, phe-
nolic alcohol, phenolic acid,
flavonoids and secoiridoids and
derivates) amount expressed

in (mg kg™") of the Moroccan
EVOO from two successive
crop seasons 2018/19 and
2019720

400.00

139.81
92.60

20.00

Bioactive Compounds in mg/Kg

1.00
Tocopherols

years. Equally, oils from Azilal (Sp14) showed significant
differences with regard to tocopherols. EVOOs from differ-
ent sites shared quantitative resemblance in the same crop
year. In terms of phenolic compounds values from: Fes and
Azilal, Essaouira and Khenifra, and Chefchaouen, Mar-
rakceh, and Sefrou were similar in 2018 crop year, whereas,
values from: Chefchaouen, Taza and Taounate were simi-
lar for 2019 season. In terms of tocopherols, Beni Mellal,
Sefrou, Essaouira and Fes contained a similar quantity in
2018, whereas El Kelaa des Sraghna, Khenifra, and Sefrou
were similar for the 2019 crop season.

However, considering the different harvest time dur-
ing the two successive years conducted in November and
December, respectively, the dissimilarity observed can be
explained in part by the different harvest periods of the olive
fruits.

Consistent with the present results, previous studies dem-
onstrated a significant dependence between bioactive com-
pounds and production season; evaluating the variations in
the quality of EVOO for two crop seasons and from three
different varieties (Arbequina, Arbosana, and Koroneiki)
grown in Morocco, Mansouri et al. [61] came to an end that
phenols and oxidative stability were linked to the crop sea-
son of production, Romero et al. [57] found a considerable
variability with a significant effect of the year (p <0.001), as
well as, Bajoub et al. [39]. On the other side, some authors
observed minor incidence of the crop season. Nonetheless,
they suggested that rather than the year weather, the fruits
harvest period in each season impacted the antioxidant
conditions decreasing as a consequence of the olive fruits
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ripeness [62]. Notably, tocopherol amounts were reported to
decrease in ripe fruits [63]. Similarly, according to Dag et al.
[64], the late harvest was associated with a rapid decline in
phenolic content.

Conclusion

This study set out to determine the various impact of
edaphic, climatic conditions and the crop year on the anti-
oxidant fraction of olive oil produced in nineteen Moroccan
production areas over two successive years, 2018/19 and
2019/20.

The Moroccan olive oil samples disclosed 23 hydrophilic
and five lipophilic phenolic compounds. Expectedly, our
findings support the relevance of the geographical origin
impact, executed in previous studies [2, 27]. Significantly,
the correlation test and the PCA revealed new relationships
between some bioactive compounds and the geographical
zone parameters, especially climatic conditions and pedo-
logic variables that unfold remarkable influence. Further-
more, the second notable finding was the quantitative impact
of the crop year on the classes of phenolic compounds and
tocopherols: the two-way ANOVA results showed signifi-
cant variations in phytochemical compound amounts over
the 2 years of study. In addition to that, the harvest time
significantly influenced the EVOO phenolic fraction.

All in all, the results attained in this work confirm pre-
ceding findings providing additional evidence on the tre-
mendous impact of edaphic conditions on Moroccan EVOO
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Fig.5 Phenolic compounds and tocopherol content expressed in
mg kg~! in two successive crop years 2018/2019 from 19 Moroc-
can areas. Values represent average=+standard deviation (n=3).
Similar letters indicate no significant (p>0.05) difference between
treatments, whereas all paramters have shown a significance with
(p<0.0001). Two-way ANOVA was performed to evaluate crop

year, site, and their interaction effects. sampling [Chefchaouen (Sp1),
Ouazzane (Sp2), Sidi Kacem (Sp3), Meknes (Sp44, Sp5), Taou-
nate (Sp6), Taza (Sp7), Fes (Sp8), Sefrou (Sp9), Boulmane (Sp10),
Khenifra (Sp11), Beni Mellal (Sp12, Sp13), Azilal (Sp14), Kella di
Sraghena (Spl15, Spl16), Marrakech (Sp17), Chichaoua (Spl8) and
Essaouira (Sp19)]
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quality. The findings achieved are encouraging and may be
extended to a larger sample size.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00217-021-03842-7.
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