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the greatest influence according to the discriminating function were 3-methyl-1-butanol, benzaldehyde,
ethyl hexanoate, hexyl acetate, and 4-ethylguaiacol, among others. Other authors have successfully
differentiated vinegar types, including Jerez and Huelva vinegars, according to their volatile content [17].
However, the volatile compounds with a greater influence on the discrimination in such studies
were different from the ones obtained in the present study because these authors studied different

volatile compounds.

Figure 3. Principal component analysis of volatile compounds. Projection of the samples onto the
plane formed by the first two principal components. 1—Huelva; 2—]Jerez.

When the data on volatile compounds were subjected to cluster analysis using Ward’s method
and the Euclidean square distance metric as comparison criterion, the results failed to establish a clear
difference between the two geographical indication, i.e., vinegars from both regions were arranged
within the same groups, as can be seen in Figure 4.

Figure 4. Cluster analysis of volatile compounds. 1—Huelva; 2—Jerez.
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3.4. Joint Analysis of Polyphenolic, Furanic, and Volatile Constituents

Finally, in order to determine the most relevant variables for the differentiation of vinegars from
the two PDOs, a principal component analysis was carried out in which the polyphenolic, furanic,
and volatile constituents were taken into account.

In this case, 11 PCs (eigenvalue >1) were obtained to justify 88.8% of the samples’ inherent
variability. The first two PCs accounted for 53.5% of the variability. When the different samples
were represented on the plane defined by these first two principal components (Figure 5), it could
be observed that PC2 was the one that clearly differentiated Jerez vinegar (2) from Huelva ones (1),
with negative values of this PC for Jerez vinegars.
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Figure 5. Principal component analysis of volatile, polyphenolic, and furanic compounds. Projection
of the samples onto the plane formed by the first two principal components. 1—Huelva; 2—]Jerez.

In this case, the polyphenolic and furanic compounds showed a clearly greater contribution to
this principal component, with the hydroxycinnamic derivates (caftaric acid, p-coutaric acid, caffeic
acid, p-coumaric acid, ethyl caffeate, and ethyl coumarate) as the variables with the greatest weight;
all of them had a negative sign. With regard to the volatile compounds that contributed to this PC,
4-ethylguaiacol, propyl acetate, ethyl isobutyrate, ethyl isovalerate, 1-hexanol, and benzyl alcohol are
worth mentioning.

4. Conclusions

The statistical study of polyphenols and volatile compounds in Jerez and Huelva PDO vinegars
demonstrated clear differences between these two geographical indications. The differences were
clearly based on their polyphenolic compound content. As vinegar manufacturing and ageing processes
are similar in both regions, we should presume the importance of other factors, such as the grape
varieties used as well as other geographical factors.
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Abstract: A total of 56 sweet cherry samples belonging to four cultivars (Ferrovia, Canada Giant,
Lapins, and Germersdorfer) grown in northern Greece were characterized and differentiated according
to botanical origin. For the above purpose, the following parameters were determined: conventional
quality parameters (titratable acidity (TA), pH, total soluble solids (TSS), total phenolic content (TPC),
mechanical properties and sensory evaluation, sugars by High Performance Liquid Chromatography
(HPLC), volatile compounds by GC/MS, and minerals by ICP-OES. Statistical treatment of the
data was carried out using Multivariate Analysis of Variance (MANOVA) and Linear Discriminant
Analysis (LDA). The results showed that the combination of volatile compounds and conventional
quality parameters provided a correct classification rate of 84.1%, the combination of minerals
and conventional quality parameters 86.4%, and the combination of minerals, conventional quality
parameters and sugars provided the highest correct classification rate of 88.6%. When the above four
cherry cultivars were combined with previously studied Kordia, Regina, Skeena and Mpakirtzeika
cultivars, collected from the same regions during the same seasons, the respective values for the
differentiation of all eight cultivars were: 85.5% for the combination of conventional quality parameters,
volatiles and minerals; and 91.3% for the combination of conventional quality parameters, volatiles,
minerals, and sugars.

Keywords: sweet cherries; discrimination; physicochemical quality parameters; chemometrics

1. Introduction

Cherries have been cultivated for thousands of years in Europe, as pits have been recovered from
cave dwellings dating back to 4000-5000 B.C. Today, cherry cultivation is very popular in Greece [1].
Sweet cherries (Prunus avium L.) are widely accepted for their quality characteristics, such as skin color,
texture, sugar and organic acid content, and volatile compound composition [2].

Sweet cherries are a natural source of useful ingredients such as phenolic compounds functioning
as natural antioxidants, which reduce the risk of degenerative diseases caused by oxidative stress;
they are also a source of minerals, sugars, and organic acids [3-5].

Sugars are one of the main ingredients of sweet cherries, which, along with organic acids, lead to
the unique balance of fruit flavor. The sugar content can be as high as one-quarter of the total weight
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of the fruit [6]. Of the different sugars normally found in sweet cherries (glucose, sucrose, fructose,
maltose, and sorbitol), glucose and fructose account for approximately 90% of the total sugars in the
fruit [7].

Sensory quality attributes of cherries include sweetness (sugar content), sourness (organic acid
content), fruit weight, skin color, fruit firmness, and particular aroma. Usually aroma, making up
a very small portion of fruit weight (0.01%-0.001% fresh weight basis), comprises of a mixture of a
large number of volatile and semi-volatile compounds collectively contributing to fruit odor [8,9].
Classes of volatile aroma compounds include aldehydes, alcohols, esters, acids, terpenes, etc. Particular
volatile compounds are characteristic of fruit cultivar and can, thus, be used for the differentiation of
cherry cultivars.

Based on the above, the main objective of the present study was to characterize four popular
cherry cultivars (Ferrovia, Canada Giant, Lapins, and Germersdorfer) grown in Northern Greece and
to differentiate them according to cultivar. The Ferrovia cultivar was developed in the area of Puglia,
Italy. It is cultivated in many geographical regions in Greece. The fruit is large, heart-shaped with a red,
shiny skin, and a firm texture. The fruit flesh is pink in color, juicy, with a strong adherence to the stone.
The flavor is of moderate sweetness [10]. The Canada Giant cultivar originates from Summerland,
Canada. It gives a large, red, shiny skin, heart-shaped fruit of firm texture. Greece, due to its mild
climate, has the comparative advantage of early sweet cherry ripening by 10-15 days as compared to
the rest of Europe, with the exception of Turkey. The Lapins cultivar was developed by K.O. Lapin at
the Agricultural Research Station in Summerland, British Columbia in Canada. This cherry cultivar
gives a large, red, shiny skin, heart-shaped fruit of firm texture. The fruit flesh is very juicy and dark
red in color [11]. The Germersdorfer cultivar is of Hungarian origin, grown in all central European
countries with different names. It is a firm, crisp, juicy, aromatic, sweet, slightly acidic cherry variety
with a bright red fruit color [1].

As of 1992, the European Union has set specific rules defining the status of products labeled as
protected destination of origin (PDO), protected geographical indication (PGI), and traditional specially
guaranteed (TSG). Such an act spurs the production of unique foods on the basis of their territorial,
compositional and sensory traits, as well as their preparation methods. Such foodstuff is of higher
value, both in domestic and international markets [12,13].

Techniques used for the authentication of foodstuff include HPLC, ICP-OES, GC/MS, IRMS,
Electronic Nose, NMR, DNA analysis, etc. [14-17].

The present study comprises of the second half of the work recently published [17] by our
group focusing on different four popular sweet cherry cultivars: Ferrovia, Canada Giant, Lapins,
and Germersdorfer, also grown in northern Greece. Therefore, a second objective, considered a
challenge given the large number of cherry cultivars studied all together, was to attempt to differentiate
all eight cultivars, those studied in our previous work and those studied in the present work.

2. Materials and Methods

2.1. Samples

Fifty-six sweet cherry samples were collected from northern Greece (Edessa and neighbouring
Kozani region) as follows: 19 (10 + 9, for each of two harvesting periods) samples of the Ferrovia
cultivar, 12 (6 + 6) samples of the Canada Giant cultivar, 13 (7 + 6) samples of the Lapins cultivar,
and 12 (6 + 6) samples of the Germersdorfer cultivar. Samples were collected during the period of
20 May-30 June for two consecutive years (2015-2016) at the stage of full ripeness, placed in rectangular
plastic cups (500 g per cup), and transferred to the laboratory in insulated styrofoam boxes within four
hours after collection.
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2.2. Determination of Conventional Quality Parameters

Conventional quality parameters total soluble solids (TSS), pH, titratable acidity (TA),
and mechanical properties were determined according to the methods described by
Papapetros et al. [17]. TSS was measured by refractometry and expressed as Brix. TA was measured
volumetrically and expressed as g of Malic acid equivalents (MAE) per 100 g Fresh Weight (FW).

Mechanical properties (force/load and penetration) were determined by dynamometry and
expressed as (N) and (mm), respectively. TPC was determined according to Vavoura et al. [11] by
adding the methanolic cherry extract to the Folin-Ciocalteu reagent and upon completion of the
reaction, measurement of the absorbance at A = 725 nm. Aqueous solutions of Gallic acid were used
for quantification of TPC. Results were expressed as mg of Gallic acid equivalents/ 100 g FW.

Sensory evaluation was carried out according to Vavoura et al. [11] using a 51-member panel
(acceptability test). Panelists evaluated color, texture and flavor on a 5-point hedonic scale with
5 corresponding to the most liked sample and 1 corresponding to the least liked sample. A score
of 3 was taken as the lower limit of acceptability.

2.3. Determination of Sugars Using HPLC-RID

The main sugars in cherries are glucose and fructose. Sugar analysis, including method analytical
characteristics, are described by Papapetros et al. [17]. All measurements were carried out in triplicate.

2.4. Identification and Semi-Quantification of Volatile Compounds Using Solid Phase Micro-Extraction in
Combination with Gas Chromatography/Mass Spectrometry (SPME-GC/MS)

The analysis of volatile compounds was carried out using the method by Vavoura et al. [11].

2.5. Determination of Minerals Using Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES)

Elemental analysis was carried out according to the method described by Papapetros et al. [17].

2.6. Statistical Analysis

All measurements were carried out three-fold (1 = 3) with the exception of mechanical properties
carried out five-fold (n = 5). Analytical data were treated using the SPSS 23.0 Statistics software
(IBM, Armonk, NY, USA) as described by Papapetros et al. [17].

3. Results and Discussion

3.1. Determination of Conventional Quality Parameters

The results for the conventional quality parameters are presented in Table 1. The values for
cherry pH are quite similar, ranging from 3.98 + 0.20 to 4.14 + 0.09 for the Germersdorfer and the
Canada Giant cultivars, respectively. Similar pH values were reported by Vursavus et al. [18] for
the three cheery cultivars: Van, Noir De Guben, and 0-900 Ziraat grown in Turkey (3.82, 4.20, and
4.10, respectively). Vavoura et al. [11] analysed cherries from four cultivars (Canada Giant, Lapins,
Ferrovia, and Skeena) and recorded pH values of 3.91 + 0.00, 3.96 + 0.00, 3.81 + 0.00 and 3.91 + 0.00,
respectively. Papapetros et al., [17] reported similar pH values for cherry cultivars: Kordia, Regina,
Mpakirtzeika, and Skeena; with Regina recording the highest pH value (4.69). Tural and Koca [19]
studied Cornelia cherry fruits and recorded lower pH values than those of the present study, ranging
from 3.11 to 3.53. Likewise, Chockchaisawasdee et al. [20] observed variations in pH values among the
56 cherry cultivars analysed, ranging from 3.5 for the Van cultivar to 4.8 for the Minnulara cultivar.

TSS values of the tested cultivars ranged from 12.23 + 1.99 Brix for the Lapins cultivar to
14.06 + 2.27 Brix for the Ferrovia cultivar. Vursavus et al. [18] recorded TSS values of 14.20% for the
Van, 14.00% for the Noir De Guben, and 14.40% for the 0-900 Ziraat cultivar. On the other hand,
Vavoura et al. [11] recorded higher TSS values for the cultivars: Canada Giant, Lapins, and Ferrovia
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(14.50 + 0.05, 13.00 + 0.03, and 16.00 + 0.06 Brix, respectively). Papapetros et al. [17] reported similar
TSS values to those of the present study for cherry cultivars: Kordia, Regina, Mpakirtzeika, and Skeena,
ranging between 12.8 and 14.6 Brix. Serradilla et al. [7] observed significant differences in TSS values,
ranging from 13.97 Brix for the Sweetheart to 23.20 Brix for Pico Colorado. Likewise, Hayaloglu and
Demir [21] investigated 12 cherry cultivars and recorded TSS values ranging from 13.71 + 0.47 Brix for
the Durona di Cesena to 19.55 + 0.29 Brix for the Bing cherry cultivar. Tural and Koca [19] studied
the Cornelia cherry cultivar and reported TSS values of 76.80-154.00 g/kg. For the Lapins cultivar,
Hayaloglu and Demir [21] recorded a TSS value of 17.52 Brix, much higher than the Lapins TSS values
of the present study.

TA was expressed as MAE per 100 g FW. TA values ranged from 0.27 + 0.04 g MAE/100 g
FW for the Germersdorfer cultivar to 0.35 + 0.04 g MA/100 g FW for the Canada Giant. Lower
TA values have been recorded by Vavoura et al. [11] for the four cultivars, Canada Giant, Lapins,
Ferrovia, and Skeena (0.28 + 0.01, 0.20 + 0.00, 0.27 + 0.00, and 0.21 + 0.01 g MA/100g FW, respectively).
Papapetros et al. [17] reported similar TA values to those of the present study for cherry cultivars:
Kordia, Regina, Mpakirtzeika, and Skeena, ranging between 0.19 and 0.39 g MAE/100 g. Esti et al. [22]
recorded higher TA values for the Ferrovia cultivar (0.81 + 0.05 g/100 g) than those of the present
study. Vursavus et al. [18] observed differences in TA values of TA, ranging from 4.75 + 0.01 g/L for
the Noir De Gubento to 7.08 + 0.01 g/L for the Van cultivar. According to Hayaloglu and Demir [21],
TA recorded values between (0.71 + 0.01) for the Durona di Cesena and (1.01 = 0.01 g MA/100 g
FW) for the Sweetheart cultivar, while Chockchaisawasdee et al. [20] reported similar TA values
for the Pico Negro cultivar (0.6 g MA/100 g FW) and for the Black Star and Puntalazzese cultivars
(1.3 g MA/100 g FW).

TPC was expressed as gallic acid equivalents (GAE) per 100 g. TPC recorded differences among
cultivars ranging from 76.91 + 41.83 mg GA/100 g for the Ferrovia cultivar to 132.55 + 53.19 mg GA/100 g
for the Germersdorfer cultivar. The TPC values reported for sweet cherries by Hayaloglu and
Demir [21] were similar to those of the present study, ranging between 58.31 + 10.56 for the Van cultivar
to 115.41 +£ 7.98 mg GAE/100 g FW for the Belge cultivar. Likewise, Chockchaisawasdee et al. [20]
determined TPC values between 50 mg GAE/100 g for the Pico Colarado cultivar to 687.4 mg GAE/100 g
for Santina cultivar, while the Ferrovia cultivar recorded higher TPC (97.4 mg GAE/100 g) than those of
the present study. Usenik et al. [23] analyzed 13 sweet cherry cultivars from Slovenia and reported a
TPC value of (44.3 + 3.42 mg GAE/100 g FW) for the Lapins cultivar, lower than that of the present
study. Finally, Vavoura et al. [11] reported TPC values generally higher than those of the present study,
for the four cultivars, Canada Giant, Lapins, Ferrovia, and Skeena, ranging between 95.14 (Canada
Giant) and 170.35 (Skeena) mg GAE/100 g FW.

In the penetration test, the Force (Load) showed a wide range of values i.e., 8.00 + 1.30 N for
the Canada Giant cultivar to 25.00 + 12.10 N for the Germersdorfer cultivar. Esti et al. [22] ran the
penetration test for the Ferrovia cultivar and recorded a value of 19.00 + 0.10 N for Force (Load),
similar to that recorded in the present study—17.90 + 9.00 N. Papapetros et al., [17] reported similar
Force (Load) values to those of the present study for cherry cultivars: Kordia, Regina, Mpakirtzeika,
and Skeena, ranging between 11.3 and 20.6 N.

As far as sensory evaluation is concerned, all four cultivars showed no differences (p > 0.05)
for fruit external color. Flesh color differed among cultivars with Lapins showing the darkest and
Germersdorfer showing the lightest flesh color. Texture scores showed significant differences (p < 0.05)
among cultivars tested, with Canada Giant and Germersdorfer showing the most acceptable texture.
Likewise, taste differed (p < 0.05) for the samples of different cultivars and ranged between 3.89 + 0.05
for the Ferrovia cultivar to 4.50 + 0.00 for the Canada Giant cultivar, with the latter considered as having
the most acceptable taste. This cultivar also showed the highest TA and given the fact that all cultivars
had similar sugar content, it was most probably the balance between sugar/acidity of the Canada
Giant cultivar that resulted in the highest preference by panelists. Dever et al. [24] performed sensory
evaluation of 16 sweet cherry cultivars originating from three harvest periods (early, midseason, and late
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harvest). Among them, the Lapins cultivar (midseason harvest) recorded values of 7.2, 6.0, 3.2, 5.8 for
the juiciness, sweetness, sourness, and flavor, respectively (10-point scoring scale). Serradilla et al. [7]
studied the sourness, sweetness, and fruit flavor for four cherry cultivars. The values for the sourness
ranged from 2.56 to 5.13 for Ambrunés and Sweetheart cultivars, respectively (10-point scoring scale).
Sweetness recorded larger differences, with the Pico Colorado cultivar showing the lowest and the
Ambrunés cultivar the highest value (3.26 and 6.31, respectively). Finally, the fruit flavor ranged among
4.25 for the Pico Negro cultivar to 6.23 for the Ambrunés cultivar. Finally, Vavoura et al. [11] reported
significant differences in external and flesh color, texture/firmness, and flavor for the four cultivars,
Canada Giant, Lapins, Ferrovia, and Skeena. Differences in sensory parameters between Vavoura et al.
and the present study may be related to regional soil and environmental characteristics (Naousa vs.
Kozani and Edessa).

Table 1. Mean values and standard deviations (SD) of conventional quality parameters and sugars of
the cherry samples tested.

Ferrovia Canada Giant Lapins Germersdorfer p*
Cultivar
Mean + SD Mean + SD Mean + SD Mean + SD

pH 408+0.712 414 +£0.092 4.05+0.092 398 +0.202 0.951
TSS (Brix) 14.06 £2.272 13.11 4452 1223 +£1.992 12.33 +2.332 0.219
(gr MAE}"ﬁJOgr W) 0.30 + 0.04 2P 0.35+0.04 ¢ 0.31 +0.03P 0.27 +£0.042 0.001
(mg GA:ZE]:Ogr W) 76.91 + 41.83 2P 82.99 +8.60° 128.6 + 24.2 b¢ 132.6 £53.2°¢ 0.001
Fruit diameter (cm) 2.83+0.232 2.58 +0.492 2.82+0.162 2.84 +0.002 0.107
External color 487 +0.192 4.60 +£0.002 454 +0.522 4.60 +£0.002 0.057
Flesh color 4.25 +0.26 2P 4.30 + 0.00 2P 453+051° 4.00+0.00° 0.001
Taste 3.89 +0.052 450 +0.00° 3.95+0.052 4.00 +0.002 0.001
Texture 4.00 +£0.002 450 +0.00P 4.00+0.10° 4.60 +0.00 © 0.000
Force/Load (N) 17.90 £9.00 2 8.00+1.30° 11.00 £2.802 25.00 +12.102 0.055
Penetration (mm) 10.37 £ 0.83 ¢ 8.24+0.332 9.08 +0.65P 8.73 + 0.63 2P 0.000
Glucose (g/100 g) 12.69 +0.08 2 12.01 £2.392 737 +1.20° 16.25 +3.482 0.173
Fructose (g/100 g) 4.23 +1.5520 3.95 + 0.62 2P 2.83+0.322 462 +0.97b 0.030

TSS: Total Soluble Solids; TA: Titratable Acidity; MAE: Malic Acid Equivalents; FW: Fresh Weight; TPC: Total
Phenolic Content; GAE: Gallic Acid Equivalents; > ¢ Mean with different letters in the same row are significantly
different; * p values are the result of the application of MANOVA (p < 0.05 statistically significant).

3.2. Analysis of Sugars

The results for cherry fructose and glucose content are shown in Table 1. More specifically,
the Germersdorfer cultivar was found to be the richest in sugars among the four cultivars tested
(16.25 + 3.48 g/100 g for glucose and 4.62 + 0.97 g/100 g for fructose). On the other hand, the Lapins
cultivar had the lowest concentration for both sugars (7.37 + 1.20 g/100 g glucose and 2.83 + 0.32 g/100 g
fructose). In all samples tested, glucose recorded a substantially higher concentration than that
of fructose.

Papapetros et al. [17] reported similar values for glucose and fructose as those of the present study
for cherry cultivars: Kordia, Regina, Mpakirtzeika, and Skeena, ranging between 9.2 and 17.9 g/100 g for
glucose and between 2.1 and 5.1 g/100 g for fructose. Vursavus et al. [18] determined the sugars: glucose,
fructose, sucrose, and sorbitol in four sweet cherries cultivars, and reported a total amount of sugars
equal to 103.87, 108.41, 108.88, and 113.13 g/kg of FW for Larian, Van, Noir de Guben, and 0-900 Ziraat,
respectively. Of the sugars determined, glucose was found to have the highest content in cherry
samples, followed by fructose, sorbitol, and sucrose. Usenik et al. [23] analyzed 13 cultivars of sweet
cherries from Slovenia, including the Lapins cultivar, and reported that its concentration of glucose
and fructose was 93.7 + 3.13 g/kg FW and 79.9 + 3.40 g/kg FW, respectively. The other tested cultivars
recorded glucose content between 61.8 + 6.67 g/kg FW (for Sylvia cultivar) and 123 + 4.02 g/kg FW
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(for the Early Van Compact), while the fructose content ranged from 51.5 + 5.68 g/kg FW (for the
Ferprime cultivar) to 101.5 + 5.14 g/kg FW (for Lala Star cultivar). Estietal. [22] determined the
conventional quality and sensorial changes in cherries of various cultivars after cool storage and
reported high values for sugars, with fructose ranging from 4.8 + 0.4 to 5.1 + 0.4 g/100 g and glucose
ranging from 5.8 + 0.4 to 6.4 + 0.4 g/100 g. In general, the sugar content of sweet cherry cultivars in the
present work was of the same order of magnitude to that reported in the literature.

3.3. Volatile Compounds

Table 2 presents the groups of volatile compounds identified, including: aldehydes, alcohols,
ketones, hydrocarbons and terpenes with aldehydes; ketones and alcohols were the most abundant
classes of volatile compounds recorded. The major aldehydes were: acetaldehyde followed by
(E)-2-hexenal and hexanal, known as green leaf volatiles and major contributors of cherry fruit
flavor [25,26].

The Germersdorfer cultivar had the lowest concentration of aldehydes (0.070 + 0.019 mg/kg),
while the Ferrovia cultivar had the highest concentration (0.214 + 0.058 mg/kg). Alcohol concentrations
ranged from 0.122 + 0.055 mg/kg in the Germersdorfer cultivar to 0.210 + 0.102 mg/kg in the Lapins
cultivar. From the group of alcohols, ethanol was the compound with the highest concentration
in all four cultivars up to 0.113 + 0.032 mg/kg for the Germersdorfer cultivar. Regarding ketones,
the Germersdorfer cultivar recorded the highest concentration, 0.346 + 0.239 mg/kg, and was the only
cultivar in which both acetone and 2-butanone were identified. The last two categories of volatile
compounds, i.e., hydrocarbons and terpenes, exhibited very low concentrations in all four cultivars.

Vavoura et al. [11] reported that carbonyl compounds were the most abundant volatile compounds,
ranging from 14.75 ug/kg in the Lapins cultivar to 34.62 pg/kg in the Ferrovia cultivar. Alcohols gave
the second-strongest signals, ranging from 5.56 for the Ferrovia cultivar to 22.21 ug/kg for the Skeena
cultivar. According to Papapetros etal. [17], volatiles decreased in the following order: Skeena > Regina
> Mpakirtzeika > Kordia cherry cultivar, with aldehydes being the most abundant class of volatile
compounds, followed by alcohols.

Finally, according to Serradilla et al. [7], (E)-2-hexen-1-ol was the main alcohol present in Picato
type and Sweetheart sweet cherries in Spain. However, in the present study, this compound was
identified only in the Germersdorfer cultivar (0.001 + 0.001 mg/kg).
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3.4. Minerals

All four cultivars had similar mineral concentrations. Mineral data are shown in Table 3.
The highest amount of minerals was found in the Canada Giant cultivar, followed by the Ferrovia,
Lapins, and Germersdorfer cultivars (2662 + 437, 2452 + 385, 2278 + 347, and 2232 + 351 mg/kg,
respectively). The mineral identified with the highest value in the Canada Giant cultivar was Potassium.
Phosphorous was the second-most abundant mineral, recording its highest concentration in the same
cultivar (282.5 + 52.1 mg/kg). Calcium and Magnesium both reported high concentrations in the Lapins
cultivar (138.3 + 60.9 and 134.4 + 38.4 mg/kg, respectively). Minerals such as Be, Cr, Li, Se, Sn, Ti, T,
and V were also identified, but in a very low concentration, lower than 1 mg/kg.

Table 3. Mean values and SD of minerals of cherry samples tested.

Ferrovia Canada Giant Lapins Germersodfer p*
Cultivar
Mean + SD Mean + SD Mean + SD Mean + SD
Al 0.81 +0.50 P 0.59 +0.19 2P 1.06 + 0.56 P 043 +0.22° 0.055
B 5.22 +1.972 0.03 +0.01°2 473 +2.06° 5.32 +1.532 0.621
Ba 049 +0.172 0.03 +0.012 0.25+0.142 0.05 +0.01 2 0.770
Be 0.02 +0.01 2P n.d. 0.03+0.01P n.d. 0.001
Ca 1303 +545P  68.63 +13.882 1383 +609P  8850+16.002  0.018
Co 0.01 +0.002 0.02 +0.01°2 0.02 +£0.012 0.01 +0.00 2 0.975
Cr 0.11 +0.082 0.09 +0.07 2 0.11 £0.072 0.12 +0.04° 0.858
Cu 1.10 + 0.28 P 1.34+ 025" 119 £0.30° 0.87 +0.102 0.028
Fe 3.05+0.842 3.29 +0.86 2 321+1.792 234 +0.552 0.462
K 1922 + 2282 2186 + 308 P 1729 + 3082 1753 £ 2222 0.007
Li 0.04 +£0.022 0.05 +0.01 2 0.02 +0.012 0.04 +0.022 0.104
Mg 127.4+17.92 1134 +23.74 134.4 + 3842 135.6 £30.22 0435
Mn 142 £1.012 094 +0.122 1.89 £0.922 0.59 +0.232 0.138
Mo 0.01 + 0.00 2P n.d. 0.03+0.01P n.d. 0.031
Ni 0.06 +0.032 0.07 +0.012 0.09 +0.032 0.10 + 0.05 2 0.588
P 255.5 + 40.8 @ 282.5+52.12 260.0 + 87.0 @ 2414+56.0%  0.698
Sb 0.18 £0.072 0.21 +0.052 0.16 £ 0.072 0.19 +0.04 2 0.444
Se 0.01 +0.002 nd. 0.01 +£0.002 nd. 0.452
Si 1.99 +0.912 3.07 +4.36° 1.50 £1.202 1.72 £ 0432 0.359
Sn 0.34+0.172 0.35 +0.09 @ 0.25 +0.082 0.31 +0.042 0.918
Sr 0.24 +0.09 b 0.14 + 0.06 @ 0.33+0.13P 0.22 +0.08 2P 0.011
Ti 0.01 + 0.00 2P n.d. 0.04 +0.05° n.d. 0.008
Tl 0.47 +0.142 0.58 +0.172 0.47 +£0.242 0.44 +0.11° 0.511
A4 0.03+0.012 0.07 +£0.03P 0.03 £0.012 0.10 £0.02 0.000
Zn 1.28 +1.052 0.79 +0.23 2 1.12+£0.352 0.87 +£0.352 0.673
Total 2452 + 385 2662 + 437 2278 + 347 2232 + 351

&b Means with different letters in the same row are significantly different; * p values are the result of the application
of MANOVA (p < 0.05 statistically significant), n.d. = not detected.

There are only a few studies in the literature reporting mineral content in cherries.
De Souza et al. [27] determined five minerals (P, K, Zn, Mg, Fe) in cherries from Brazil. Potassium was
the main mineral (highest concentration equal to 90.92 mg/100 g FW), followed by P and Mg with
similar concentrations (12.2 to 12.3 mg/100 g FW), Fe (1.16 mg/100 g FW), and Zn (0.69 mg/100 g FW).
It should be noted that Ca was not detected in any of the samples analyzed. The range of concentrations
for the main minerals in the above study is similar to those in the present study with the exception of
Ca, which was not identified in the above study. Papapetros et al. [17] reported similar mineral content
for cherry cultivars: Kordia, Regina, Mpakirtzeika, and Skeena, ranging between 2114 mg/kg for the
Kordia cultivar and 2520 mg/kg for the Skeena cultivar. Finally, Matos-Reyes et al. [15] determined
minerals in various cherry cultivars grown in Spain. The mineral showing the highest concentration
was K ranging from 13,000 mg/kg in samples from Caceres to 5500 mg/kg in Aragoén cherries, followed
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by Ca and Mg present in concentrations higher than 500 mg/kg. Sodium varied from 10 mg/kg in
Huesca sample to 70 mg/kg in Aragén and Castellon samples. The rest of the minerals were present in
concentrations lower than 1 mg/kg.

3.5. Cultivar Differentiation of Four Cherry Cultivars (Ferrovia, Canada Giant, Lapins, and Germersdorfer)
Based on Analytical Parameters

The 56 cherry samples were subjected to MANOVA in order to determine those parameters that
are significant for the differentiation of cultivars. Dependent variables initially included the 28 volatile
compounds, while cultivar was taken as the independent variable [28]. Pillai’s Trace = 2.619 (F = 2.750,
p-value = 0.001 < 0.05) and Wilks” Lambda = 0.001 (F = 2.763, p-value = 0.001 < 0.05) index values
showed the existence of a significant multivariable effect of cultivar origin on the identity of cherry
volatile compounds. Seven of the 28 volatile compounds were found to be significant (p < 0.05) for
the differentiation of cherries according to cultivar and thus, were subjected to LDA. In LDA analysis,
the cultivar was taken as the dependent variable, while the measured physicochemical parameters
were taken as the independent variables [28]. The overall correct classification rate was 77.3% using
the original and 65.9% using the cross-validation method, not a very satisfactory rate.

Similar statistical treatment was used for the conventional quality parameters and minerals,
which gave a respective correct classification rate of 72.7% and 75%. Sugar statistical analysis showed
that only fructose was significant for the differentiation of cultivars and thus, the formation of only
one discriminant function showed that the statistical model developed was unable to provide results
regarding the differentiation of cherry cultivar. In order to increase the correct classification rate,
combinations of analytical sets of data were tested.

The combination of volatile compounds and conventional quality parameters were taken as the
dependent variables, while cultivar was taken as the independent variable. Pillai’s Trace = 2.920
(F =4.924, p-value = 0.001 < 0.05) and Wilks” Lambda = 0.001 (F = 5.280, p-value = 0.001 < 0.05) index
values showed that there is a significant multivariate effect of volatile compounds and conventional
quality parameters on cherry cultivar. Seven of the volatile compounds and six conventional quality
parameters were found to be significant (p < 0.05) for the differentiation of cultivar. These were then
subjected to LDA. The results of statistical treatment are shown in Table 4. In Figure 1, it is shown that
all cultivars are well differentiated, while the Lapins and the Canada Giant are quite close to each other.
The overall correct classification rate achieved was 97.7% for the original, while for the cross-validation
method, the respective rate was 84.1%, very satisfactory for both methods.

Table 4. Discriminant functions formed and MANOVA results for each function for parameter
combinations tested.

L Discriminant % of % Total Wilks” 2

Parameters Combinations Function Variance Variance Lambda X i P
Volatile Compounds-Conventional 1 511 511 0.012 152171 39 0.001
Quality Parameters (four cultivars) 2 33.9 85.0 0.080 87.024 24 0.001
Minerals—Conventional Quality 1 57.3 57.3 0.014 149.262 36 0.001
Parameters (four cultivars) 2 25.2 825 0.098 81.361 22 0.001
Minerals—Conventional Quality 1 55.4 55.4 0.013 150.892 39 0.001
Parameters—Sugars (four cultivars) 2 27.1 825 0.088 83.858 24 0.001
Minerals—Conventional Quality 1 42.4 42.4 0.001 923.667 259 0.001
Parameters—Volatile compounds 2 38.7 81.1 0.001 712119 216 0.001
(eight cultivars) 3 65 87.6 0003 504682 175  0.000
Minerals—Conventional Quality 1 519 519 0.001 71743 266 0.001
Parameters—Sugars—Volatile 2 26.8 78.7 0.001 742.568 222 0.001
compounds (eight cultivars) 3 105 §9.2 0005 542909 180 0001
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Figure 1. Differentiation of four cultivars based on the combination of volatile compounds and
conventional quality parameters.

Likewise, the same statistical treatment was applied to the other combinations of sets of analytical
data. Statistical analysis of minerals and conventional quality parameters showed that only eight
minerals and six of the conventional quality parameters were found to be significant (p < 0.05) for
cultivar differentiation (Table 4). The overall correct classification rate achieved was 97.7% for the
original and 86.4% for the cross-validation method. In Figure 2, it is obvious that Ferrovia and Canada
Giant are well differentiated from the other cultivars.
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Figure 2. Differentiation of four cultivars based on the combination of minerals and conventional
quality parameters.

Despite the fact that sugars per se could not provide information on the differentiation of cultivars,
their combination with minerals and conventional quality parameters showed that eight minerals, six
of the conventional quality parameters, and fructose were found to be significant (p < 0.05) for cultivar
differentiation (Table 4). The overall correct classification rate achieved was 100% for the original
and 88.6% for the cross-validation method, a very satisfactory value for both methods. In Figure 3,
it is shown that Ferrovia and Canada Giant are very well differentiated, while Germersdorfer and
Lapins are reasonably close to each other. Matos-Reyes et al. [15] determined the mineral content of
Spanish cherries from different geographical areas (Aragén, Caceres, Castellon, Huesca, and Alicante’s
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Mountain) using ICP-OES. Of the 42 elements determined, only 22 and 23 minerals for stones and
fruit edible part were shown to be significant for the differentiation of cherry cultivars, respectively.
The classification of cherry stones and edible parts was carried out using LDA. The results showed
a correct classification rate of 100% for the edible part of cherries and 96.43% for the stone part.
Unfortunately, no mention was made in this study on the cherry cultivars used. Finally, in a similar
work, Papapetros et al. [17] reported a correct classification rate equal to 82.1% based on minerals, 89.5%
based on conventional parameters, and 89.7% based on volatile compounds for the differentiation of
Regina, Kordia, Mpakirtzeika, and Skeena cherry cultivars.

Other combinations tested that gave lower correct classification rates were volatiles and sugars
(77.1%), volatiles and minerals (77.3%), conventional quality parameters and sugars (77.5%).
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Figure 3. Differentiation of four cultivars based on the combination of minerals, conventional quality
parameters, and sugars.

3.6. Cultivar Differentiation of All Eight Cherry Cultivars (Ferrovia, Canada Giant, Lapins, Germersdotfer,
Kordia, Regina, Skeena, And Mpakirtzeika) Based on Analytical Parameters

Similarly, as described above, all 108 cherry samples were subjected to MANOVA in order to
determine those volatile compounds that are significant for the differentiation of cultivars. Nineteen of
the thirty volatile compounds were found to be significant (p < 0.05) for the differentiation of cherries
according to cultivar and thus, were subjected to LDA. The overall correct classification rate was 89.9%
using the original and 69.6% using the cross-validation method, not a very satisfactory rate.

Similar statistical treatment was used for the conventional quality parameters and minerals,
which gave a respective correct classification rate of 70% and 61.4%. As already stated above, sugar
statistical analysis showed that only fructose was significant for the differentiation of cultivars and
thus, the formation of only one discriminant function showed that the statistical model developed
was unable to provide results regarding the differentiation of cherry cultivar. In order to increase the
correct classification rate, combinations of analytical sets of data were tested.

When volatile compounds and conventional quality parameters were combined, the Pillai’s Trace
and Wilks” Lambda index values showed a significant multivariate effect of volatile compounds and
conventional quality parameters on cherry cultivar. Nineteen of the volatile compounds and five of
the conventional quality parameters were found to be significant (p < 0.05) for the differentiation of
cultivar. These were then subjected to LDA. Results showed an overall correct classification rate of
98.5% for the original and 85.3% for the cross-validation method, very satisfactory for both methods.

Likewise, the same statistical treatment was applied to the other combinations of sets of analytical
data. Statistical analysis of i.e., minerals and conventional quality parameters, showed that only
13 minerals and 5 of the conventional quality parameters were found to be significant (p < 0.05) for
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cultivar differentiation. The overall correct classification rate achieved was 100% for the original
and 85.1% for the cross-validation method. In terms of classification rate, the two most successful
combinations were: (i) conventional quality parameters plus volatiles plus minerals resulting in an
overall correct classification rate of 100% for the original, and 85.5% for the cross validation method,
indeed a very satisfactory value for both methods (Table 4, Figure 4a,b); and (ii) the combination:
conventional quality parameters, volatiles, minerals, and sugars (fructose), resulting in an overall
correct classification rate of 100% for the original and 91.3% for the cross-validation method (Table 4,
Figure 5a,b).
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Figure 4. (a) Differentiation of eight cultivars based on the combination of conventional quality
parameters, volatiles, and minerals; (b) blow up of Figure 4a.
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Figure 5. (a) Differentiation of eight cultivars based on the combination of conventional quality
parameters, volatiles, minerals, and sugars; (b) blow up of Figure 5a.

In Figure 4a, it is shown that the Skeena and Mpakirtzeika cultivars are very well differentiated
from the rest. In Figure 4b, it is shown that the Germersdorfer cultivar is well differentiated from
the Regina, Lapins, Ferrovia, and Canada Giant cultivars, but not from the Kordia cultivar. Lapins,
Ferrovia, and Canada Giant are considerably overlapping.

In Figure 5a, it is shown that the Skeena and Mpakirtzeika cultivars are again very well
differentiated from the rest. In Figure 5b, it is shown that the Canada Giant cultivar is well differentiated
from the Ferrovia, Lapins, Regina and Kordia cultivars, but not from the Germersdorfer cultivar.
Lapins and Regina as well as Regina and Kordia are considerably overlapping.
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4. Conclusions

Analysis of volatile compounds, minerals, and conventional quality parameters showed significant
differences among cherry cultivars tested. Statistical treatment of the individual sets of data gave
acceptable but not satisfactory correct classification rate (volatile compounds: 65.9%, conventional
quality parameters: 72.7% and minerals: 75%). Furthermore, combinations of selected data sets
increased correct classification rate i.e., volatiles and conventional quality parameters: 84.1%, minerals
and conventional quality parameters: 86.4%. Finally, even though sugars per se could not provide
information on cherry cultivar differentiation, when combined with minerals and conventional quality
parameters, the classification rate was increased to 88.6%. This was the highest rate achieved in
the present study, suggesting that the use of multi-element analysis may be a useful tool for cherry
cultivar differentiation. In our previous work, Papapetros et al. [17], we achieved a very satisfactory
differentiation (97.4%) of the botanical origin of four cherry cultivars (Kordia, Regina, Skeena, and
Mpakirtzeika) grown in northern Greece using the same analytical methodology. In the present study,
in a similar attempt, we were able, for the first time, to successfully differentiate (classification rate
88.6%) the botanical origin of four additional popular cherry cultivars (Ferrovia, Canada Giant, Lapins,
and Germersdorfer) grown in the same greater area and during the same seasons in Greece. Finally,
differentiation of all eight cherry cultivars was achieved with a classification rate of 85.5% for the
combination of conventional quality parameters, volatiles, and minerals; and 91.3% for the combination
of conventional quality parameters, volatiles, minerals, and sugars.
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Abstract: Extra virgin olive oil (EVOO) has elevated commercial value due to its health appeal,
desirable characteristics and quantitatively limited production, and thus it has become an object
of intentional adulteration. As EVOOs on the market might consist of a blend of olive varieties or
sometimes even of a mixture of oils from different botanical species, an array of DNA-fingerprinting
methods have been developed to check the varietal composition of the blend. Starting from a
comparison between publicly available DNA extraction protocols, we set up a timely, low-cost,
reproducible and effective DNA isolation protocol, which allows an adequate amount of DNA to be
recovered even from commercial filtered EVOOs. Then, in order to verify the effectiveness of the
DNA extraction protocol herein proposed, we applied PCR-based fingerprinting methods starting
from the DNA extracted from three EVOO samples of unknown composition. In particular, genomic
regions harboring nine simple sequence repeats (S5Rs) and eight genotyping-by-sequencing-derived
single nucleotide polymorphism (SNP) markers were amplified for authentication and traceability of
the three EVOO samples. The whole investigation strategy herein described might favor producers
in terms of higher revenues and consumers in terms of price transparency and food safety.

Keywords: DNA extraction protocol; traceability; authentication; genetic tagging; SSRs; SNPs

1. Introduction

Olive (Olea europaea L. subsp. europaea var. europaea) is a species that originates from regions
surrounding the Mediterranean Sea [1] and characterizes the landscape of the entire Mediterranean
area [2]. The olive tree is mainly cultivated for oil production. More than 80% of olive oil production
comes from the European Union, with Spain being the largest olive oil producer, followed by Italy and
Greece (marketing years 2017/2018) [3]. However, a substantial decrease in olive oil production was
observed in Italy in 2018, and it is expected to further decrease in 2019 [4] because of adverse weather
conditions and phytosanitary issues that have plagued Italy in the last few years [5,6].
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Extra virgin olive oil (EVOO) has elevated commercial value due to its health appeal, desirable
characteristics and quantitatively limited production. As a high-value product, a certification label
added to a bottle of EVOO allows food fraud to be prevented and consumers to trace oil “from tree to
table”. The European Commission Regulation 1151/2012 disciplines quality schemes for agricultural
products and defines guidelines on the labeling of foodstuffs.

Ttaly is the first ranked country in terms of the number of protected designation of origin (PDO),
protected geographical indication (PGI) and traditional specialty guaranteed (TSG) certifications. As for
EVOOs, these include 42 PDO and 4 PGI [7]. Given the importance of quality labeling, all PDO/PGI
products have to adhere to specific reference standards. In the case of EVOOs, this means an array
of rules on the use of specific olive varieties, the area and practices of cultivation, and the entire
production chain from harvest to bottling. Consequently, EVOO traceability is a hot topic since it
prevents intentional adulteration accomplished through the deliberate addition of low-cost edible
vegetable oils of uncertain origin. As EVOOs on the market might consist of a blend of olive varieties or
fraudulently sometimes even of a mixture of oils from different botanical species, varietal identification
in olive oils is crucial and has attracted a growing interest in the last decade.

Several approaches based on chemical analysis have been proposed for EVOO traceability [8-12],
which are useful to discover some types of macroscopic adulteration, such as the addition of oil from
other species. However, they present some limits due to the difficulty in identifying the olive varieties
used for oil production. Instead, DNA-based methods are more accurate and reliable than chemical
methods; moreover, they are not influenced by environmental conditions [13]. Among the genetic
markers used for cultivar identification and varietal traceability in processed foods, simple sequence
repeats (SSRs) and single nucleotide polymorphisms (SNPs) are the most suitable [14-16]. Indeed, the
use of molecular markers for olive oil traceability is widely documented [17-21].

To have a reliable DNA extraction protocol from EVOO:s is the key for a successful molecular
fingerprinting. A critical aspect to take into consideration concerns the recovery of an adequate amount
of DNA from filtrated oils. DNA is usually degraded and present in a very low amount when a
food matrix is used for its extraction [22,23]. So far, diverse methods have been developed to obtain
high quality DNA from cellular sediment as well as from the oily and the aqueous phases of filtered
EVOOs [24]. All of them share three fundamental steps: (i) cellular lysis; (ii) DNA recovery and
(ili) DNA purification. Although each method differs from the other in terms of quality and amount of
recovered DNA, all lack information on the effectiveness of the protocol in industrial/legal applications.
Moreover, the ideal DNA extraction method should be reproducible, simple, relatively cheap and
capable of recovering stable and PCR inhibitor-free DNA from heavily processed plant oil, both filtered
and unfiltered. Although different DNA-based methods have been applied for EVOO authentication
and traceability, all of them suffer the difficulty of standardizing the DNA extraction protocol as well
as the subsequent amplification and genotyping steps.

Within this motivating context, our work presents a case study aiming at set up a timely, low-cost,
reproducible and effective DNA extraction protocol from three filtered commercial EVOOs, which
allows an adequate amount of DNA to be recovered. Different authors showed the effectiveness of
extraction buffer containing CTAB and/or hexane in DNA isolation from different vegetable oils [23-28].
Based on these results, we decided to compare the n-hexane protocol by Consolandi et al. [29] with
three CTAB-based methods by Muzzalupo and Perri [30], Busconi et al. [31], and Spadoni et al. [32].
CTAB residual could affect the downstream enzymatic reactions; therefore the detection of an effective
and reproducible protocol for DNA extraction and amplification is of crucial importance. Furthermore,
as reported by Schrader et al., 2012 [33], different salts (e.g., sodium chloride or potassium chloride),
detergents or organic molecules (ethylene-diamine-tetra-acetic acid, sarkosyl, ethanol, isopropyl
alcohol or phenol) necessary for efficient cell lysis or for the isolation of pure nucleic acids, might
also cause PCR inhibition at certain concentrations. A secondary but no less important purpose was
to verify the effectiveness of the DNA extraction protocol herein proposed and to assess PCR-based
fingerprinting methods for olive oil authentication and traceability. To this end, we analyzed the DNA
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polymorphisms of nine SSRs and the presence/absence of eight SNP markers for genetic tagging of
Italian EVOOs.

2. Materials and Methods

2.1. Oil Samples and DNA Extraction

Analyses were performed on three EVOO samples (hereinafter referred to as OL1, OL2, and OL3),
provided by an Italian mill, which underwent two filtration steps in order to extend their shelf-life.
The first step was carried out with two filters made of cellulose and diatomaceous flours; the second
filtration step was performed using a polishing paper. The only available information on those samples
was that they were bottled in Italy. Three bottles of one liter each were collected and stored at 4 °C
before the analysis.

We tested four protocols (hereinafter referred to as p1, p2, p3, and p4) for DNA isolation:

e pl Spadonietal, 2019 [32];
e p2 Muzzalupo etal., 2002 [30];
e p3 Busconietal., 2003 [31];
e p4 Consolandi et al., 2008 [29].

After evaluating those protocols, we modified p4 as follows:

1. One mL per sample was vigorously mixed for 5 min and transferred into a 2 mL microcentrifuge
tube, then it was shaken with 500 pL of hexane for 5 min and centrifuged (15 min, 4 °C, 12 krpm).

2. The oily supernatant was transferred to a fresh 2 mL tube and the pellet was mixed with 400 uL
of lysis buffer (50 mM Tris pH 8.5, 1 mM EDTA, 0.5% v/v Tween 20).

3. Samples were incubated at 48 °C for 1 h and then centrifuged (15 min, 4 °C, 12 krpm).

4. The two aqueous phases from the oil/buffer mix and the pellet were transferred into separate
1.5 mL microcentrifuge tubes, being careful to avoid contact with the interface between oil
and buffer.

5. The pellet derived from treatment of the aqueous phase at point 4 was discarded.

6.  The three phases were transferred into separate 1.5 mL microcentrifuge tubes and the samples
were gently mixed with 500 uL of cold isopropanol, held 30 min at —80 °C, and centrifuged again
(30 min, 4 °C, 12 krpm).

7. Thepellet was washed by adding 500 1L of absolute ethanol, held 30 min at =80 °C and centrifuged
(30 min, 4 °C, 14 krpm).

8. The pellet was washed once more by adding 500 uL of 70% ethanol and centrifuged (30 min, 4 °C,
14 krpm).

9.  After removing the supernatant, the pellet was dried in vacuum pump for 30 min and finally
resuspended in 50 uL of 1x TE buffer pH 8 (10 mM Tris, 1 mM EDTA).

2.2. SSRs and SNPs Assay

A set of nine SSR primer pairs [34-36] was used to assess the genetic fingerprinting of the three
oil samples. Of these, seven (i.e., DCA03, DCA05, DCA09, DCA18, GAPU71B, GAPU101, EMO90)
were selected among those available in literature [37] due to their high reproducibility, power of
discrimination and number of amplified loci/alleles. The remaining two (i.e., DCA04 and DCA15)
were included as they have been proven to be suitable for PCR-based fingerprinting methods in
olive [38,39]. PCR was carried out following the procedure by di Rienzo et al. [40]. Sequences and
annealing temperatures of each primer are reported in Table S1.

Amplification products were separated by capillary electrophoresis on the ABI PRISM 3100 Avant
Genetic Analyzer sequencer (Applied Biosystems, Foster City, CA, USA) using a mix containing 2 uLL
PCR reaction, 13,5 pL Hi-Di™ Formamide and 0.5 pL. GeneScan™ 600 LIZ™ Size Standard (Applied
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Biosystem, Foster City, CA, USA). Electropherograms were analyzed by the GeneMapper Software
v3.7 (Applied Biosystems, Foster City, CA, USA).

A large panel of 470 Mediterranean olive accessions (from the private database developed by the
Department of Soil, Plant and Food Sciences, University of Bari Aldo Moro) including Italian (396),
Tunisian (25), Syrian (23), and Algerian (26) accessions, was used to assess genetic similarity among
olive accessions and the three commercial EVOOs.

Genetic similarity between the three EVOO samples and the 470 olive accessions was calculated
through principal coordinates analysis (PCoA) using the GenAlEx software version 6.5 (http://biology-
assets.anu.edu.au/GenAlEx/Download.html). Based on PcoA, accessions with SSR-based genetic
profiles more similar to the three samples under study were selected for the construction of a tree
through the un-weighted neighbor-joining method, running 1000 bootstrap replicates, using DARWIN
v 6.0.010 (http://darwin.cirad.fr) [41]. The resulting tree was visualized using FigTree 2016-10-04-v1.4.3
(http://tree bio.ed.ac.uk/software/figtree/).

A total of six Italian olive cultivars (Frantoio, Taggiasca, Pendolino, Crastu, Leccino, and Ogliarola
barese), representative of the main PDO and PGI certifications (http://www.agraria.org/prodottitipici/
oliodioliva.htm), were selected for SNP analysis. We took in consideration the SNP profile from a
pre-existing catalogue generated by genotyping-by-sequencing [42]. We selected eight SNPs that
satisfied two requirements: (i) each SNP should be polymorphic among the six cultivars; and (ii) the
allelic profiles detected using eight SNPs should be specific for each cultivar. Eight primer pairs were
designed in SNP flanking sequences.

PCR was performed in a final volume of 20 uL containing 50 ng of DNA, 1X Phusion HF Bulffer,
0.2 mM dNTPs Mix, 0.4 pM primer mix and 0.5 units of Phusion high-fidelity DNA polymerase
(Thermo Fisher Scientific, Waltham, MA, USA). The cycling program was: 2 min of initial denaturation
at 98 °C, 35 cycles of denaturation at 98 °C for 10 sec, annealing for 20 sec, extension at 72 °C for 30 sec
and final extension at 72 °C for 5 min. Annealing temperatures ranged from 64 to 68 °C. PCR products
were analyzed by 2% agarose gel electrophoresis to verify the specificity of the amplification reaction.
Each amplicon was then purified through ethanol precipitation and quantified using the NanoDropTM
ND2000C (Thermo Fisher Scientific, Waltham, MA, USA).

PCR products obtained from DNA extracted from oils required an additional step of purification,
which was performed using the Agencourt AMPure XP - PCR Purification Kit (Beckman Coulter, USA).
Sequencing reaction was prepared using the BigDye™ Terminator v3.1 Cycle Sequencing Kit following
the manufacturer’s instructions and the sequencing was performed by the ABI PRISM 3100 Avant
Genetic Analyzer (Applied Biosystems, Foster City, CA, USA).

Finally, raw data were analyzed by the Sequencing Analysis Software v6.0 and the Sequence
Scanner Software v2.0.

3. Results

3.1. Set Up of An Effective Protocol for DNA Extraction from Filtered Oils and EVOO Traceability

As afirst step, the four protocols (i.e., p1-p4) were compared each other to assess their effectiveness
in extracting DNA from the three filtered EVOO samples. This was done to identify the most suitable
one to be modified if necessary (Table 1). Although p1 was developed to extract DNA from olive
leaves, we have also chosen to assess its effectiveness because of its rapidity and flexibility.

All protocols share an initial step of sample incubation at 60-65 °C with a standard extraction
buffer consisting of Tris-HCl and EDTA. All protocols, except p4, are based on the use of CTAB, while
plincludes the addition of the anionic detergent sodium dodecyl sulfate (Table 1). Afterwards, organic
solvents such as hexane, dichloromethane, octanol, and phenol were used for the dissolution of the
plasma membrane. DNA precipitation was obtained with ethanol or isopropanol.
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Table 1. Comparison among the DNA extraction methods used in this study. Extraction time, starting
amount of plant tissue/oil (* as recommended by the authors), and reagents used are indicated.

P1 P2 P3 P4 P5
Spadoni etal,, Muzzalupo et al., Busconi et al., Consolandi et al., C;ggglr:r:;lifei:;l.,
2019 [32] 2002 [30] 2003 [31] 2008 [29] [29]
Extraction time ~6h 30h —6h 30h 4h
(hours)
Sample/tissue and 10 mL not filtered, 50 mL not 2 mL not filtered, 1 mL filtered,
. 2 g leaves . . . . .
amount clear oil filtered, clear oil clear oil clear oil
'Starm}g No Yes Yes No No
centrifugation step
. CTAB, phenol, . CTAB, CTAB, octanol, Hexane, Hexane,
Main solvent dichloromethane,
chloroform chloroform chloroform chloroform
chloroform
Liquid nitrogen No No Yes No No
Proteinase K No No No Yes No
Pronase No Yes No No No
SDS Yes No No No No
RNAse treatment No Yes Yes No No
-mercaptoethanol Yes Yes Yes No No
Extraction time ~6h 30 h ~6h 30h 4h

(hours)

Each protocol was tested following authors’ indications. After extraction, DNA was checked for
quantity and quality. In all cases, DNA was highly degraded and its amount ranged from 0.5 ng/uL
(p1) to 100 ng/uL (p4).

P1 was discarded because of the low amount of recovered DNA (<2 ng/uL). P2 and p3 were both
based on the use of CTAB. Although both protocols start from a volume of oil higher than 10 mL, the
amount of recovered DNA was lower than 10 ng/uL. Moreover, the use of CTAB, which is an inhibitor
of enzymatic reactions, requires several washing steps to remove its traces. By contrast, the extraction
solvent used in p4 is the hexane and this protocol resulted in a fair amount of DNA, ranging from
20 to 100 ng/uL, though starting from 2 mL of EVOO. The only drawback is that p4 was the most
time-consuming. Therefore, we decided to improve p4 in order to (i) reduce the time required for the
DNA extraction process; (ii) decrease the starting amount of oil; and (iii) limit the number of reagents
and equipment needed. All these improvements are crucial for industrial and legal application of
the method.

The protocol herein proposed (labeled as p5 in Table 1) was obtained through the optimization of
p4 with some key modifications. Firstly, a reduction of the starting material (to 1 mL) was applied;
this change allowed the starting centrifugation step included in p4 to be eliminated and replaced by
vigorous stirring for a few minutes in a ThermoMixer. Furthermore, the sample digestion step with
Proteinase K was ruled out, thus reducing to 1 h the incubation time of sample after the addition of the
lysis buffer. Finally, two steps of DNA precipitation were performed. The first one was carried out in
isopropanol with incubation at —80 °C for 30 min instead of —20 °C overnight. The second step was
performed in absolute ethanol with incubation at —80 °C for 30 min. Nucleic acid quality evaluation
was performed by 1% of agarose gel (Figure S1) and showed a high degradation of genomic DNA. The
quantity values, checked through Nanodrop, ranged between 53.8 ng/uL and 442.7 ng/uL for DNA
extracted from oily and aqueous phases and between 0.4 ng/uL and 9.5 ng/uL for DNA extracted from
the pellet phase.
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3.2. EVOO Genotyping and Traceability

To test the suitability and effectiveness of the protocol herein proposed and set up a reproducible
genetic tagging and authentication method, genomic regions harboring SSR and SNP markers were
amplified starting from the DNA extracted from the three oil samples. For each sample, three
independent DNA extraction replicates were performed, in order to assess the repeatability of
the technique.

First of all, in order to evaluate the suitability of the extracted DNA to PCR amplification, we
performed loci specific PCR amplifications using the microsatellite markers DCA03 and DCA18, which
have proven to be highly reproducible based on our experience [43]. PCR products were obtained
using DNA extracted from oily, aqueous and pellet phases (Figure S2), showing 100% repeatability
(10 technical replicates). All samples provided a clear and distinguishable amplification pattern

(Figure 1).
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Figure 1. Capillary electropherograms showing the dinucleotide DCA03 amplification pattern for OL1,
OL2 and OL3. Allele size (in base pairs) is indicated in correspondence of the main peak.

For practical reasons, PCR runs for all SSR markers were performed on DNA extracted from
aqueous phase only. The three EVOO samples showed monomorphic profiles for DCA04, DCAQ9,
EMO90, and GAPU71B, while different allele combinations were recorded for the remaining markers
in each sample (Figure 2a). The most informative markers were DCA03 and DCA18, for OL1 and OL3,
respectively, as each of them discriminated among 10 different allele combinations. The total number
of alleles was 22 for all oils, even the allelic variants were different. We compared the pattern of SSR
allele sizes with a database of SSR-based allele frequencies of 470 records including Italian, Tunisian,
Algerian, Syrian, and native Apulian varieties, developed at the Department of Soil, Plant and Food
Sciences, University of Bari “Aldo Moro” (Figure 2b).
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Figure 2. Allelic patterns detected in the three olive oils using nine simple sequence repeat (SSR)
markers. (A) The number and composition of allelic combinations were reported for each extra virgin
olive oil (EVOO) sample. (B) Bar plot representing the proportion of allelic combination for each of the
nine SSR loci.

We included a set of 38 olive accessions collected in Apulia, which is the major oil-producing region
in the Southern Italy [39]. Indeed, many common national varieties used in the EVOO production
(i.e., Coratina, Cima di Bitonto, Ogliarola barese, etc.) derived from Apulia.

To explore genetic similarities among the three EVOO samples and the 470 olive accessions,
principal coordinates analysis (PCoA) was performed (Figure 3).
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Figure 3. Principal coordinates analysis (PCoA) performed using the three EVOO samples and the
panel of 470 Mediterranean olive accessions. OL1, OL2 and OL3 are marked in red.

The three samples resulted to be different but very close each other, suggesting the use of common
and related varieties in EVOO production. Moreover, all the samples were placed in a group that
includes the main Italian olive varieties. A subset of 147 accessions that lie in the fourth quadrant of
the PCoA plot together with the three EVOO samples was filtered out and used to construct a tree
through the un-weighted neighboring joining method (Figure 4). The dendrogram disclosed that the
three EVOOs were grouped in the same cluster; however, OL1 and OL3 are more similar to each other.
Finally, the clade in which the three EVOO samples fell includes some of the most widespread Italian
varieties used for oil production, such as Frantoio, Cima di Bitonto and other many olive accessions

originated from Apulia.
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Figure 4. Genetic similarity between the three EVOO samples and the subset of 147 olive cultivars
selected on the bases of PCoA results. OL1, OL2 and OL3 are marked in red.

Eight SNPs, which discriminate against six varieties, namely Frantoio, Taggiasca, Pendolino,
Crastu, Leccino, and Ogliarola barese, were selected and the DNA regions harboring those SNPs
subjected to PCR amplification and Sanger sequencing. PCR experiments were successful in all the
samples (Table 2).

Table 2. List of single nucleotide polymorphisms (SNPs) validated in the selected varieties as well as in
the three EVOO samples. n.a. = not available.

Variety #SNP
1 2 3 4 5 6 7 8
Frantoio CC GG TC GG AT GG GG AT

Taggiasca cC GT TC GG AT GC GG AT
Pendolino CC GG TTr AG TT GC AA AA

Crastu TT TT Tr AG TT GG AA AA
Leccino CC GG TC GG Tr GG AA AT
Ogliarola barese CC GT na. GG AT CC GG AT
OL1 CcC GT Tr GG TI GG AA AT

OL2 CC GT Tr na TI GG AA AT

OL3 CC GT TTr GG TI GG GG AT

The presence of non-nucleic acid contaminants and inhibitors in the amplified DNA involved an
additional purification step, following which sequencing reactions definitely improved as shown by
the severe reduction of the background noise (Figure S3).
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All samples were characterized by the same alleles at seven SNP sites (from SNP #1 to #7) with
the exception of OL3, which showed a different allele for SNP #7 (Figure 5). As for SNP #8, differences
in the allelic profile were found across all samples (Figure 6).

@) AA

) ] ’ ’ ; AA

Figure 5. Electropherogram obtained from Sanger sequencing of the region containing SNP #7 in
OL1 (a), OL2 (b), and OL3 (c). A red box highlights the SNP.

@) AT

Figure 6. Electropherogram obtained from Sanger sequencing of the region containing SNP #8 in
Ogliarola barese (a), Pendolino (b), OL1 (c), OL2 (d), and OL3 (e). A red box highlights the SNP.
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4. Discussion

When olive drupes are ground, the cellular compartmentalization is destroyed and everything is
mixed in the aqueous solution (i.e., waste water) where most of the DNA and proteins are. Olive oil is
the water-insoluble fraction mainly lacking in DNA and proteins, but enriched in organic compounds
that interfere with DNA polymerase reactions.

Genetic traceability of EVOOs requires DNA to be extracted from commercial olive oils, which
are all subjected to a filtration process in order to satisfy consumers’ demand (i.e., clear oil).

To identify an effective and robust DNA extraction protocol from filtered commercial oils, four
protocols were tested and compared each other (Table 1). However, none of these proved to be highly
reproducible as the extraction of DNA from a complex matrix to be subjected to PCR is not a trivial
task [15,44,45]. Following the comparison, only p4 turned out to be the most suitable in terms of
DNA yield, but it did not guarantee repeatable results with regards to DNA amplification. Therefore,
we improved p4 with key modifications in order to enhance the quality and quantity of the extracted
DNA while reducing the starting material, reagents, costs and time of extraction. The protocol herein
proposed (labeled as p5 in Table 1) was applied on three EVOO samples of unknown composition.
Nanodrop measurements were satisfactory for the DNA extracted from the oil and aqueous phases
with values ranging from 442.7 ng/uL to 53.8 ng/uL. By contrast, DNA concentration from the pellet
phase ranged from 9.5 ng/uL to 0.4 ng/uL. Taking into account the nature of the starting material,
we have obtained appreciable quantity of DNA from all three extraction phases.

The effectiveness of p5 was assessed by applying PCR-based fingerprinting methods for EVOO
authentication and traceability. DNA amplifications of nine SSR loci were successful for all the three
EVOO samples.

The presence of microsatellite multi-allelic combinations (Figure 2) coupled with results from
PCoA and genetic similarity analysis (Figures 3 and 4), both describing the relationships between the
three EVOO samples and a large panel of accessions cultivated in the Mediterranean area, allowed us
to assert that most likely the three EVOO samples are a blend of Italian varieties.

If SNP markers are used for EVOO authentication and traceability, we suggest using an additional
purification step of PCR products. Indeed, phenolic compounds and residual polysaccharides could
inhibit the enzymatic reactions providing irregular PCR amplifications [46]. This inhibition is negligible
in routine PCRs, such as those for SSR amplification, but it is exacerbated in highly sensitive reactions,
such as Sanger sequencing. Then, we applied an additional PCR purification step based on the use of
magnetic beads after ethanol precipitation, which allowed us to gain a significant improvement in
sequencing results (Figure S3). Previous works performed magnetic bead-based purification before
PCR [47,48]; however, this procedure leads to a massive loss of DNA. As the amount of DNA extracted
from filtrated oil was generally low, we decided to carry out this step after PCR amplification.

Advances in technologies for DNA profiling have had a huge impact in combating fraud and food
adulteration as well as in improving authentication and traceability of food products. The screening
of multiple markers with next generation sequencing (NGS) technology has been widely applied
to the olive sector, and in particular the high-resolution DNA melting technology (HRM) has been
successfully used for olive oil authentication [49,50]. HRM analysis using gene-based SNP markers
represents an important tool for cultivar identification. However, gDNA extraction from olive oil
matrix is still a critical step, which needs improvement [51]. For that reason, we chose to amplify the
DNA of the three EVOOs with SNP-based markers and then perform sequencing by Sanger method.
SNP-based molecular profiles revealed high similarity among the three EVOO samples, thus indicating
that they shared some varieties, as observed before. By comparing these profiles with those obtained
for six Italian olive cultivars, we observed that OL1 and OL2 were very similar to Leccino, while OL3
is more similar to Frantoio and Taggiasca (Table 2).

Despite no information about varietal composition of the three EVOO samples under investigation
was available, we were able to assert that most likely the three samples are blends of Italian varieties
and generate a list of possible varieties present in each blend.
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The EU commission regulation 182/2009 governs the whole production process of EVOOs.
The origin of olives and/or the addition of oils coming from different countries must be indicated on
the label. Molecular traceability is an important tool to investigate the varietal composition of olive
oils, in order to prevent fraud due to the use of oils coming from extra-EU countries not explicitly
indicated on the label.

Contrary to what happens for the wine market, in which there are few international varieties
(i.e., Cabernet, and Merlot) that are cultivated widespread in the world, for the oil market there are
cultivars strongly adapted and cultivated in each territory (i.e., Arbequinia and Arbosana for Spain,
Chemlali for Tunisia, Coratina and Frantoio for Italy). In this context, the identification of varietal
composition could be useful to better define the origin of the oil.

Nevertheless, the comprehensive identification of all the varieties present in a blend is extremely
tricky. The identification of singleton SNPs and/or haplotype blocks via NGS will allow the rapid
detection of cultivars present in a blend in the near future.

5. Conclusions

We developed a speedy and highly reproducible protocol able to recover whole genomic DNA
from filtrated EVOOs. Then, we applied PCR-based methods for genetic tagging of filtered EVOOs
of unknown origin in order to verify the effectiveness of the proposed DNA extraction protocol.
The whole investigation strategy may be suitable for industrial/legal applications, as olive oil frauds
are more and more rampant. Deliberate or unintentional adulteration of olive oil could seriously
damage producers/providers in term of earnings and reputation and could definitely break the
producer—consumer relationship. On the other hand, consumers are increasingly demanding as their
preferences are moving towards the highest quality products. There is a vast range of olive oil on the
market and consumers would like to have awareness of the entire olive oil supply chain, “from tree to
table”. DNA-based methods for olive oil authentication and traceability are beginning to be routinely
applied, and although they are still challenging due to the complexity of fraudulent practices, they can
reassure consumers in terms of price transparency and food safety.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-8158/8/10/462/s1,
Table S1: List of SSR markers used for EVOO traceability. Primer sequences and annealing temperature are also
provided. Figure S1: Electrophoresis on 1% agarose gel of DNA extracted from samples OL1 (1), OL2 (2), and
OL3 (3) in three phases (pellet, oil, and aqueous). Figure S2: Electrophoresis on 1% agarose gel of amplification
product on samples OL1, OL2, and OL3 in three phases (oil, aqueous, and pellet) with GAPU71B. Figure S3:
Electropherogram obtained from Sanger sequencing of a genomic region amplified in OL1 before (a) and after
(b) purification step.
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Abstract: Fat-spread products are a stabilized emulsion of water and vegetable oils. The whole fat
content can vary from 10 to 90% (w/w). There are different kinds, which are differently named, and
their composition depends on the country in which they are produced or marketed. Thus, having
analytical solutions to determine geographical origin is required. In this study, some multivariate
classification methods are developed and optimised to differentiate fat-spread-related products from
different geographical origins (Spain and Morocco), using as an analytical informative signal the
instrumental fingerprints, acquired by liquid chromatography coupled with a diode array detector
(HPLC-DAD) in both normal and reverse phase modes. No sample treatment was applied, and,
prior to chromatographic analysis, only the samples were dissolved in n-hexane. Soft independent
modelling of class analogy (SIMCA) and partial least squares-discriminant analysis (PLS-DA) were
used as classification methods. In addition, several classification strategies were applied, and
performance of the classifications was evaluated applying proper classification metrics. Finally, 100%
of samples were correctly classified applying PLS-DA with data collected in reverse phase.

Keywords: liquid chromatography fingerprinting; food authentication; margarines and spreads;
multivariate classification

1. Introduction

Margarine is a water-in-oil emulsion derived from vegetable and/or animal fats, with a fat content
ranging from 80 to 90% (w/w) and a milk fat content of no more than 3% (w/w) [1,2]. This emulsion
remains solid at 20 °C. It was discovered by Hippolyte Mege Mouriés, a French chemist, who patented
his product in France and Britain in 1869. The product was described at that time as a blend of the
glycerol esters of oleic and margaric acids and was therefore called oleo-margarine. Margaric acid was
thought to be heptadecanoic acid (17:0), but currently, it is known that it was really a eutectic mixture
of palmitic (16:0) and stearic (18:0) acids [3]. “Fat-spread” is the generic name that is applied to any
emulsion with a fat content ranging from 10 to 90%, whereas the term “vegetable shortening” or just
“shortening” refers to all fat produced from vegetal oils that are hydrogenated, i.e., they stay semisolid
at room temperature. According to this, the fat content of shortening is 100%.

The European legislation currently in force distinguishes the following types, regarding fat
content [4]: Margarine, three-quarter fat margarine, and half-fat margarine. The half-fat margarine
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is also named minarine or halvarine by Codex Alimentarius terminology [2]. On the other hand,
Moroccan legislation is less restrictive and does not consider different kinds of margarine concerning
fat content. In fact, margarine is defined as “any food fat substance, which is not butter or lard, but
resembles butter and it is produced for using as butter” [5]. The milk fat content cannot exceed 10%
(w/w). In order to simplify matters, and because it would not have major repercussions on the study,
the term “margarine/spread” will be used in a broad sense in this paper, regardless of fat content.

For the manufacturing industrial process, the vegetal oils are heated at their melting temperature
(approximately 40 °C) and mixed with the additives and emulsifiers to achieve a homogeneous mixture.
In order to obtain a solid consistency of fat, the mixture is slowly cooled down and subjected to a
hydrogenation process to produce fat saturation due to the unsaturated bonds of fatty acids of the
vegetable oils breaking up [6].

The properties of margarines/spreads mainly depend on the characteristics of the vegetable oils,
which are the major ingredients of the product, and the additives. The fat source is usually either
soybean oil or sunflower oil blended with a hydrogenated vegetable oil, typically in the ratio 3:1 [7].
Other commodity vegetable oils include rape/canola, cottonseed, palm, palm kernel, and coconut,
which may have been fractionated, blended, hydrogenated in varying degrees, and/or interesterified.
Fish oil (hydrogenated or not) may also be included. Recent trends in the margarine market also
consider mixtures with "healthy" vegetable oils with a low content of trans-saturated acid (e.g., high
oleic sunflower or olive oils), as well as the addition of sterols. Regarding additives, these include
surface-active agents, proteins, salt, and water, along with preservatives, flavours, and vitamins [8].

From the chemical point of view, the fat fraction of margarines/spreads is mainly composed
of triacylglycerols (TAGs) [9]. Some data on the TAG composition of margarine/spread have been
reported [10], but, as far as the authors are concerned, only one paper has been published, devoted to
this matter [11]. The main compositional parameter being important for margarine/spread quality
and healthy features is focused on the fatty acid (FA) profile [12-14]. The FA profile is commonly
analysed using gas chromatography after derivatisation of them in the corresponding methyl esters.
This approach provides incomplete chemical information and does not allow the knowledge of the
variability linked to the combination of three FAs in the TAGs.

Conventional chromatographic techniques have been used successfully for the qualitative and
quantitative determination of TAGs [15,16], mainly high-performance liquid chromatography (HPLC) in
both normal and reverse phase modes [17-19]. The coupling of mass spectrometry to chromatographic
instruments has drastically increased the analytical capabilities [20,21], and the regioisomeric and
enantiomeric analysis of triacylglycerols is already affordable [22], but the chromatographic signals
obtained from TAG profiling methods are never specific enough due to the great variety of isomers
present in low proportion. In addition, 1H NMR has also been proven to be very useful in determining
the composition in acyl groups of margarine samples, in only a few minutes and with minimal or no
sample pretreatment [1,23]. Some examples of TAG profiling in some closely related margarine/spread
products as milk and dairy foods can be found in references [24,25].

Nevertheless, the TAGs profile is characteristic of each vegetable oil, according to its botanical
species, genus, or variety, which has a characteristic lipid profile. Consequently, TAGs profiling is both
a useful and reliable tool in identifying vegetable oils and/or fraud detection [16] in order to verify
the stated composition of margarines/spreads and authenticate them. Moreover, to our knowledge,
there are no antecedents describing the comparison and classification of different margarines/spreads
according to their geographical origin.

Another relatively alternative way to identify each vegetable oil using TAG analytical information
is applying the fingerprinting methodology. This applies nonspecific instrumental signals where all the
implicit, but nonevident, information contained in the analytical signal acquired from the samples is
used, not being necessary to profile each chemical species present in the working solution. In this sense,
signals coming directly from the measurement device or detector coupled with the chromatographic
instrument are treated as a whole, and by means of advanced chemometric tools, as multivariate data
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analysis to extract, it is possible to reduce and process the extensive datasets in order to build proper
multivariate models for classification or quantification purposes [26,27]. This methodology has become
one of the most efficient and comprehensive methods to verify food identity [28].

This paper presents a multivariate qualitative analytical method for authenticating the geographical
origin of margarines and fat-spread products. Several multivariate chemometrics tools were applied,
such as principal components analysis (PCA), soft independent modelling by class analogy (SIMCA),
and partial least squares-discriminant analysis (PLS-DA). As an analytical information source for
building the multivariate models, both normal and reverse phase liquid chromatographic fingerprints
were used. For this purpose, the analytical signals were acquired using a diode array detector (DAD)
coupled with a high-performance liquid chromatographic (HPLC) system. Three strategies were
tested to build the classification models: Two input-class, pseudo two input-class, and one input-class
classification. The results from each classification method and strategy were compared and ranked on
the basis of several classification performance metrics.

2. Materials and Methods

2.1. Chemicals and Samples

All solvents employed were HPLC-grade. Isopropanol and n-hexane were purchased from
PANREAC Quimica (Barcelona, Spain), and acetonitrile was provided by VWR International Eurolab,
S.L. (Barcelona, Spain).

A total of 35 margarine samples of different trade names or brands were analysed: 17 from
Spain, 1 from France, 1 from Belgium, 1 from Germany, 1 from the Netherlands, 1 from the United
Kingdom, and 13 from Morocco. Table 1 shows a description of the kind of vegetable oil employed in
the manufacture of the products.

2.2. Sample Preparation

10% (w/w) solutions of margarine in n-hexane were prepared. The solutions were stirred for 5 min,
then they were decanted and the supernatant was passed through a polytetrafluoroethylene (PTFE)
membrane syringe filter (0.22 um), and the resultant solutions were stored at —20 °C until analysis.
Before the chromatographic analysis, the solutions were again diluted with n-hexane at a 1:1 ratio.

2.3. Instrumentation/Chromatography Conditions

Analysis using normal and reverse liquid chromatography coupled with a diode-array detector,
(NP)HPLC-DAD and (RP)HPLC-DAD, respectively, was carried out with an Agilent 1260 series liquid
chromatograph (Santa Clara, CA, USA), equipped with a column thermostat (Eppendorf CH30),
a quaternary pump, and degasser auto sampler. Agilent ChemStation OpenLab CDS software (rev.
C.01.09) for LC systems was used to collect and record data.

(NP)HPLC-DAD analysis was carried out using a column Lichrospher 100 CN (length 25 cm X i.d.
4 mm, particle size 4 um) provided by Merck (Darmstadt, Germany). The column temperature was
constant at 30 °C and the mobile phase was composed of n/hexane/isopropanol (96:4, v/v) at a flow rate
of 1.2 mL min~!. The run time was 29 min.

(RP)HPLC-DAD analysis was performed using the column DevelosilTM C30-UG-5 (length 25 cm
x i.d. 4.6 mm, particle size 5 um) from Nomura Chemical Co. (San Diego, CA, USA). During the
analysis, the column temperature was at 50 °C. A mixture of acetronitre/isopropanol (40:60, v/v) was
used as mobile phase at a flow rate of 1.2 mL min~!. The chromatographic run time was 30 min.

The injection volume was 20 uL, and the DAD spectra were acquired at 210 and 254 nm. Figure 1la
shows the fingerprint of a sample from Morocco recorded at 210 nm, and Figure 1b shows a sample
from Spain that recorded the same wavelength obtained using (NP)HPLC-DAD. Likewise, Figure 1c,d
displays the fingerprints of the same samples recorded at 210 nm using (RP)HPLC-DAD, respectively.
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Table 1. Types of vegetable oils present in the samples.

Sample No. Origin Vegetable Oil
1 Sunflower, palm, and corn
2 Sunflower and palm
3 Sunflower and palm
4 Sunflower, coconut, and canola
5 Sunflower, linseed, coconut, and canola
6 Sunflower, linseed, and palm
7 Sunflower, linseed, palm, and canola
8 Olive, sunflower, linseed, and palm
9 Spain Sunflower, linseed, and palm
10 Sunflower, linseed, and palm
11 Olive, sunflower, linseed, and palm
12 Soybean, sunflower, linseed, and palm
13 Sunflower and palm
14 Olive, sunflower, linseed, coconut, and shea
15 Sunflower, linseed, and palm
16 Sunflower, coconut, canola, and shea
17 Soybean, sunflower, linseed, and palm
18 -
19 -
20 Soybean
21 -
22 -
23 Soybean and corn
24 Morocco Soybean
25 -
26 Corn
27 Soybean
28 Soybean
29 Soybean
30 Soybean
31 The Netherlands Sunflower, palm, and coconut
32 United Kingdom Sunflower, palm, and rapeseed
33 France Rapeseed, palm, olive, and sunflower
34 Germany Soybean, palm, rapeseed, and coconut
35 Belgium Palm, coconut, and canola

The hyphen “-” signifies that the kind of vegetable oil present in the samples is unknown.

With respect to the TAG composition of the blended fat, the obtained fingerprint depends on the
proportion of unsaturated/saturated FAs. Note that only the unsaturated FAs generate a measurable
signal as the saturated FAs are almost transparent to the UV-absorption detector at the working
concentration. Consequently, fingerprints show specificity from the distribution of the unsaturated
FAs into the different TAGs. This characteristic causes the UV-absorption fingerprints to be different
to the fingerprint acquired from other more universal detectors used in edible fat analyses, such as
refractive index (RID), evaporative light scattering (ELSD), and corona charged aerosol (CAD).

2.4. Chemometrics

The raw data files from each chromatogram were exported in “comma separated value” (CSV)
format and then turned to “xIs” format (Microsoft Excel). For (NP)HPLC-DAD and (RP)HPLC-DAD
analysis, a data vector composed of 4500 and 4350 variables (each one a specific absorbance to a
scanned wavelength) was collected for each sample, respectively. The chromatographic fingerprints
were reproducible from sample to sample, and thus, no alignment process was applied. The only
preprocessing data carried out was the mean centring of the dataset before the development of the
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models. PCA, SIMCA, and partial least squares-discriminant analysis (PLS-DA) methods were built
using The Unscrambler software ver. 9.7 (CAMO, Oslo, Norway).
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Figure 1. Chromatogram of a margarine/spread samples showing the region of interest used to build
the classification models: (a,b) Normal phase from Morocco and Spain, respectively; (c,d) reverse phase
from Morocco and Spain, respectively.

Three classification strategies were applied: one input-class (1iC), two input-class (2iC), and
pseudo two input-class (p2iC) to develop the different Spain/Morocco binary classification methods.
Two input-class is the conventional binary classification methodology in which the model is trained
using samples from target and nontarget class. One input-class strategy is used only in class modelling
methods such as SIMCA. In these, the model is trained only with the target class. This methodology
presents an advantage in food authentication as it is only necessary to analyse samples from target
class (genuine class). Nevertheless, the modelling methods are less reliable than discriminant analysis
methods; thus, the pseudo two input-class is applied in order to employ discriminant methods when it
is only possible to have samples from the “genuine class”. A more detailed description about these
strategies is shown in the paper published by Jiménez-Carvelo et al. [29]. For each strategy, the original
data set was randomly split into different sets: Training and validation set. For 2iC, the training set
was made up of 20 margarine samples, and the external validation set was composed of the remaining
margarine samples. For p2iC, the training set was made up of 10 samples and 6 solvent analytical blank
replicates, and the validation set was composed of 20 samples. For 1iC, the training set was composed
of 10 samples, and the validation set included 20 samples. Table 2 details the sample distribution
regarding the geographical origin for each classification strategy.

Once all the classification models were validated, they were critiqued using the samples from
the validation set, and new classification models were built. To follow, these final models were used
to predict the continent origin of the margarine/spread samples from the European countries other
than Spain (France, Belgium, Germany, the Netherlands, and the United Kingdom). These samples
constitute the prediction set.

141



Foods 2019, 8, 588

Table 2. Distribution of the samples used in the different classification datasets regarding geographical

origin.
SIMCA PLS-DA
Dataset Origin (Lic) (2ic) (p2ic) (2ic)
Spain 10 10 10 10
Training set Morocco - 10 - 10
Blank - - 6 -
R Spain 7 7 7 7
Validation set Morocco 13 3 13 3
Prediction set Europe (ofher than - - - 5
Spain)

3. Results and Discussion

Firstly, four PCA models were built using the dataset composed of the whole fingerprint from
each sample in both normal and reverse phase modes. Table 3 shows the number of PCs chosen for
each model. Figure 2 shows the scores on the PC1-PC2 plane of the fingerprints acquired at 210 nm
and 254 nm. The best groupings were found in the PCA models from data collected at 210 nm.

Table 3. Characteristics of the principal components analysis (PCA) models.
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Figure 2. PCA scores obtained from the fingerprint data of the 35 margarine samples: PC1-PC2 plane
of the chromatogram acquired at 210 nm: (a) In reverse phase; (b) In normal phase; and acquired at 254
nm: (c) In reverse phase; (d) In normal phase.

Once PCA models were evaluated, the three strategies (2iC, 1iC, and p2iC) were applied to develop
the SIMCA and PLS-DA classification models. Nevertheless, the best results were found using the 2iC
strategy from the 210-collecting dataset for both normal and reverse phases. Thus, the results shown in
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the following sections correspond with these datasets, considering the “Spanish class” as the target
class in every case. It is important to emphasise that only the values of the performance metrics related
to the target class provide useful information when the classification is used as a screening method,
because the errors of the samples belonging to the nontarget class are not critical information as they
all may be subjected to the confirmatory method.

3.1. SIMCA Methods

The application of SIMCA involves building a classification method in which each class of the
training set is modelled independently (Spain model and Morocco model). Once the individual PC
models were built, these were assembled to perform the classification of the samples. Two SIMCA
models, for both the normal phase and reverse phase dataset, were then developed choosing four
principal components (PCs).

The classification results were evaluated, attending to Coomans’ plot. Figure 3 displays the
Coomans’ plot of the two SIMCA models. It can be observed that some samples are located in the
bottom-left quadrant; thus, these samples were considered inconclusive and they were not taken
into account for estimation of the quality metrics for each model. Table 4 shows the results of the
success/error contingencies, and Table 5 collects the quality metrics calculated for each model.

T 3 ® Spanish
® Spanish
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® Moroccan
® Moroccan L

Spain model Not recognized
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Inconclusive | Morocco model
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Figure 3. Coomans’ plot from (a) normal and (b) reverse liquid chromatography coupled with
diode-array detector (NP)HPLC-DAD and (RP)HPLC-DAD, respectively) datasets at 210 nm.

Table 4. Soft independent modelling of class analogy (SIMCA) classification results for the validation set.
(NP)HPLC-DAD

7 3 10
g o 0 1 1
= I 2 2 4
& ot 0 0 0
ﬁ T 5 0 5
T nT
Actual
(RP)HPLC-DAD
7 3 10
g o 0 0 0
= I 1 3 4
& ot 0 0 0
5 T 6 0 6
T nT
Actual

T: Target class (Spanish class); nT: Nontarget class (Moroccan class); I: Inconclusive samples; O: Samples not
considered as belonging to any class.
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Table 5. Quality metrics of the SIMCA models.

Parameter (NP)HPLC-DAD (RP)HPLC-DAD

Sensitivity (or Recall) 0.71 0.86

Specificity 0.00 0.00

Positive predictive value (Precision) 1.00 1.00
Negative predictive value - -

Youden index -0.29 -0.14

Positive likelihood rate 0.71 0.86
Negative likelihood rate - -

F-measure 0.83 0.92
Discriminant power - -

Efficiency (or Accuracy) 0.50 0.60

AUC (Correctly classified rate) 0.36 0.43
Matthews correlation coefficient - -

Kappa coefficient 0.23 0.31

The hyphen “-” signifies that the performance feature cannot be determined.

Coomans’ plot is a tool to graphically visualize principal groupings results in pairwise plots easily,
in which the two axes represent the normalised orthogonal distances of all the samples with respect to
each individual model. Ideally, the validation samples should be classified in one class or another
(target or nontarget class). In real conditions, some validation samples could be assigned to both
classes simultaneously, as these samples are considered inconclusive ones, or to neither of them (the
samples are not recognized as belonging to any class).

3.2. PLS-DA Methods

The discriminant methods are generated through establishing the boundaries for the different
categories defined by the training objects. PLS-DA is a latent variable-based method whose development
involves two stages: (I) Firstly, a PLS regression model is established from the latent variables (LV) to
establish limits between the classes, and then, (ii) a discriminant analysis (DA) is performed to classify
the samples into a specific class.

Two PLS-DA models were built using five LVs from both normal and reverse liquid
chromatography datasets. The “Spanish class” was defined by values equal to 0, while the “Moroccan
class” was defined by a value of 1. The decision criterion established for the classification of the
samples was a threshold value of 0.5, i.e., all the margarine samples with scores greater than 0.5 were
classified to the Moroccan class, and margarine samples with scores lower than 0.5 were assigned
to the Spanish class. In addition, for the purpose of improving the reliability of the validation and
prediction results, an uncertainty interval was established as plus/minus 0.1 the settled threshold value
for the training samples.

Figure 4 shows the classification plots obtained from PLS-DA methods. The blue line displays
the classification threshold, and the orange strip represents the uncertainty region, within which any
sample is stated as inconclusive.

The PLS-DA classification performances were evaluated, calculating the same quality metrics as
SIMCA. These were estimated using the success/error contingency for each class in which samples of
the validation set were arranged. Both contingency tables and quality metrics for the two PLS-DA
classifiers established are shown in Tables 6 and 7, respectively.
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Figure 4. Classification plot of the partial least squares-discriminant analysis (PLS-DA) models from
liquid chromatography (LC) data obtained in (a) normal phase and (b) reverse phase at 210 nm. The
orange area represents the inconclusive area.

Table 6. PLS-DA classification results for the validation set.
(NP)HPLC-DAD

7 3 10
g o 0 0 0
= I 1 1 2
& nT 0 2 2
<$ T 6 0 6
T nT
Actual
(RP)HPLC-DAD
7 3 10
g o 0 0 0
= I 0 0 0
& nT 0 3 3
i T 7 0 7
T nT
Actual

T: Target class (Spanish class); nT: Nontarget class (Moroccan class); I: Inconclusive samples; O: Samples not
considered as belonging to any class.

Table 7. Quality metrics of the PLS-DA models.

Parameter (NP)HPLC-DAD (RP)HPLC-DAD

Sensitivity (or Recall) 0.86 1.00
Specificity 0.67 1.00
Positive predictive value (Precision) 1.00 1.00
Negative predictive value 1.00 1.00
Youden index 0.52 1.00

Positive likelihood rate 2.57 -
Negative likelihood rate 0.21 0.00
F-measure 0.92 1.00

Discriminant power 0.60 -
Efficiency (or Accuracy) 0.80 1.00
AUC (Correctly classified rate) 0.76 1.00
Matthews correlation coefficient 0.76 1.00
Kappa coefficient 0.62 1.00

The hyphen “-” is signifying that the performance feature cannot be determined.
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As can be seen, PLS-DA models provided better classification results than SIMCA ones.
In particular, the model developed using the (RP)HPLC-DAD dataset was the best, as all the quality
metrics were equal to 1.00 and there were not any samples classified as inconclusive. All the
margarine/spread samples from the target class were well classified (probability = 0), and the samples
from the nontarget class were also classified correctly (probability = 1).

As stated in Section 2.4, once SIMCA and PLS-DA models were correctly validated, the best model
was applied to predict the class similarity of the margarine/spread samples from Belgium, France,
Germany, the Netherlands, and the United Kingdom. For this purpose, the PLS-DA model built from
the (RP)HPLC-DAD dataset was employed. The main goal of performing this classification was to test:
(i) If the model was able to classify these samples as inconclusive as they belonged to neither Spanish
nor Moroccan classes, and (ii) if the model was able to find similarities with any of the modelling
classes (originating from Spain or Morocco). As can be seen in Figure 5, the model classified the five
samples in the Spanish class. Probably, the overriding reason is related to the manufacturing process,
because in Europe, there is an extensive and descriptive legislation that the margarine/spread products
should be similar enough and all alternative to those manufactured in Morocco.
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Figure 5. Class predictions plot for the samples from the European countries other than Spain.
4. Conclusions

A methodology for the discrimination of margarine and fat-spread foodstuffs from Spain and
Morocco using the fingerprinting methodology was described. Normal and reverse phase liquid
chromatography coupled with UV-absorption was used as an analytical technique to acquire the 210
and 254 nm chromatographic fingerprints. In addition, different multivariate classification methods
and strategies were tested, and the 210 nm PLS-DA models were found to perform better than the
SIMCA ones, as all the samples were correctly classified.

It has to be stressed that the proposed methodology could also be applied to differentiate margarine
and fat-spread products produced in any European country from the ones manufactured in Morocco,
because all the Europe samples gave similar results of belonging to the Spanish class. Even so, further
studies are necessary to test this hypothesis, which is currently being performed by the authors.
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Abstract: In this paper, the differentiation of three ripening stages, postsalting, drying, and cellar, of
Iberian dry-cured ham has been carried out according to their free amino acids contents. Eighteen
L-amino acids, alanine, 2-aminobutanoic acid, aspartic acid, cysteine, glutamine, glycine, histidine,
hydroxyproline, isoleucine, leucine, lysine, methionine, phenylalanine, proline, serine, threonine,
tyrosine, and valine have been determined by gas chromatography with derivatization with
N,O-bis(trimethylsilyl)-trifluoroacetamide. Gas chromatography—mass spectrometry was used to
confirm the presence of the eighteen amino acids in the ham samples, and gas chromatography
using a DB-17HT column and flame ionization detector was used for quantitative determination.
Extraction with a mixture methanol-acetonitrile has been carried out, achieving recoveries in the
range 52-164%. Methimazole was used as internal standard. Limits of detection ranged between 7.0
and 611.7 mgkg™!. Free amino acids have been used as chemical descriptors to differentiate between
the ripening stages. Principal component analysis and linear discriminant analysis have been used as
chemometric techniques, achieving complete differentiation between the ripening stages. Alanine,
tyrosine, glutamine, proline, 2-aminobutanoic acid, cysteine, and valine were the most differentiating
amino acids.

Keywords: free amino acids; gas chromatography; mass spectrometry; Iberian dry-cured ham; food
authentication; chemometrics; pattern recognition

1. Introduction

Iberian dry-cured ham is a meat product manufactured following traditional methods [1]. It is
highly appreciated by the consumers, and there is an increasing demand in the last years because of
its good culinary qualities. Additionally, animal husbandry is done outdoors, improving the animal
welfare, reducing the environmental impact, and protecting the ecosystem [2,3]. Iberian dry-cured
ham has a preponderant role in the economies of several Spanish production areas, and various
Protected Designations of Origin (P.D.O.) at the southwest of the country have been established, being
P.D.O. “Los Pedroches” one of them [4]. Traditionally, the production of dry-cured ham consists of
salting, postsalting, drying, and a final stage in a cellar. During the postsalting, drying, and cellar
stages, ripening of the ham takes place. The time and duration of the postsalting, drying, and cellar
stages vary depending on the type of dry-cured ham. In addition to lipolysis and oxidation, during
ripening, endogenous enzymes degrade lipids and proteins to fatty and amino acids, which have an
important influence on the flavor of dry-cured ham [5,6]. The time for the drying and cellar stages has
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an important influence on the quality of the final product. It takes from 23 months to 2-3 years for the
highest-quality dry-cured hams [7]. A longer time of ripening leads to greater enzymatic degradation
with an important effect on taste and flavor, producing a higher-quality dry-cured ham [8]. For this
reason, the characterization of dry-cured ham and studies on their chemical evolution related to taste
and flavor qualities are of great interest. In this way, various fractions have been studied, such as the
volatile and the lipidic fractions of subcutaneous fat [9-12].

In the decade of the 1950s, amino acids have been determined by ion-exchange chromatography
followed by post-column derivatization with ninhydrin and UV detection [13,14]. Reversed-phase
high-performance liquid chromatography (HPLC) has been used for amino acid determination in the
last thirty years, due to the flexibility of the technique and giving the possibility of using fluorescence
detection and a higher sensitivity [15]. Analytical methods based on mass spectrometry (MS) and
tandem MS (MS/MS) have also been reported for the determination of amino acids in foods [16,17].
In recent years, gas chromatography (GC) combined with flame ionization detector (FID) and/or mass
spectrometer (MS) has been more commonly applied to the analysis of amino acids [18-24]. GC
methods require a derivatization step to increase the volatility of the amino acids, being the methods
based on the formation of silyl derivatives more commonly used [25,26].

Till now, the amino acids have not been considered for the differentiation of the ripening stage
in the elaboration process of Iberian dry-cured ham. In this paper, the free L-amino acids alanine,
2-aminobutanoic acid, aspartic acid, cysteine, glutamine, glycine, histidine, hydroxyproline, isoleucine,
leucine, lysine, methionine, phenylalanine, proline, serine, threonine, tyrosine, and valine have been
determined by gas chromatography in Iberian dry-cured ham at postsalting, drying, and cellar ripening
stages. Those amino acids have been used as chemical descriptors to differentiate between the three
ripening stages. Principal component analysis (PCA) and linear discriminant analysis (LDA) have
been used as pattern recognition methods.

2. Materials and Methods

2.1. Reagents and Standards

All solvents employed were HPLC-grade. N-Hexane and multisolvent TM HPLC ACS grade were
purchased from VWR (Barcelona, Spain), and diethyl-ether, methanol, acetonitrile, and anhydrous
pyridine were provided by Merck (Darmstadt, Germany). L-Amino acids standards: alanine, sarcosine,
glycine, aminobutiric acid, 3-alanine, valine, leucine, proline, isoleucine, serine, threonine, methionine,
aspartic acid, hydroxyproline, cysteine, ornithine, citruline, arginine, phenyl alanine, glutamic
acid, asparagine, homoarginine, lysine, histidine, glutamine, tyrosine, tryptophan, cistine, and
hydroxytryptophan were supplied by Sigma Chemical Co. (St. Louis, MO, USA). Methimazole
was used as internal standard and it was obtained from Sigma Chemical Co. (St. Louis, MO, USA).
N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA) from Sigma Chemical Co. (St. Louis, MO, USA)
was used as derivatizing reagent. Other reagents were of analytical grade.

2.2. Samples and Sample Treatment

Hams from the protected designation of origin “Los Pedroches” were obtained from five Iberian
18-month-old pigs, fattened extensively with acorns, and pastured for 110 days prior to slaughter and
processed in an industry for 26 months. In the following, the stages and the number of days since the
beginning of the process are described. After the slaughter, hams were removed from the carcasses
after 24 h and storage at 1 °C. Then they were placed in piles completely covered with marine salt with
no contact between each other during one day for each kilogram of the ham. Next, the hams were
hung at postsalting period during 90 days under controlled temperature and humidity, and then they
were taken to a dryer at room temperature for 230 days. After this period, hams were left to mature
during 400 days in a cellar. Consequently, the three steps considered in the process were postsalting,
drying, and cellar. To cover the three steps of the process, samples were taken at 0, 60, 115, 180, 325,
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440, 556, 653, and 783 days from the beginning of the postsalting step. The samples were taken from
muscle, biceps femoralis and cuadriceps femoralis, and kept at —32 °C until analysis.

2.3. Instrumentation and Gas Chromatography Analysis

A Varian 3800 gas chromatograph equipped with a fused silica capillary column of 30 m x 0.25
mm internal diameter coated with a 0.15 pm film thickness of DB-17HT (J&W Scientific, Albany, NY,
USA) stationary phase, a flame ionization detector (FID), and a Varian 8400 automatic injector was
used. The oven temperature was kept at 85 °C for 2 min, and it was then raised to 100 °C at a rate of
1°C min~!. Next, it was then raised to 258 °C at a rate of 6 °C min~!. The injector temperature was
kept at 290 °C, while the detector temperature was fixed at 310 °C. Hydrogen at a constant flow of 1.0
mL min~! was used as carrier gas with a split ratio of 1:10. Air and hydrogen with flow rates of 300
and 30 mL min~!, respectively, were used for the detector, which had an auxiliary flow of 30 mL min~"
of nitrogen.

GC-MS was applied to identify amino acids in the samples. A Varian CP3800 gas chromatograph
coupled to a Saturn 2000 ion trap mass spectrometer (Varian, Palo Alto, CA, USA) equipped with a
CP8400 autosampler was used. A DB-5MS (J&W Scientific, Albany, NY, USA) fused silica capillary
column of 30 m x 0.25 mm i.d., coated with a 0.25 um film thickness of DB-5MS stationary phase, was
used. The oven temperature was initially kept at 90 °C for 2 min, and it was then raised to 120 °C
at a rate of 2 °C min~!. Next, it was then raised to 258 °C at a rate of 5 °C min~!, followed by an
isothermal period of 5 min at the latter temperature. The injector temperature was 290 °C. Hydrogen
was used as carrier gas at 1.0 mL min~! in constant flow mode and a split ratio of 1:20. The MS
detector was operated in full scan mode from 25 to 650 amu at 1 scan/sec. Ion source and transfer line
temperatures were kept 200 and 290 °C, respectively. The electron energy was 70 eV, a resolution of 1
and the emission current 10 pA were fixed. Dwell time and inter-channel delay were 0.08 s and 0.02
s, respectively. Varian Mass Spectrometry Workstation version 6.30 software (Varian, Palo Alto, CA,
USA) was used for data acquisition and processing of the results.

The free amino acids content in the samples was determined according to the following procedure.
Muscle samples of 0.5 g were cut up into small pieces and homogenized. Following, the samples were
degreased with 3 X 10 mL of n-hexane-diethyl-ether (4:1 v/v) solvent extraction using a vortex agitator.
Then, 1 mL of methanol containing 2.4 mg mL~! of methimazole as internal standard was added and
subsequently dried in a rotary evaporator at 30 °C under reduced pressure. The obtained residue
was extracted with 3 X 5 mL of methanol-acetonitrile (1:1 v/v) using a vortex agitator. Of the solution
obtained, 1 mL was filtered and next, evaporated to dryness in a rotary evaporator at 30 °C under
reduced pressure. Acetonitrile (0.3 mL) and 0.3 mL of the derivatizing reagent (BSTFA) were added,
and the mixture was heated at 80 °C during 30 min to obtain the trimethylsilyl derivatives. Of this
solution, 1 uL was injected into the gas chromatograph. Triplicate analyses were performed.

2.4. Chemometrics

For chemometric calculations, a data matrix was prepared. The analyzed amino acids are used to
describe the ham samples. Pattern recognition methods were applied to the data matrix, composed
of 18 columns that correspond to the analyzed amino acids and 45 rows that are the ham samples.
The data were analyzed using Statistica 8.0 software (Statsoft Inc., Tulsa, OK, USA).

Chemometrics is applied with several purposes. By one side, we try to visualize tendencies of the
samples along the ripening process. On the other side, we are looking for appropriate classification
rules to differentiate between postsalting, drying, and cellar stages. Additionally, information about
the discriminant capacity of the variables can be obtained.

Tendencies of the samples can be studied by using principal component analysis (PCA). PCA
obtains new variables as linear combinations of the variables that, in this case, are the determined amino
acids. The new variables are called principal components (PCs). There is no correlation between these
PCs [27,28]. They are obtained in a sequential way, and each successive PC considers the remaining
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variability. The information provided by the determined variables is condensed in first PCs. Usually,
the two first PCs, PC1 and PC2, account for an important part of the information, and plots using PC1
and PC2 as variables (scores plot) are very useful to visualize the trends of the data matrix. [29].

A classification rule was obtained by applying linear discriminant analysis (LDA). Calculations
carried out with LDA produce discriminant functions (DFs) that are obtained as linear combinations of
the variables which best separate the three considered ripening stages of the process. LDA is a hard
modelling technique because the memberships of every sample and the number of classes or groups of
samples have to be previously known. In this case, three classes, postsalting, drying, and cellar classes,
are considered and two DFs have been calculated.

3. Results and Discussion

3.1. Determination of Free Amino Acids by Gas Chromatography

Chromatographic analysis provides rapid and reliable separation of chemically similar compounds
in complex food matrices. Dry-cured ham includes compounds with a wide range of polarities,
some of them have low polarity, like lipids, and others are strongly polar, like amino acids [30].
GC is a high-resolution technique very useful to afford the analysis of this type of sample. Due
to the low volatility, derivatization of free amino acids is performed for their analysis by GC.
Several methods have been proposed in the literature. Some of them are based on multi-step
procedures, which involve esterification of the carboxyl group followed by acylation of the remaining
functional groups, and others are based on the formation of the silyl ethers [31]. Several derivatizing
reagents were tested, including BSTFA, N,O-bis(trimethyldilyl)acetamide (TRI-SIL/BSA), and
trimethyl-chlorosilane/hexamethyldisilazane/pyridine. The most effective derivatization was achieved
when using BSTFA, while TRI-SIL/BSA and trimethyl-chlorosilane/hexamethyldisilazane/pyridine
showed a very low efficiency. The use of a bulkier silylating group avoided the inconvenience of
multiple derivative formation observed with some amino acids [31]. In order to improve the reaction
efficiency and due to the acid hydrolysis reaction that takes place, small amounts of acetonitrile were
added. Optimization of temperature and time of reaction was carried out, and the final optimal
conditions were as follows: addition of 0.3 mL of acetonitrile and 0.3 mL of the derivatizing reagent
(BSTFA) at 80 °C during 30 min.

Several types of columns have been used to perform the analysis of amino acids by GC, some of them
being low-polarity columns of methylpolysiloxane or silicone phases, methyl 5% phenylpolisiloxane,
and others medium-polarity columns with methyl 50% phenyl polysiloxane [26,32]. In this work, a
high temperature column with methyl 50% phenyl polysiloxane stationary phase DB-17HT has been
used for the determination of the amino acids. Figure 1 shows a chromatogram of standards obtained
using FID detector. The relative retention times of the amino acids to L-methionine are included in
Table 1. In general, a good separation of amino acids was obtained. It is asserted that resolution (R) of
two consecutive chromatographic peaks is complete if, at full width at half height of the smallest one,
they do not overlap. Thus, analyzing in more detail the chromatogram of the amino acids in Figure 1,
we can notice that complete separation was obtained for all the amino acids except for L-valine and
L-B-alanine, L-glutamine and L-glutamic acid, L-histidine and L-homoarginine, with R values of
—0.163, —0.059, and —0.054, respectively.

A total of eighteen free amino acids were identified in the Iberian dry-cured ham samples.
Figure 2 shows the GC-ion trap-MS chromatogram profile in full scan mode of the trimethyl silyl
ethers of the free amino acids fraction isolated according to the method proposed. The tentative
assignment of the chromatographic peaks was done comparing the spectra with those from NIST 98
(National Institute of Standards and Technology, Gaithersburg, MD, USA) and WILEY 7 libraries and
verified in every single case by standards. Table 2 shows the relative retention times to methimazole,
the base peak and the molecular ion for these compounds. The identified amino acids present in
Iberian dry-cured ham samples were L-alanine, L-2-aminobutanoic acid, L-aspartic acid, L-cysteine,
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L-glutamine, L-glycine, L-histidine, L-hydroxyproline, L-isoleucine, L-leucine, L-lysine, L-methionine,
L-phenylalanine, L-proline, L-serine, L-threonine, L-tyrosine, and L-valine. These eighteen amino
acids were quantified using methimazole as internal standard, considering that the relative response
factor to free amino acids is close to the unit.
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Figure 1. Chromatogram of amino acid standards obtained by GC-FID. Chromatographic conditions
are included in paragraph 2.3. Peak numbers corresponding to amino acids appear in Table 1.

Table 1. Amino acids in a standard solution analyzed by GC-FID.

Compounds as trimethylsilyl derivatives; Ty, relative retention time to L-methionine. See Figure 1 for peak numbers.

Peak Amino Acid T
1 L-Alanine 0.167
2 L-Glycine 0.191
3 L-2-Aminobutanoic acid 0.219
4 L-Valine 0.258
5 L-Alanine 0.259
6 L-Leucine 0.332
7 L-Isoleucine 0.369
8 L-Proline 0.429
9 L-Serine 0.533
10 L-Threonine 0.572
11 L-Hydroxyproline 0.934
12 L-Aspartic acid 0.972
13 L-Methionine 1.000
14 L-Arginine 1.009
15 L-Cysteine 1.020
16 L-Citrulline 1.031
17 L-Cystine 1.032
18 L-Glutamine 1.091
19 L-Glutamic acid 1.095
20 L-Histidine 1.127
21 L-Homoarginine 1.130
22 L-Phenylalanine 1.132
23 L-Lysine 1.136
24 L-Asparagine 1.186
25 L-Ornitine 1.203
26 L-Tyrosine 1.373
27 L-Tryptophan 1.659
28 L-Hydroxytryptophan 1.765
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Figure 2. Chromatogram of amino acids in Iberian dry-cured ham obtained by GC-MS.
Chromatographic conditions are included in paragraph 2.3. Peak numbers corresponding to amino
acids appear in Table 2.

Table 2. Amino acids identified in the Iberian dry-cured ham by GC-MS.

Peak Trr Amino Acid Formula M+ B.P.
1 0.211 L-Alanine CoH3NO;Siy 233 116
2 0.227 L-Glycine CgH1NO;Siy 219 102
3 0.396 L-2-aminobutanoic acid C10Hp5NO;Sip 247 130
4 0.497 L-Valine C11H7NO;Siy 261 144
6 0.532 L-Leucine C12Hp9NO;Sip 275 158
7 0.711 L-Isoleucine C12Hy9NO;Sip 275 158
8 0.650 L-Proline C11Hp5NO;5i, 259 142
9 0.887 L-Serine C1oH31NO3Sis 321 73
10 0.948 L-Threonine C13H33N03Si3 335 73
13 1.000 L-Methionine C11Hy7NO;SSi; 293 176
12 1.095 L-Aspartic acid C13H31NO,Sis 349 73
11 1.103 L-Hydroxyproline C14H33NO3Si3 347 229
15 1.202 L-Cysteine C]zH31NOzSSi3 337 219
22 1.237 L-Phenylalanine C15Hy7NO,Sip 309 73
23 1.417 L—Lysine C15H38N202513 362 84
18 1.332 L-Glutamine C14H34N>O35i3 362 156
20 1.495 L-Histidine C15H330,N3Si3 371 154
26 1.513 L-Tyrosine C18H35NO35i3 397 218

Compounds as trimethylsilyl derivatives; Ty, relative retention time to methimazole; M*, molecular ion; B.P,, base
peak; See Figure 2 for peak numbers.

Though there are many techniques available for the analysis of amino acids, the previous step
of deproteinization is still one of the major problems. Peptides and proteins should be removed
because they can interfere in the analysis and separation, as clogging the chromatographic column [33].
Precipitation with 5-sulphosalicylic acid, followed by centrifugation, ultrafiltration, and extraction are
some of the most commonly used methods of deproteinization. In meat products, separation with
organic solvents like methanol, dichloromethane, and chloroform has been used [23,33]. In this work,
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a previous step of solvent extraction using n-hexane-diethyl-ether has been performed for degreasing
the samples. Then, a mixture of methanol-acetonitrile was used to extract the amino acids.

For each amino acid, the calibration curves were obtained at the corresponding range of linearity.
Each curve was prepared six times with a sample in which different amounts of every determined
amino acid, at the levels 0, 80%, 100%, and 120%, were added. The calculated equations, area = slope x
[mg kg‘l] + intercept, are presented in Table 3. As it can be observed, a good correlation was obtained
in all cases for a linear fit. The respective peak areas fitted a linear model within the indicate range
shown in Table 3. The higher the wideness of linearity range, the more reliable the linear fit is. The
slopes of the calibration lines for all amino acids ranged between 314.31 and 730.34, the highest value
of this was for L-threonine, and the lowest for L-methionine.

Table 3. Calibration parameters for quantitative determination of amino acids.

Amino Acid Slope Intercept R? Linearity Range *
L-Alanine 427.35 —145,386 0.9993 [0.00, 2310.35]
L-Glycine 499.7 —283,535 0.9999 [0.00, 1936.80]

L-2-Aminobutanoic acid 378.51 -22,077 0.9958 [0.00, 683.86]
L-Valine 441.26 —161,050 0.9999 [0.00, 1830.53]
L-Leucine 316.03 43,927 0.9643 [0.00, 1792.65]
L-Proline 346.04 -390.02 0.9969 [0.00, 1426.28]
L-Isoleucine 603.9 —-362,852 0.9996 [0.00, 1143.00]
L-Serine 627.99 —159,368 0.9452 [0.00, 543.14]
L-Threonine 730.34 —293,682 0.9993 [0.00, 852.07]
L-Methionine 314.31 588.9 0.9804 [0.00, 35.07]
L-Aspartic acid 422.81 -5239.1 0.9965 [0.00, 66.43]
L-Hydroxyproline 464.86 —23,686 0.9898 [0.00, 209.95]
L-Cysteine 316.75 3075.1 0.9931 [0.00, 1017.84]
L-Phenylalanine 353.7 36.418 0.9998 [0.00, 434.64]

L-Glutamine 445.06 —-38,852 0.9999 [0.00, 865.38]
L-Lysine 347.24 —5227.5 0.9840 [0.00, 578.92]

L-Histidine 358.7 —457.87 0.9991 [0.00, 606.50]
L-Tyrosine 343.04 -136.99 0.9995 [0.00, 532.76]

*mg kgl

The trueness was assessed based on recovery assays that were carried out in the following
way. A sample of Iberian dry-cured ham muscle was analyzed ten times by the proposed method.
The obtained results for the different amino acids have been used as reference values. Then, different
amounts of every determined amino acid at 80%, 100%, and 120% levels were added to the same
sample, and ten replicates have been done for each case. The obtained results are shown in Table 4.
As it can be seen, recoveries lie within the range 52-164% that can be considered acceptable values
according the analyzed concentration [34] and consequently, trueness is significant.

For the determination of repeatability, replicates were done on different days and in the same
laboratory. Table 4 shows the obtained results. Relative standard deviations (RSD) range between
6.28% and 17.81%. These values of RSD are minor compared with the reference value derived from
Horwitz equation. Therefore, the results for different amino acids indicate a good repeatability for
the assay.

The limits of detection (LOD) and limits of quantitation (LOQ) were obtained. The LOD of the
method was determined considering a signal-to-noise ratio of 3 with reference to the background noise
obtained from a blank sample. LOQ was calculated considering a signal-to-noise ratio of 10. Values
of LOD and LOQ are shown in Table 4. The LOD obtained were between 7.0 and 611.74 mg kg‘l,
and LOQ ranged from 27.9 to 1779.9 mg kg~!. The lowest LOD and LOQ were for L-methionine, and
the highest for L-isoleucine.
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Table 4. Repeatability, recovery, LOD (limits of detection), and LOQ (limits of quantitation) of amino
acids analysis in Iberian dry-cured ham by GC-FID.

Amino Acid Mean * SD RSD Recovery LOD * LOQ *
L-Alanine 2336.9 1518 65 101.36 457.2 1468.0
L-Glycine 1139.8 1040 9.1 102.63 516.2 1521.0

L-2-aminobutanoic acid 358.0 59.6 16.7 113.05 55.5 160.3
L-Valine 920.2 80.4 8.7 121.31 322.7 913.9
L-Leucine 730.6 84.7 11.6 144.12 1725 641.9
L-Proline 836.8 52.5 6.3 107.73 611.7 1779.9
L-Isoleucine 514.9 55.4 10.8 133.92 79.2 261.3
L-Serine 3326 424 12.8 94.54 250.6 7322
L-Threonine 4179 39.0 9.3 113.02 308.5 1067.3
L-Methionine 17.1 3.0 17.5 164.13 7.0 279
L-Aspartic acid 64.1 11.2 17.4 52.29 32.0 77.8
L-Hydroxyproline 136.5 13.0 9.5 99.10 100.5 303.3
L-Cysteine 770.9 1373 178 77.68 4274 1484.7
L-Phenylalanine 158.4 193 12.2 157.30 96.9 262.1
L-Glutamine 575.0 38.7 6.7 91.34 362.2 1219.6
L-Lysine 461.0 29.5 6.4 77.83 231.1 735.3

L-Histidine 291.5 33.9 11.6 114.73 17.2 544

L-Tyrosine 258.3 127 49 131.43 196.1 845.4

*mg kg’1 ; average of the three spiking levels (80%, 100%, 120%); SD, standard deviation; RSD, relative standard
deviation, RSD and Recovery in %.

Figure 3 shows a GC-FID chromatogram of a sample of dry-cured ham. At the beginning of this
amino acids chromatogram, there are some high peaks corresponding to free fatty acids, according
to previously described in literature [26]. As it is shown in Figure 3, the free amino acids in Iberian
ham muscle samples in higher amounts are L-alanine, L-glycine, L-valine, and L-proline, followed
by L-leucine, L-cysteine, L-glutamine, and L-isoleucine. However, this fact disagrees with literature
from other authors using a different technique [35], in which the Iberian ham, in its ripening end step,
had higher amounts of the free amino acids L-glutamic acid, L-alanine, L-leucine, and L-glycine [35].
On the other hand, free amino acids in lesser amount were L-aspartic acid and L-methionine. Moreover,
L-glutamic acid had not been detected [35].

~mVoks

L NT l

Tio 20 50 % Mo |

Figure 3. Chromatogram of amino acids in Iberian dry-cured ham obtained by GC-FID.
Chromatographic conditions are included in Setcion 2.2. Peak numbers corresponding to amino
acids appear in Table 2.

3.2. Evolution of Free Amino Acids during Dry-Curing Process

Concentrations of amino acids in samples of Iberian dry-cured ham at different times of the
ripening process have been determined. Samples at 1, 33, 64, 99, 180, 245, 309, 363, and 435 days
were taken and analyzed according to the proposed GC-FID method. The sampling days account
for the three considered ripening stages, postsalting, drying, and cellar. As it has been mentioned
above, eighteen free amino acids have been detected in the samples throughout the ripening period
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of dry-cured Iberian ham. Results are included in Table 5. The total amount of free amino acids all
along the process increases, which agrees with previous results described in the literature [35]. From a
starting value of 6387.32 mg Kg ™ to a final one of 10320.55 mg kg™, the following equation can be
considered: [amino acid] = 5.7767 X (days) + 4714.6; R? = 0.8034. Table 6 includes the variation of
percentages of free amino acids according to the ripening time. In this way, an easier form to visualize
the evolution of the amino acids in the samples is achieved. Figure 4 shows these percentages grouped
for the different amino acids. As it can be seen in this figure, L-alanine is the main amino acid, with a
significant decrease during postsalting and drying process, showing a maximum value of 59.56% of the
total free amino acids fraction at the beginning of the process, and it stabilizes around 25.00% all along
the cellar step (Figure 4(1)). The other main amino acid found in samples is L-cysteine, which remains
fixed all along the process between 23.77% and 20.31%, as shown in Figure 4(1). L-lysine (Figure 4(2)),
L-valine, L-leucine, and L-isoleucine (Figure 4(3)) increase all along the ripening process with a linear
trend. On the other hand, the remainder components of this fraction suffer an increase that may be
considered linear during postsalting and drying process to be fixed in cellar stage (Figure 4(3-6)). Only
L-aspartic acid does not show, apparently, any trend during all the process.

Table 5. Variation of concentration * of amino acids according to the ripening time.

Ripening Time (Days)

Amino acid 1 33 64 99 180 245 309 363 435
L-Alanine 12,1750 10,973.1  8392.8 6015.3 8610.5 5011.0 6349.8 4631.1 10,409.5
L-Glycine 512.8 922.9 914.9 967.2 2695.5 87.7 108.9 89.4 126.4

L-2-aminobutanoic acid 127.4 163.2 234.4 2257 909.8 1655.6 1931.1 1115.2 2990.7
L-Valine 312.1 468.8 530.4 642.0 2262.4 471.9 528.5 308.8 957.9
L-Leucine 307.1 493.2 509.7 701.1 2748.9 1709.1 1890.9 957.5 2814.1

L-Isoleucine 166.0 272.3 290.4 400.3 1586.8 2164.6 2295.7 1035.5 3207.1

L-Proline 239.5 397.6 382.5 446.7 1657.8 12129 1379.1 607.9 1953.3

L-Serine 74.8 2121 196.5 196.7 990.8 1142.1 1438.7 657.4 2014.2
L-Threonine 218.2 252.1 2259 274.0 735.2 495.6 720.9 3425 1086.8
L-Methionine 23.6 54.7 45.2 82.7 448.2 154.5 479.5 264.2 852.0
L-Aspartic acid 4545.8 4270.4 4317.4 4175.1 6602.8 296.9 2713 97.5 360.3
L-Hydroxyproline 66.9 57.6 39.5 82.7 396.3 3650.9 6446.7 4515.1 8892.4
L-Cysteine 171.8 198.8 207.0 352.6 1264.5 691.4 799.8 450.0 1490.0
L-Phenylalanine 65.1 87.6 114.2 147.0 804.0 3453 390.1 205.2 684.8
L-Lysine 44.2 44.6 38.8 77.3 2043 203.9 420 53.8 357.8

L-Glutamine 155.9 256.7 2519 340.6 1330.8 1027.9 1242.7 512.2 1510.4

L-Histidine 1448.6 1252.7 1376.7 1287.1 3420.0 17434 16223 1285.5 2645.8
L-Tyrosine 122.7 70.5 51.1 54.4 117.2 154.1 60.3 29.8 90.2

TOTAL 20,7785 20,4819 18,1834 16,567.3 36,9658 224639 283072 17,521.6 42,878.7
*mg kg1

Table 6. Variation of percentages (%) of amino acids according to the ripening time.

Ripening Time (Days)

Amino acid 1 33 64 99 180 245 309 363 435
L-Alanine 58.60 53.66 46.32 36.53 23.41 22.55 22.68 26.99 24.53
L-Glycine 247 4.51 5.05 5.87 7.33 0.39 0.39 0.52 0.30

L-2-aminobutanoic acid 0.61 0.80 1.29 1.37 247 7.45 6.90 6.50 7.05
L-Valine 1.50 2.29 2.93 3.90 6.15 2.12 1.89 1.80 2.26
L-Leucine 148 241 281 4.26 7.47 7.69 6.75 5.58 6.63

L-Isoleucine 0.80 133 1.60 243 4.31 9.74 8.20 6.03 7.56

L-Proline 1.15 1.94 211 271 4.51 5.46 4.93 3.54 4.60

L-Serine 0.36 1.04 1.08 1.19 2.69 5.14 5.14 3.83 4.75
L-Threonine 1.05 1.23 1.25 1.66 2.00 223 2.57 2.00 2.56
L-Methionine 0.11 0.27 0.25 0.50 1.22 0.70 1.71 1.54 2.01
L-Aspartic acid 21.88 20.88 23.83 25.35 17.95 1.34 0.97 0.57 0.85
L-Hydroxyproline 0.32 0.28 0.22 0.50 1.08 16.43 23.03 26.31 20.95
L-Cysteine 0.83 0.97 1.14 2.14 3.44 3.11 2.86 2.62 3.51
L-Phenylalanine 0.31 0.43 0.63 0.89 219 1.55 1.39 1.20 1.61
L-Lysine 0.21 0.22 0.21 0.47 0.56 0.92 0.15 0.31 0.84

L-Glutamine 0.75 1.26 1.39 2.07 3.62 4.63 4.44 299 3.56

L-Histidine 6.97 6.13 7.60 7.82 9.30 7.85 5.79 7.49 6.23
L-Tyrosine 0.59 0.34 0.28 0.33 0.32 0.69 0.22 0.17 0.21
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Figure 4. Variation of percentages of different amino acids (from 1 to 6) in Iberian dry-cured ham
according to the ripening time.

3.3. Differentiation between Ripening Stages

To differentiate between the three ripening stages considered, postsalting, drying, and cellar, some
chemometric calculations have been performed using the percentages of free amino acids obtained in
the analysis of the samples. By applying PCA to the data matrix, two PCs were obtained. PC1 explains
69.08% of the variance, and PC2 9.66%, accounting these two PCs for 78.64% of the total variance.
Figure 5A shows the scores plot considering the two first PCs. PC1 is strongly influenced by L-alanine,
L-glycine, L-2-aminobutanoic acid, L-valine, L-leucine, L-isoleucine, L-proline, L-serine, L-aspartic
acid, L-methionine, L-glutamine, L-phenylalanine, and L-lisine, and PC2 by L-cysteine, and L-histidine.
The correlation between these variables is higher than 0.7. Though the samples corresponding to
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the different stages are not completely separated, some tendencies can be appreciated. Samples at
postsalting stage are located in the scores plot at positive values of PC1, and those corresponding to
cellar stage are situated at negative values of PC1. However, the samples corresponding to drying
period appear spread between positive and negative values of PC1. An overlapping can be appreciated,
and it could be explained considering this is a continuous process, being the first samples of drying
mixed with those of postsalting and the last samples of drying mixed with the samples of cellar. This is
an important consideration because in the process followed in processing plants, there are no clear
criteria for transferring hams from drying to cellar stages, and the results obtained in this study can be
very useful to optimize the elaboration process.
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Figure 5. (A) Scores plot of Iberian dry-cured ham samples for the first PCs; blue, red, and green
dots correspond to postsalting, drying, and cellar samples, respectively; (B) Scatter plot of the Iberian
dry-cured ham samples in the plane of the two first DFs (discriminant functions).

A classification rule to differentiate between the three stages was obtained by applying LDA. Using
Wilks” Lambda of 0.00532, two discriminant functions (Root 1 and 2) were obtained. Backward stepwise
analysis retained the amino acids L-alanine, L-tyrosine, L-glutamine, L-proline, L-2-aminobutanoic
acid, L-cysteine, and L-valine that can be considered the most discriminant variables. The classification
functions are shown in Table 7. A complete separation between the three stages was obtained, denoting
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that the considered variables are powerful descriptors to differentiate between the samples from three
dry-curing periods considered, postsalting, drying, and cellar.

Table 7. Results of the stepwise LDA.

Amino Acid Postsalting * Drying * Cellar * F to Remove p-Level
L-alanine 269.1 275.5 2833 5.42201 0.032484
L-Tyrosine 251.4 265.3 271.1 4.42997 0.050692
L-Glutamine -128.0 -173.5 -179.8 6.02760 0.025319
L-Proline 664.1 703.9 723.3 8.42128 0.010754
L-2-Aminobutanoic acid 1306.4 1398.7 1440.2 7.51229 0.014574
L-Cysteine 359.8 374.1 385.4 10.85224 0.005261
L-Valine 1410.9 1448.3 1493.2 7.12056 0.016739
Constant —14584.7 —15553.3 —16467.7

# p = 0.3333; F value, 2.8.

4. Conclusions

By using GC-MS and GC-FID, eighteen free amino acids have been identified and determined in
Iberian dry-cured ham at different ripening stages. Postsalting, drying, and cellar stages have been
considered. During the ripening process, significant increasing of the amounts of all free amino acids,
except L-alanine, was appreciated. To differentiate between the three ripening stages and using the free
amino acids as chemical descriptors, PCA and LDA were applied. Using LDA, a total differentiation
between the three ripening periods was obtained. The trends of total free amino acids in postsalting,
drying, and cellar periods, respectively, can be used in order to predict the curing time.
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Abstract: The chemical composition of foods is tightly regulated by multiple genotypic and agronomic
factors, which can thus serve as potential descriptors for traceability and authentication purposes.
In the present work, we performed a multi-chemical characterization of strawberry fruits from five
varieties (Aromas, Camarosa, Diamante, Medina, and Ventana) grown in two cultivation systems
(open/closed soilless systems) during two consecutive campaigns with different climatic conditions
(rainfall and temperature). For this purpose, we analyzed multiple components closely related to the
sensory and health characteristics of strawberry, including sugars, organic acids, phenolic compounds,
and essential and non-essential mineral elements, and various complementary statistical approaches
were applied for selecting chemical descriptors of cultivar and agronomic conditions. Anthocyanins,
phenolic acids, sucrose, and malic acid were found to be the most discriminant variables among
cultivars, while climatic conditions and the cultivation system were behind changes in polyphenol
contents. These results thus demonstrate the utility of combining multi-chemical profiling approaches
with advanced chemometric tools in food traceability research.

Keywords: strawberry; traceability; sugars; organic acids; phenolic compounds; mineral elements;
cultivar; cultivation system

1. Introduction

The composition of foods, in terms of nutrients, bioactive compounds, and other components,
is tightly regulated by multiple factors, such as the genotype, geographical origin, environmental
factors, and agronomic conditions. Therefore, this influences the sensory, nutritional, and nutraceutical
properties of food products, which makes the implementation of quality control strategies mandatory
to ensure their authenticity and traceability. In this vein, it should be noted that food quality and
safety may be influenced by a myriad of factors throughout the entire supply chain, from initial
food production to packaging, processing, and transport, until its final commercialization [1]. This
is particularly important for processed foods, which usually require more complex operations and
thus make the implementation of efficient traceability initiatives mandatory. To address these needs,
novel and powerful analytical methods are requested by the food industry to accurately guarantee the
authenticity and traceability of food products.

Strawberry (Fragaria X ananassa Duch.) is one of the most commonly consumed berry fruits around
the world and is considered a functional food because of its chemical composition, which rich in essential
and bioactive compounds. Strawberry has been demonstrated to lower post-prandial oxidative stress,
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hyperglycemia, hyperlipidemia, and inflammation, and its consumption has been associated with
a reduced incidence of cardiovascular diseases (e.g., hypertension), cancer, and other diseases [2,3].
In this context, this berry fruit has been proposed as a potential ingredient for the production of
nutraceutical products, such as beverages, flours, and powders [4]. The main soluble constituents
of strawberry include sugars (e.g., glucose, fructose, and sucrose) and organic acids (e.g., citric and
malic), which influence the final taste and flavor of this fruit [5]. Furthermore, strawberry is also a rich
source of numerous bioactive compounds, such as dietary fibers, minerals, vitamins, and phenolic
compounds [6,7]. In particular, polyphenols are known to elicit multiple biological activities, acting as
natural antioxidants that protect the organism against free radicals [8]. Other pro-healthy compounds
found in strawberries are vitamins and minerals, which intervene in a multitude of processes and
chemical reactions inside the cells. For instance, potassium, a major element in strawberry, plays an
important role in protection against cardiovascular diseases [9]. According to recent literature, this
characteristic chemical profile of strawberry is largely influenced by multiple factors (e.g., cultivar,
climate, and cultivation conditions) [7,10-13], evidencing its potential as a traceability tool.

In this work, we employed a multi-targeted profiling approach to characterize the chemical
composition of strawberry, considering multiple compounds related to sensory and health
characteristics of this berry fruit, including sugars, organic acids, polyphenols, and mineral elements.
This multi-chemical profile was investigated as a potential tool for authentication and traceability
purposes, with the aim of discriminating strawberry varieties grown under different climatic and
agronomic conditions. For this purpose, complementary pattern recognition procedures were employed,
including principal component analysis (PCA), linear discriminant analysis (LDA), soft independent
model class analogy (SIMCA), and partial least squares discriminant analysis (PLS-DA).

2. Materials and Methods

2.1. Experimental Design and Sampling

Strawberry fruits (Fragaria X ananassa Duch.) were collected in two consecutive campaigns
(years 2015 and 2016) from the same experimental plantations located in Huelva (southwest Spain),
at the same commercial ripeness (>75% of the surface showing red color). The first campaign was
characterized by higher total radiation, while in the second one, higher rainfall, and maximum and
minimum temperatures were registered. Five varieties of strawberries, genetically characterized
by the vendor (Aromas, Camarosa, Diamante, Medina, and Ventana) and grown in two soilless
systems (closed and open systems, i.e., with and without recirculation of the nutrient solution,
respectively), were investigated. Plants were grown in a polycarbonate-covered greenhouse using
elevated horizontal troughs filled with coconut fiber as a substrate, and with natural daylight as a
radiation source. The temperature ranged from 25 °C during the day to 8 °C at night, with relative
humidity held at 75 + 5%.

Several fruits (n = 10) were collected for each variety and cultivation system to generate a
representative pooled sample. Immediately after harvesting, fruits were sorted, frozen in situ in a deep
freezer, and shipped to the laboratory in polystyrene punnets. Then, fruits were washed, sepals were
dissected, and pooled fruits (1 = 10) were gently homogenized by using a kitchen mixer to obtain a
puree (approximately 100-150 mL). Samples were subsequently aliquoted and stored for up to 2 months
at =21 °C, until further analysis. For each study condition (i.e., cultivar, campaign, and cultivation
conditions), three replicates (i.e., three pooled and homogenized samples) were prepared.

2.2. Analysis of Sugars and Organic Acids

Sugars and organic acids were analyzed using an Agilent 110 series high-performance liquid
chromatography (HPLC) system coupled to ultraviolet (UV) and refractive index (RI) detectors
(Agilent Technologies, Santa Clara, CA, USA), following the methodology previously described [7].
Approximately 1 g of the homogenate was accurately weighed, diluted to 10 mL with ultrapure water
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(Millipore, Bedford, Massachusetts, MA, USA), and centrifuged at 10,000 rpm for 10 min (BHG-Hermle
Z 365, Wehingen, Germany). The supernatant was filtered through a 0.45 um PVDF (polyvinylidene
difluoride) filter prior to HPLC analysis.

In a single chromatographic run, three sugars (glucose, fructose, and sucrose) and six organic acids
(oxalic, citric, tartaric, malic, succinic, and lactic) were separated using a Metacarb 87H hydrogen-form
cation-exchange resin-based column (300 X 7.8 mm internal diameter, i.d.) packed with sulfonated
polystyrene. A total of 5 mM of sulfuric acid was delivered in isocratic mode at a 0.5 mL min~! flow
rate for 15 min, and the injection volume was 20 uL. UV detection of organic acids was performed at
210 nm, while sugars were analyzed by using the RI detector. Identifications were accomplished by
comparing retention times (and UV spectra for organic acids) with those of reference standards.

2.3. Analysis of Phenolic Compounds

Homogenized fruits (5.0 g) were dissolved with 25 mL of methanol, sonicated for 30 min,
and then centrifuged at 10,000 rpm for 10 min at 4 °C. Supernatants were concentrated by using
a rotary evaporator at 40 °C, and the residues were re-dissolved in 3 mL of 50% methanol (v/v).
The concentrated extracts were filtered through 0.45 um PVDF filters, and 20 pL was injected into
a reverse phase Ultrabase C18 column (2.5 pm, 100 mm x 4.6 mm i.d.), following the methodology
described elsewhere [10]. For the analysis of colorless flavonoids and phenolic acids, elution solvents
were water:methanol:acetic acid (93:5:2, v/v/v) (eluent A) and methanol:acetic acid (98:2, v/v) (eluent B),
which were delivered as follows: 0-29 min, 40% B; 29-34.8 min, 40-60% B; 34.8-37.7 min, 60-75% B;
37.7-40.6 min, 75-100% B; 40.6-46.4 min, 0% B. For anthocyanins, the mobile phase consisted of 10%
(v/v) aqueous formic acid (eluent A) and methanol (eluent B), using the following gradient program:
0-0.70 min, 5% B; 0.70-16.60 min, 5-50% B; 16.60-18.60 min, 50-95% B; 18.60-20.60 min, 95% B. The flow
rate was 0.8 mL min~?!, and the column temperature was set at 20 and 30 °C for non-anthocyanin and
anthocyanin compounds, respectively.

The identification of phenolic compounds was achieved by comparing their retention times and
UV spectra with those for commercial standards. For quantification, the following wavelengths were
employed: 260 nm for ellagic acid and derivatives, 280 nm for benzoic acids and flavan-3-ols, 320 nm
for cinnamic acids, 360 nm for flavonols, and 520 nm for anthocyanins.

2.4. Analysis of Mineral Elements

For mineral content analysis, 0.5 g of fruit was placed in a Teflon vessel and digested with 3 mL
of a mixture of nitric and hydrochloric acids, both 1.5 M. Digestion was carried out for 2 min using
a microwave furnace at 250 W. After cooling, the digest was filtered, transferred to a 25 mL flask,
and made-up with ultrapure water.

The major (i.e., Ca, Mg, K, P, and S) and trace (i.e., Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb, Ba, Mn, Na,
Sr, V, and Zn) minerals were determined by inductively coupled plasma optical emission spectrometry
(ICP-OES) using a Jobin-Yvon Ultima 2 ICP spectrometer with an ultrasonic nebulizer (U6000 AT+,
Cetac). The instrument was operated at the following conditions: radio frequency, 27 MHz; operating
power, 1200 W; plasma argon flow rate, 2 L min~; auxiliary gas flow rate, 2 L min~!; nebulizer gas
flow rate, 0.02 L min~!; nebulizer pressure, 1 bar; rinsing time, 35 s; rinsing pump speed, high; transfer
time, 60 s; stabilization time, 20 s; and transfer pump speed, high. ICP Multi Element Standard IV and
VI CertiPur® (Merck) were used to prepare reference solutions.
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2.5. Statistical Analysis

One-way analysis of variance (ANOVA), multivariate analysis of variance (MANOVA), and pattern
recognition techniques, including principal component analysis (PCA), linear discriminant analysis
(LDA), soft independent modeling of class analogy (SIMCA), and partial least squares discriminant
analysis (PLS-DA), were carried out to investigate the differences among strawberry varieties and/or
cultivation systems. All statistical analyses were conducted on Statistica 7.1 (StatSoft Inc., Tulsa,
Oklahoma, OK, USA) and SIMCA-P™ 11.5 (UMetrics AB, Umed, Sweden).

3. Results and Discussion

3.1. Multi-Chemical Profiling of Strawberry

Mean concentrations for all the analyzed compounds (i.e., sugars, organic acids, polyphenols,
and mineral elements) are listed in Table 1 for the five strawberry cultivars investigated. Soluble sugars
identified and quantified in strawberry fruits were fructose, glucose, and sucrose; monosaccharides
were the major species in all varieties, except for “Camarosa”, which showed higher sucrose contents.
The ratio of fructose to glucose content was about the same, regardless of the cultivar, in agreement with
our previous study findings [10]. With regards to organic acids, citric acid was the most concentrated
metabolite, followed by malic acid, in consonance with previous studies [7,11]. In agreement with
results found in the literature, anthocyanins were the predominant polyphenol class in strawberry [14],
followed by phenolic acids, with pelargonidin 3-glucoside, pelargonidin 3-rutinoside, and cyanidin
3-glucoside being the three major anthocyanin species [8,15], which were found at similar levels
to those reported by Crespo et al. [16]. The mineral profile was mainly dominated by five major
elements—K, P, Ca, Na, and Mg—with potassium showing the highest concentrations (average
content of 2834.5 mg kg_l). Phosphorous, calcium magnesium, and sodium were also present in high
concentrations, representing approximately 20% of the total mineral content, while other elements (Fe,
Cu, Zn, and Sr) accounted for less than 1% of the mineral profile. It should be noted that these results
are in line with previous findings [7].

Multivariate analysis of variance (MANOVA) was applied to test the effects of the cultivar and
cultivation system on the chemical profile, and analysis of variance (ANOVA) with a Tukey HSD
post hoc test was used to evaluate the statistical significance of the differences for each compound
or element measured. The multivariate test showed that both factors have a significant effect on the
content of sugars, organic acids, and polyphenols (p < 0.001), but not on the mineral profile (p > 0.1
and p > 0.5 for the variety and cultivation system, respectively). Univariate results for each variable
are shown in Table 1. “Camarosa” and “Ventana” were found to be the richest cultivars in total sugars
and organic acids. In particular, “Camarosa” strawberries showed the highest content of sucrose and
malic acid. The “Ventana” cultivar presented the richest profile in phenolic acids, mainly dominated
by ellagic acid, while “Camarosa” and “Aromas” varieties showed higher concentrations of total
polyphenols, mainly anthocyanins.
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Table 1. Concentrations (expressed as the mean + standard deviation) of sugars (g kg~!), organic acids
(g kg™1), phenolic compounds (mg kg™1), and mineral elements (mg kg™!) in each strawberry cultivar,
and p values obtained by ANOVA.

Compounds Aromas Camarosa Diamante Medina Ventana p Value
sucrose 6.9 +48 141+£23 92+17 6.7 +3.4 10.0+3.1 0.0003

glucose 119+44 11.7 £3.2 124 +£3.0 123 +£39 14.6 £3.9 0.4836

fructose 11.6 +4.1 11.0+2.8 115+24 114 +38 13.3+34 0.6800

Total Sugars 30.5 +12.8 36.7 £ 6.3 33.1+5.7 30.4 £10.2 37.9£8.7 0.3383
ascorbic acid 0.1+ 0.04 02+0.1 0.2 +0.02 0.2+0.08 02+0.1 0.4145

citric acid 51+20 63+08 53+1.1 47+14 53+0.8 0.1937
tartaric acid 0.08 +0.08 0.1+0.04 0.2 +0.06 0.07 +0.09 0.2 +0.07 0.0959

malic acid 05+0.1 24+04 0.6+0.2 05+0.1 0.7+0.2 0.0871

Total Acids 58+22 89+29 6.2+13 55+ 15 6.4+0.8 0.0074
pelargonidin derivative 1 09+03 0.8+0.2 0.6+0.2 07+03 0.7 +04 0.0750
cyanidin 3-glucoside 64+1.6 40+0.8 30+1.1 38+02 14+06 0.0000
pelargonidin 3-glucoside 1209 +£17.7 117.2 £29.9 724 +33 102.7 + 30.9 86.1 +222 0.0003
pelargonidin 3-rutinoside 74+16 158 +5.1 52+1.0 6207 6.7+25 0.0000
pelargonidin derivative 2 0.7+0.2 0.6+03 0.6+0.2 0.7 +0.09 0.8 +0.4 0.8180
pelargonidin acetate 3.0+04 23+07 14£02 21+08 11+£04 0.0000
Total Anthocyanins 139.4 +18.3 140.9 + 35.9 833 +1.9 116.2 +£32.3 96.7 + 25.1 0.0001
p-hydroxybenzoic acid 0.6 +0.1 14+03 0.8+09 0.3 +0.02 0.5+ 0.03 0.0139
caffeic acid 0.4+0.1 0.6£0.2 0.2+0.01 0.5+0.1 09+0.2 0.0001
p-coumaric acid 78+17 6.6 +3.1 42+22 58+13 193 +6.1 0.0000
ferulic acid 0.08 + 0.02 0.2+0.07 0.2 +0.02 0.1+0.04 0.4 +0.08 0.0078
ellagic acid 39.3+10.3 35.8 +10.5 543 +238 458 +22.3 63.4 +£259 0.1295

Total Phenolic Acids 48.1+11.1 44.6 +13.5 59.8 +24.5 52.6 +22.4 84.4 +36.3 0.0129
quercetin 1.4 +0.08 1.5+02 09+0.2 09+0.3 0.7+0.1 0.0249
Kaempferol O-glucoside 23.0+72 29.5+10.3 183 +£6.0 21.2+95 30.3+8.3 0.0262
Total Flavonols 244 £72 31.0 £104 193 6.1 222+99 31.0£7.9 0.0237

P 2243 +35.6 251.6 £11.3 196.2 +29.5 2192 +21.8 2185+ 16.4 0.0025

Ba 0.6+0.2 0.5 +0.06 0.4 +0.06 0.4 +0.02 04 +0.04 0.9586

Ca 210.7 +24.1 244.2 +35.4 156.4 +20.1 195.4 +33.2 2352 +28.6 0.9732

Cr 0.1+0.02 0.06 +0.01 0.06 +0.02 0.05 +0.01 0.2+0.03 0.9932

Cu 46+19 48+1.1 48+14 49+14 54+13 0.9915

Fe 78+12 76+1.1 58+1.6 8711 75+19 0.9723

K 2843.5+287.6  2788.2+3574  2098.1 +210.2 28448 +351.9  3597.9 + 4435 0.9263

Mg 226.7 +26.9 179.3 £ 26.0 142.5 +20.1 167.5 +23.7 222.6 +30.7 0.9526

Mn 88+19 6.9+1.0 59+19 68+1.1 99+1.1 0.9394

Na 189.1 +£28.9 116.0 £ 23.7 98.3 +21.5 889 +17.4 126.2 +16.1 0.9000

Ni 0.3 +0.06 0.3 +0.02 0.3 +0.07 0.3 +0.03 0.3 +0.05 0.9890

Sr 6.0+1.0 3.6+17 31+£15 48+18 56+17 0.8802

Zn 32409 75+08 3.74 +0.49 3.47 +0.33 4.26 +0.30 0.5551

ANOVA, One-way analysis of variance.

3.2. Application of Pattern Recognition Tools for Selecting Chemical Descriptors of Cultivar and
Agronomic Conditions

Several chemometric techniques, including unsupervised and supervised pattern recognition
procedures, were employed to achieve a reliable differentiation between strawberry samples according
to the cultivar, cultivation system, and/or campaign.

A preliminary data exploration was carried out by principal component analysis (PCA),
using autoscaled data and only considering the principal components (PCs) with eigenvalues greater
than 1. This PCA model allowed 84% of the total variance to be explained with five components. As
shown in the scores plot built using the two first principal components (Figure 1A), a clear separation
was observed along the PC1 among samples collected in the two consecutive campaigns. The first PC
explained 28% of the variance, and was positively related to fructose and tartaric acid, and negatively
associated with pelargonidin 3-glucoside, total flavonoids, and total polyphenols. That is, the content
of anthocyanins and total polyphenols was greater during the second campaign, when rainfall,
and maximum and minimum temperatures were higher, whereas fructose and tartaric acid contents
were more abundant in the first campaign, when total radiation was higher. In this vein, it has previously
been described that the content of many phenolic compounds and the antioxidant capacity increase in
berry fruits as the temperature increases [17]. Moreover, a low light intensity and high temperatures
have also been demonstrated to provoke a decreased synthesis of sugars and ascorbic acid [7,11,18].
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On the other hand, the plotting of the second and fourth PCs provided a certain differentiation,
depending on the cultivar (Figure 1B), with “Camarosa” and “Aromas” varieties distributed on the
left side of the projection, and the rest of the samples located on the right side. The most relevant
compounds contributing to this separation were anthocyanins (increased in “Camarosa” and “Aromas”)
and phenolic acids (decreased in “Camarosa” and “Aromas)”, in accordance with the results obtained
by ANOVA.
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Figure 1. Principal component analysis (PCA) score plots showing the projection of strawberry samples
in the plane defined by the following principal components: (A) PC1 vs. PC2, separation of samples
according to the campaign; (B) PC2 vs. PC4, separation of samples according to the cultivar.

After this preliminary data exploration, several supervised chemometric tools were employed
to build classification models with the aim of assessing the potential of the multi-chemical profile
investigated in this work to authenticate strawberries according to the variety and cultivation conditions.
For this purpose, multiple supervised pattern recognition procedures have recently been proposed
in food research to solve authentication problems for various foods with a high commercial value,
such as strawberry [11,15], olive oil [19-21], or wine [22,23]. In the present study, three complementary
statistical techniques were tested: linear discriminant analysis (LDA), soft independent modeling of
class analogy (SIMCA), and partial least squares discriminant analysis (PLS-DA).

Linear discriminant analysis (LDA) was first applied to all the study variables, yielding a model
capable of explaining 96% of the total variance with a 95% prediction ability. Applying forward
stepwise analysis, cyanidin 3-glucoside, pelargonidin 3-rutinoside, p-coumaric acid, phosphorous,
malic acid, caffeic acid, and quercetin were identified as the most discriminant variables among
cultivars. As shown in Figure 2A, all samples were correctly classified, with the exception of two
samples of “Medina” cultivar, which were classified as “Diamante”. In line with the results from PCA,
“Aromas” and “Camarosa” cultivars were clearly differentiated from the rest of the samples along the
first root, while the second one described almost complete separation between the other three cultivars.

Soft independent modeling of class analogy (SIMCA) was subsequently applied to the same data
matrix used in LDA, with the aim of looking for possible overlap among the study groups. Using a
seven-fold cross-validation procedure, 3-PC-based models were obtained explaining 96.4%, 94.5%,
95.0%, 92.5%, and 97.2% of variance for the classes “Aromas”, “Camarosa”, “Diamante”, “Medina”,
and “Ventana”, respectively. These models also provided very good results in terms of their prediction
ability, with 86.7%, 81.5%, 80.8%, 71.3%, and 88.5% correct prediction for the five cultivars. In this
line, representation of the corresponding Coomans plot showed a correct classification of strawberries
according to the variety based on their chemical composition (Figure 2B). However, SIMCA modeling
did not provide suitable results for the classification of strawberry samples according to agronomic
conditions, with samples appearing in the overlapping area from the Coomans plots (figure not shown).
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Figure 2. Results obtained from supervised chemometric modeling. (A) Linear discriminant analysis
(LDA) scores plot showing the distribution of samples in the plane defined by the two first principal
components using the cultivar as the categorical variable; (B) Soft independent model class analogy
(SIMCA) Coomans plots for the classification of strawberry samples according to the cultivar: “Aromas”
vs. “Camarosa”; (C) Partial least squares discriminant analysis (PLS-DA) scores plot showing the
distribution of samples in the plane defined by the two first principal components using the cultivar
as the categorical variable; (D) PLS-DA scores plot showing the distribution of samples in the plane
defined by the two first principal components using the cultivation system as the categorical variable.

Finally, partial least squares discriminant analysis (PLS-DA) was also employed as a more
powerful technique for class differentiation and for the selection of the most discriminant variables.
A five-component model was obtained with a good quality of fit (R?x = 0.744) and predictive ability
(Q?* = 0.413) for the classification of strawberry samples according to the cultivar (Figure 2C). The most
important chemical descriptors driving this separation were anthocyanins and phenolic acids, in line
with previous findings from ANOVA and LDA. Interestingly, PLS-DA modeling also enabled the
discrimination of samples grown in the two cultivation systems (i.e., open and closed soilless systems).
The PLS-DA model explained 70.2% of the variance (Figure 2D), with p-hydroxybenzoic acid, ferulic
acid, unknown derivatives of pelargonidin, glucose, pelargonidin acetylglucoside, and cyanidin
3-glucoside being the most discriminant variables.

4. Conclusions

In this work, we have evaluated the potential of combining multi-chemical profiling and
complementary statistical techniques to investigate the effect of the genotype and cultivation conditions
on the chemical composition of strawberry fruits. The five cultivars investigated showed clear
differences in the content of anthocyanins, phenolic acids, sucrose, and malic acid. On the other
hand, climatic conditions (e.g., rainfall and temperature) were responsible for slight changes in the
polyphenolic profile, with an increased content of anthocyanins and total polyphenols in strawberry
fruits grown under higher rainfall and more extreme temperatures. Similarly, the cultivation conditions
(i.e., open/closed soilless system) also induced minor changes in concentrations of several anthocyanins
and phenolic acids. The present work therefore demonstrates that multi-chemical profiling can be used
to differentiate among strawberry cultivars grown under different agronomic conditions, thus showing
a great applicability for food traceability. In future studies, this approach could also be tested to search
for characteristic patterns associated with the geographical origin, ripeness status, and other factors
related to food production.
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