
Vol.:(0123456789)1 3

Journal of Food Measurement and Characterization (2022) 16:561–569 
https://doi.org/10.1007/s11694-021-01184-2

ORIGINAL PAPER

Fatty acid alkyl ester and wax compositions of olive oils as varietal 
authentication indicators

Oguz Uncu1   · Banu Ozen1 

Received: 12 June 2021 / Accepted: 29 September 2021 / Published online: 8 October 2021 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2021

Abstract
Minor components of olive oils can be good markers for their authenticity, which is a significant quality issue for this prod-
uct. It was aimed to determine individual and total fatty acid alkyl esters and waxes as minor constituents of olive oil and to 
investigate their novel varietal authentication capability separately and in combination for three main olive cultivars grown 
in three distinct locations of Aegean Region of Turkey. In addition, basic quality and purity parameters as free fatty acid, K 
values and fatty acid profiles were also determined for the characterization of the samples. Olive oil samples from different 
cultivars had different fatty acid profiles and two of these varieties had similar quality parameters. Statistical analyses were 
conducted with orthogonal partial least squares discriminant analysis (OPLS-DA) to differentiate varieties with respect to 
their individual and combined parameters of fatty acid alkyl esters and waxes. For calibration sets, use of individual fatty 
acid alkyl esters profile resulted in 80% correct classification rate while waxes alone was 67% successful in classifying the 
olive oils according to variety. It was found that alkyl esters in combination with waxes were more effective in discrimination 
of olive oils with respect to cultivar compared to their individual forms and the correct classification rate for the generated 
model is 92% for calibration set. Since fatty acid alkyl esters along with waxes have effect on cultivar differentiation, they 
could have a potential as authentication tools for olive oil besides their known quality characteristics.
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Introduction

Minor compounds could be effective indicators of the 
authenticity and quality of the olive oils since they are hard 
to mimic in complex matrices [1]. Among them fatty acid 
alkyl esters (FAAEs) and waxes are prominent compounds 
since they are considered as robust markers of olive oil qual-
ity. Fatty acid alkyl esters as ethyl (FAEEs) and methyl esters 
(FAMEs) are a family of natural neutral lipids present in 
olive oils and formed by the esterification of free fatty acids 
(FFAs) with low molecular weight alcohols, ethanol and 
methanol, respectively [2]. They can easily form in an acid 
medium and the reaction is catalyzed by certain enzymes 
[2]. According to an early European Union regulation for 
FAAE content, the limit was set at 75 mg/kg, but higher con-
centrations were allowed if they did not exceed 150 mg/kg 

and FAEE/FAME ratio was 1.5 at the maximum [3–5]. The 
knowledge of ethanol production as a metabolic by-product 
after alcoholic fermentation [6] led to a conclusion that the 
presence of high concentrations of both FAEE and ethanol 
in olive oil could mean the use of sub-standard quality raw 
materials such as fermented olive fruits for oil extraction 
[4]. Therefore, new limits were officially published by the 
olive oil authorities due to the fact that FAEEs presence 
depended on the level of its substrate, ethanol, which is 
produced chemically whereas FAMEs are associated with 
methanol content produced physiologically [1, 7]. Moreover, 
only C16 FAEE and C18 FAEE were taken into considera-
tion in the regulation to decide if a certain olive oil could be 
classified as extra virgin [4]. This decision was accompanied 
by a reduction of the maximum allowed limit to 40 mg/kg 
(2013–14 crop year) [4]. Limits regarding the fatty acid ethyl 
ester (FAEE) presence in extra virgin olive oil were further 
lowered to ≤ 35 mg/kg after 2016 harvest year [1].

In a previous study, a relationship between the FAAEs 
concentration of olive oils and their sensory classification 
was also evaluated. The results showed that there is a strong 
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connection between the presence of high amounts of FAAEs 
and fermentative organoleptic defects [4]. FAAE has also 
been used for adulteration detection of olive oil with mild 
deodorized olive oil [2, 8].

In addition to the fermentative effect of unhealthy olive 
fruits, it was revealed that ethanol formation is also triggered 
by the metabolism of the olive fruit itself which is highly 
related with cultivar (genotype) of the fruit [9]. Accumula-
tion is continued during fruit maturation on the olive tree 
[9]. All of these make usage of FAEEs more complex since 
this parameter is affected by both quality and variety [10]. 
A different study also confirmed that ethanol is naturally 
found in the olive fruits and it passes to the oil during extrac-
tion. As a result, it was determined that concentration of the 
ethanol in the oil was a function of the cultivar, ripening 
stage and climate as well as growing conditions of the olives 
[7]. Therefore, it was suggested that legislations on FAEEs 
should consider the basal levels of ethanol in the oils as it is 
quite high in many olive cultivars [7]. Hence, it is not appro-
priate to use unique FAEE values for all olive varieties [10]. 
In a recent study, it was determined that not only ethanol 
but also methanol content and acetaldehyde as well as the 
ratio between them are characteristic to each olive variety 
[10]. Hence, it could be concluded that individual FAAEs 
and their specific ratio which have not been studied for the 
varietal determination before could possess a potential as an 
authentication tool for olive oils.

In a literature study, Fourier transform infrared (FTIR) 
spectroscopy was used to separate virgin and non-virgin 
olive oils according to the FAEEs content [11]. In another 
recent work, alkyl esters content of Sicilian extra virgin 
olive oils having Protected Designation of Origin (PDO) 
was investigated from quality perspective only [12]. How-
ever, there is not any authentication study in the literature 
focusing on alkyl esters alone from varietal point of view.

Other investigated quality parameter in the current 
study is wax content of olive oil. The straight chain wax 
esters are also shown to be useful indicators for the qual-
ity of olive oil. They are in the waxy surface layer of the 
olive and are poorly extracted by the oil derived from fruit 
pressing [2]. Wax content has been also defined as a qual-
ity indicator and extra virgin olive oil wax content must 
not exceed 150 mg/kg according to the existing regula-
tions [13, 14]. Wax esters have been generally used for 
quality determination [2] as well as detection of adultera-
tion made with lower quality olive oil or pomace oil [15]. 
Individual and total wax esters of Spanish monovarietal 
olive oils with PDO were determined and it was found 
that significant differences existed in C40, C44, C46 and 
total wax esters content [16]. These findings were also 
supported by a study performed with Italian cultivars and 
it was proven that wax ester content was influenced by 
cultivar and harvest year [17] as well as ripening [18]. 

Results of these studies were also confirmed by a research 
in which wax esters, diacylglycerols, triacylglycerols, trit-
erpenic acids and aldehydes were shown to be strongly 
dependent on the olive cultivar [19]. Authenticity is an 
important quality issue for different types of food prod-
ucts such as honey, wine and various types of oils [20–23] 
and olive oil is among the most adulterated food products 
[1]. Therefore, new authenticity methods and studies are 
always in demand for olive oil industry in order to protect 
the safety and the quality as well as the economic value 
of this product.

Although all this aforementioned information makes 
the individual and combined forms of FAAEs and waxes 
as good candidates of authentication markers for botanical 
origin of olive oils, there is no study in literature about their 
application in varietal differentiation. Until so far, FAEE 
and FAME as well as wax esters have already been used 
for evaluating only the quality of olive oils [2, 24]. In the 
present study, it was aimed to investigate the potential of 
FAEEs, FAMEs and wax esters determined with chromato-
graphic methods by evaluating with chemometric techniques 
individually and in combination to authenticate olive oils 
with respect to variety.

Materials and methods

Olive oil samples

Totally 91 authentic olive oil samples from various parts 
of Aegean Region of Turkey were collected directly from 
the trustworthy sources during two consecutive harvest year. 
These samples were scattered in three main growing location 
of the Aegean Region as North (N: 29 samples), South (S: 
36 samples) and Middle (M: 26 samples). The North and 
South regions are geographical indication areas while Mid-
dle region could be a candidate for the same type of labelling 
due to unique characteristics of oils. At the same time, these 
geographical regions are specific to certain varieties of olive 
fruits. Ayvalik/Edremit is the cultivar grown in northern part 
while Memecik type belongs to the southern part and Erk-
ence is the dominant variety of mid part. The samples were 
kept in dark at refrigeration temperature (4 °C) with mini-
mum headspace filled with inert gas prior to analysis. They 
were analyzed right after receiving.

Chemical reagents

Reagents are all analytical grade and obtained from Sigma-
Aldrich (Munich, Germany) and/or Merck (Darmstadt, Ger-
many) unless otherwise stated.
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Quality parameters

Basic quality parameters, free fatty acid (FFA) value, spe-
cific extinction coefficients (K232 and K270) and fatty acid 
profile of the olive oil samples were quantified according to 
European Official Methods of Analysis [25].

Briefly, FFA values determination was based on titration 
in which a desired color change obtained by using phenol-
phthalein as indicator. First, olive oil sample was dissolved 
in diethyl ether-ethanol solution (1:1) with addition of 
few drops of indicator and then titrated with standardized 
0.1 mol/L solution of potassium hydroxide. Analyses were 
repeated two times and expressed in terms of average % oleic 
acid.

K values of the samples were determined spectropho-
tometrically. Absorbance values at 232 and 270 nm were 
recorded with a spectrophotometer (Shimadzu UV-2450 
Spectrophotometer, Japan) by diluting the oil samples with 
cyclohexane and using pure cyclohexane as the blank. Meas-
urements were obtained twice and then averaged.

Gas chromatography with flame ionization detector 
(GC-FID) (Agilent 6890, Agilent Technologies, USA) was 
used to determine fatty acid profile of the methyl esterified 
olive oil samples. The system had an auto-sampler (Agilent 
7863) with a split/splitless inlet. A capillary HP-88 col-
umn (100 m × 0.25 mm ID × 0.2 mm) (Agilent) was used 
to fractionate the compounds. Operation conditions were 
determined as follows; 1 μL eluent was injected with a split 
ratio 1/50, helium was used as a carrier gas in constant flow 
(2 mL/min flow), the temperature of injector and detector 
were set to 250 °C and 280 °C, respectively. The tempera-
ture program of oven was constant at 120 °C for 10 min and 
then increased to 220 °C with a rate of 3 °C per min. and 
maintained at the same temperature for 5 min. The chro-
matogram peaks of each sample were used to identify and 
quantify major individual fatty acids by comparing the reten-
tion times of FAME mix standards. Triplicate measurements 
were done and then averaged.

Quantification of fatty acid alkyl ester and wax 
contents

FAMEs and FAEEs as well as wax contents of olive oil 
samples were determined according to the procedures of 
International Olive Council (IOC) [26]. Fifteen g of silica 
gel wetted with n-hexane was inserted into the glass column 
and then percolated with n-hexane to remove any impurities. 
After that, approximately 0.5 g of the olive oil sample was 
weighted with the addition of internal standards as dodecyl 
arachidate and methyl heptadecanoate solution for waxes 
and alkyl esters, respectively. Sudan 1 was used as an indi-
cator dye. Then, the mixture was transferred into the glass 
column via n-hexane. Sample was continuously percolated 

with n-hexane/ethyl ether mixture (99:1) until indicator dye 
reaches to the bottom. The collected solution was evaporated 
in a rotary evaporator (Heidolph Laborota-4000, Germany) 
at 20 °C. The residual was diluted with 2 mL n-heptane then 
filtered into a vial and finally injected into GC.

The analysis was conducted with Agilent 7890A GC-
FID. HP-5 (30 m × 0.32 mm ID, 0.25 μm film, Agilent) 
column was used with the following conditions: 70 °C was 
selected as on column inlet temperature and injection vol-
ume was set to 1 μL. The hydrogen was used as carrier gas. 
The oven temperature was programmed as 80 °C for 1 min, 
20 °C/min to 140 °C without stop, 5 °C/min to 335 °C for 
20 min. Detector temperature was selected as 350 °C. The 
obtained peaks were further identified with GC–MS (Agilent 
6890/5973 N Network GC/MSD System, USA) at the same 
conditions. The results were expressed in terms of mg/kg.

Statistical analysis

SIMCA 14.1 (Umetrics, Malmö, Sweden) software was 
used for the statistical evaluations. Orthogonal partial least 
squares discriminant analysis (OPLS-DA) was the preferred 
multivariate statistical analysis tool throughout the study 
to visualize discrimination among the groups of interest. 
OPLS-DA is a supervised data classification technique, in 
which the relationship between two data matrices as meas-
ured X giving information about the wet chemical data and 
as dummy Y relying on user-defined class information, was 
investigated [27]. For chemometric analysis, fatty acid pro-
file matrix included 91 rows (samples) and 11 columns (indi-
vidual fatty acids). Fatty acid alkyl ester and wax matrices, 
separately and in together, possessed the same number of 
samples (91) with 16 columns for combined data (individual 
and total alkyl esters and waxes), 4 columns for waxes and 
the rest 12 columns for alkyl esters. The basic parameters, 
FFA and K values, were also evaluated together.

Prior to construction of discrimination models, all the 
raw chemical data matrices were pre-processed with unit 
variance scaling and mean-centering without any further 
treatment. Pre-treated data of FFA and K values as well as 
fatty acid profile were modelled with only calibration set to 
see if there is any differentiation pattern with respect to the 
main cultivar. Whereas, in the alkyl ester and wax evalu-
ation, more detailed models were constructed by using a 
calibration and an external validation dataset, comprising 
2/3 of the total and the rest, respectively. Calibration dataset 
contains 60 samples in three classes as 17 Middle (class M), 
19 North (class N), and 24 South (class S) samples, whereas 
31 samples as 9 M, 10 N, and 12 S were used as the valida-
tion data set.

Classification performances of these models were 
inspected with several parameters such as numbers of 
latent variables (LVs) and regression coefficients for both 



564	 O. Uncu, B. Ozen 

1 3

calibration (R2
cal) and validation (R2

cv) models along with 
correct classification rate for the same models. External vali-
dation (R2

val) was also performed for the specific OPLS-DA 
model using alkyl ester and wax data matrix by applying 
sevenfold LVs embedded function of SIMCA software to 
avoid any over and/or under fitting. Another parameter was 
variable importance for the projection (VIP) values which 
were obtained with SIMCA software and used to determine 
the most effective variables in differentiation. If the VIP val-
ues of variables are greater or close to 1, they are considered 
as significant variables for the OPLS-DA model [27].

Results and discussion

Chemical characterization

Quality parameters (FFA and K values) of the olive oil sam-
ples are provided in Table 1. According to this table, M 
region samples were in lower quality in terms of measured 
parameters when compared with the other two regions (N 
and S). Average FFA value of M region samples was 3.28% 
(± 2.28) while S and N samples had average FFA values 
of 0.76% (± 0.51) and 0.60% (± 0.14), respectively. K232 
(2.60 ± 0.28) and K270 (0.29 ± 0.17) values of M region 
oils were also higher compared to oils from other N (K232: 
2.19 ± 0.24, K270: 0.24 ± 0.07) and S (K232: 2.26 ± 0.21, 
K270: 0.21 ± 0.08) region oils. These parameters are strict 
quality parameters for grading olive oils according to Euro-
pean Legislations. In this part, it was not intended to make 
a classification but rather it was aimed to investigate the 
differences in quality characteristics of the oil samples with 
respect to their variety so that better conclusions could be 
drawn from FAAE and wax data. Therefore, OPLS-DA mod-
els were constructed with the quality data set (FFA and K 
values) as shown in Fig. 1. Differentiation model was built 
with 2 predictive components and these LVs explained 31% 
of the total variance. 

As far as the varietal origins are concerned it could be 
seen that N and S samples were not generally separated 
from each other while most of M region samples were 
grouped distantly from the others with respect to LV1 in 
the score plot (Fig. 1). M region samples were apart from 
the other two regions due to their lower quality characteris-
tics. In detail, three samples were misclassified for M region 
whereas other regions (N and S) were mostly placed together 
(Fig. 1). This could be explained by the fact that quality 
characteristics of the samples from N and S regions were 
similar to each other having smaller ranges as it can be seen 
from Table 1.

Individual fatty acid contents of the samples from dif-
ferent areas were close to each other. However, differences 
in oleic and linoleic acid contents were observed between 

varieties in this study (Table 1) which is consistent with a 
previous report in the literature [28]. Oleic acid contents of 
the olive oils from S region were higher (71.21 ± 2.19%) than 

Table 1   Averages of chemical parameters of olive oils obtained from 
different varietal origin

1 Free fatty acid, 2,3specific extinction coefficient at 232  nm and 
270  nm, respectively, 4palmitic acid, 5palmitoleic acid, 6heptade-
canoic acid, 7cis-10-heptadecanoic acid, 8stearic acid, 9oleic acid, 
10linoleic acid, 11arachidic acid, 12linolenic acid, 13cis-11-eicosenoic 
acid, 14cis-11,14-eicosadienoic acid, 15−22methyl and ethyl forms of 
the mentioned fatty acids, 23−25individual waxes according to car-
bon number, 26total fatty acid ethyl esters, 27total fatty acid methyl 
esters, 28total fatty acid ethyl and methyl esters as alkyl esters, 29ratio 
between total ethyl and methyl esters, 30total individual waxes

Chemical param-
eters

North region 
(N) (Ayvalik)

South 
region (S) 
(Memecik)

Middle region 
(M) (Erkence)

FFA (%)1 0.60 ± 0.14 0.76 ± 0.51 3.28 ± 2.28
k values
K2322 2.19 ± 0.24 2.26 ± 0.21 2.60 ± 0.28
K2703 0.24 ± 0.07 0.21 ± 0.08 0.29 ± 0.17
Fatty acid profile 

(%)
C16:04 14.68 ± 1.21 13.36 ± 1.01 13.36 ± 1.12
C16:15 0.84 ± 0.11 0.89 ± 0.21 0.72 ± 0.25
C17:06 0.16 ± 0.08 0.08 ± 0.08 0.16 ± 0.07
C17:17 0.24 ± 0.04 0.13 ± 0.10 0.22 ± 0.03
C18:08 2.81 ± 0.28 2.79 ± 0.36 2.81 ± 0.22
C18:1n9c9 68.75 ± 1.15 71.21 ± 2.19 66.53 ± 1.53
C18:2n6c10 11.09 ± 1.10 9.94 ± 1.34 14.60 ± 2.29
C20:011 0.43 ± 0.06 0.41 ± 0.06 0.43 ± 0.04
C18:3n312 0.65 ± 0.06 0.81 ± 0.09 0.76 ± 0.11
C20:113 0.28 ± 0.06 0.30 ± 0.06 0.31 ± 0.03
C22:014 0.07 ± 0.10 0.08 ± 0.11 0.11 ± 0.03
Fatty acid alkyl 

esters and 
waxes(mg/kg)

C16:0 M15 3.87 ± 1.40 4.15 ± 1.97 17.49 ± 16.08
C16:0 E16 2.17 ± 1.61 3.69 ± 2.62 20.13 ± 11.53
C18:2 M17 1.97 ± 0.77 2.17 ± 1.08 19.89 ± 36.74
C18:1 M18 11.18 ± 4.93 13.66 ± 7.29 69.11 ± 49.38
C18:0 M19 0.88 ± 0.27 0.90 ± 0.22 4.61 ± 8.52
C18:2 E20 1.31 ± 0.83 2.29 ± 2.00 18.53 ± 11.42
C18:1 E21 8.36 ± 6.36 15.74 ± 12.06 79.72 ± 48.04
C18:0 E22 0.38 ± 0.46 0.55 ± 0.60 3.41 ± 2.06
C4223 5.98 ± 2.81 4.79 ± 4.47 14.28 ± 6.11
C4424 10.26 ± 4.69 7.46 ± 5.04 20.92 ± 11.18
C4825 5.51 ± 2.45 5.31 ± 4.42 11.38 ± 6.38
FAEEs26 12.22 ± 9.02 22.27 ± 16.76 121.78 ± 71.35
FAMEs27 17.90 ± 7.08 20.88 ± 10.24 111.10 ± 100.67
FAAEs28 30.12 ± 15.14 43.14 ± 25.74 232.88 ± 146.58
FAEEs/FAMEs29 0.65 ± 0.33 0.98 ± 0.47 1.24 ± 0.57
Waxes30 21.75 ± 6.53 17.55 ± 12.43 45.69 ± 17.78
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the other two regions (N: 68.75 ± 1.15%, M: 66.53 ± 1.53%) 
whereas the opposite is true for linoleic acid contents 
(S: 9.94 ± 1.34%, N: 11.09 ± 1.10%, M: 14.60 ± 2.29%) 
(Table 1).

A multivariate data set of 11 fatty acid variables from 91 
olive oil samples were used to examine the varietal effect on 
fatty acid profile. This data set was examined with OPLS-
DA to observe the differences between cultivars. Model for 
varietal classification was constructed with 2 predictive and 
1 orthogonal component and the first two LVs explained 
67% of the total variance. From the OPLS-DA score plot 
presented in Fig. 2a, it could be seen that better separation 
in terms of variety was obtained using fatty acid profile; 
however, one specific sample from M region is misclassified 
as S and five M samples are misclassified as N. Therefore, 
these results reflected the effect of the cultivar in the olive 
oil classification based on the fatty acid composition, and 
they also confirm other reports in the literature [29]. Rest 
of the samples were placed together with the characteristic 
varieties of the specified regions. Loading plot presented in 
Fig. 2b shows which fatty acids are responsible for differ-
entiation. For this case, C16:1, C18:1n9c and C18:3n3c are 
the most effective variables on the separation of S region. 
Oils from M region are separated with respect to C18:0, 
C20:1, C22:0 and C18:2n6c, while C16:0, C17:0, C17:1, 
and C20:0 are the fatty acids responsible for differentiation 
of N region. In the literature, three fatty acids as oleic, lin-
oleic and palmitic were indicated as the fatty acids with high 
differentiation power [29] and these three-fatty acids are also 
found effective in discrimination of S, M, and N regions 
in the present case. Parameters having variable importance 
projection (VIP) values greater than 1 are considered as the 
significant variables in the construction of the statistical 

models. From the VIP values (Fig. 2c), heptadecenoic and 
linolenic acids were also found effective in the discrimina-
tion of the olive oils in terms of variety besides the afore-
mentioned fatty acids.

Varietal differentiation with alkyl esters and waxes

Fatty acid alkyl and ethyl ester and wax contents of the 
sample oils are provided in Table 1. In the present study, 
it was observed that olive oil samples from N (12.22 mg/
kg) and S (22.27 mg/kg) regions were within the official 
limit of FAEE for extra virgin grade while the samples from 
M (121.78 mg/kg) region were not (Table 1). On the other 
hand, samples from all regions are below the limit of wax 
content. Total wax content averages of oils from N, S and 
M regions were 21.75 mg/kg, 17.55 mg/kg and 45.69 mg/
kg, respectively. Individual FAAEs and waxes as well as 
their totals were similar for N (total FAAEs: 30.12 mg/kg) 
and S (total FAAEs: 43.14 mg/kg) region varieties whereas 
M region (total FAAEs: 232.88 mg/kg) variety had higher 
contents than these (Table 1). Although most oils from M 
have lower qualities these oils were intentionally added to 
the sample set to highlight the differences of FAAE values 
of high- and low-quality oils.

Alkyl esters and waxes were used individually and in 
combination to investigate their effects on varietal discrimi-
nation. The statistical outputs of all the models are given 
in Table 2 and Fig. 3. It was seen that wax content, which 
includes C42, C44, C48 and total waxes, alone was not that 
effective in discrimination and only M region samples were 
separated from the rest whereas N samples were misallo-
cated inside the S samples’ half ellipse (Fig. 3a). In detail, 
OPLS-DA model was built with one predictive and one 

Fig. 1   OPLS-DA score plot of 
different olive oil varieties in 
terms basic quality parameters 
(free fatty acid and K values)
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Fig. 2   OPLS-DA score (a), 
loading (b), and VIP (c) plots 
of different olive oil varieties in 
terms of fatty acid profile
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orthogonal component explaining 34% of the total variance 
(Table 2). In calibration and validation sets only one and 
two M samples were misclassified as S, respectively. All 
of the S samples were correctly grouped in calibration set 

and three samples were misclassified as M in the validation 
set while none of the N samples were correctly classified in 
both sets as can be seen from Table 2. Totally, 67% of the 
calibration and 52% of the validation sets were correctly 

Table 2   Statistical parameters 
of OPLS-DA calibration and 
validation models of olive 
oils with respect to variety by 
using waxes and alkyl esters 
separately and in combination

LV latent variable, FAAE fatty acid alkyl ester

Model Number of 
samples

Waxes FAAEs FAAEs and waxes

LVs: 1 + 1, R2
cal.: 0.34, 

R2
cv.: 0.32

LVs: 2 + 2, R2
cal.: 0.58, 

R2
cv.: 0.54

LVs: 2 + 1, R2
cal.: 0.67, 

R2
cv.: 0.62

M N S %CC M N S %CC M N S %CC

Calibration
M 17 16 0 1 94 15 0 2 88 14 0 3 82
N 19 1 0 18 0 0 16 3 84 0 18 1 95
S 24 0 0 24 100 0 7 17 71 0 1 23 96
Total 60 17 0 43 67 15 23 22 80 14 19 27 92
Validation
M 9 7 0 2 78 6 2 1 67 7 1 1 78
N 10 0 0 10 0 0 7 3 70 0 8 2 80
S 12 3 0 9 75 0 5 7 58 0 4 8 67
Total 31 10 0 21 52 6 14 11 65 7 13 11 74

(a) (d) (g)

(b) (e) (h)

(c) (f) (i)

Fig. 3   OPLS-DA score (a, d, g), loading (b, e, h), and VIP (c, f, i) plots of different olive oil varieties with respect to wax contents, fatty acid 
alkyl esters and combination of these parameters, respectively
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classified which was not enough for a robust differentiation 
model. Loading plot revealed that higher content of wax 
components was responsible in differentiation of M region 
samples (Fig. 3b). According to the VIP values, total wax, 
C42 and C44 were effective in differentiation (Fig. 3c).

Individual alkyl esters were also tested in terms of their 
discrimination ability on varietal level. When compared to 
wax esters alone (Fig. 3a), alkyl esters were found more 
successful in differentiation (Fig. 3d). OPLS-DA analysis 
revealed a clear classification model with two predictive and 
two orthogonal components; in detail, the first two signifi-
cant LVs explained 58% of the total variance (Table 2). The 
average correct classification rate for M, N and S region 
samples were found as 80% (out of 60 samples; five samples 
were misclassified as S and seven samples were misclassified 
as N) and 65% (out of 31 samples; four samples were mis-
classified as S and seven samples were misclassified as N) 
in calibration and validation sets, respectively whereas none 
of the samples was misclassified as M. According to score 
plot (Fig. 3d), M region samples were scattered into the 
right (positive) side of LV1, whereas the S and N samples 
were partially classified in the second and the third quartile 
with respect to positive and negative LV2, respectively. The 
OPLS-DA calibration model was successful in differentia-
tion of M region samples from the rest while seven S and 
three N region samples overlapped with each other (Table 2). 
Loading plot (Fig. 3e) and VIP values (Fig. 3f) revealed E/M 
as the most influential parameter on discrimination.

As a last approach, OPLS-DA statistical model (Fig. 3g 
with LVs: 2 + 1, R2

cal: 0.67, R2
cv: 0.62) built with combi-

nation of FAAEs and wax data indicates that M, N and S 
samples were correctly classified according to the genotype 
with some exceptions as explained in the misclassification 
table (Table 2). Model was built with 2 predictive and 1 
orthogonal component and particularly the first two signifi-
cant LVs explained 67% of the total variance. According to 
the score plot (Fig. 3g), M region samples were successfully 
separated in the right (positive) side of LV1 whereas N and S 
region samples were located on the opposite side. Moreover, 
these two regions (N and S) were separated from each other 
as located in the upper side (positive) of the first quarter 
and the lower side (negative) of the fourth quarter of LV2. 
Loading plot (Fig. 3h) showed that M region was placed 
apart from the rest in terms of the higher amounts of all the 
studied parameters. It can be concluded that S and N regions 
were more similar in terms of alkyl ester and wax profiles 
while M region was more apart than the rest (Table 1). N 
and S region olive oils contain similar amounts of FAAEs, 
and their FAAEs and wax ester contents are lower compared 
to M region olive oils. Considering only N and S regions, 
S region samples had slightly higher amounts of individual 
alkyl esters. However, still there is an obvious separation 
between N and S region (Fig. 3g) oils although they have 

quite similar basic quality parameters (Table 1). Although 
FAAEs are quite related with the quality of the oil, a strong 
relation between these parameters and varietal factors are 
also well established with the recent study [10]. This dif-
ferentiation between oils of these two regions can be related 
with the effect of olive variety since Ayvalik is the olive type 
in N part while Memecik is the dominant variety in S part.

In the present study, FAEE/FAME (total E/M), total 
wax as well as individual C42 and C44, C16E, total FAEEs 
and FAAEs (total of FAME + FAEE), having VIP values 
larger than 1 were found significant in discrimination of 
oils (Fig. 3i). Lastly, the classification model efficiency was 
determined with calibration and external validation data sets. 
As it could be seen from Table 2, OPLS-DA model revealed 
good discrimination ability with the average correct clas-
sification rate of 92% (out of 60 samples; 4 samples were 
misclassified as S and 1 sample was misclassified as N) and 
74% (out of 31 samples; 3 samples were misclassified as S 
and 5 samples were misclassified as N) in calibration and 
validation data sets, respectively. Importance of wax esters 
and FAAEs in discrimination was obvious from the VIP plot 
(Fig. 3i). However, wax esters alone were not that effective 
in cultivar classification as explained previously. In the lit-
erature, wax esters of olives were also examined with some 
other parameters such as diacylglycerols, triacylglycerols, 
triterpenic acids and aldehydes to investigate their depend-
ency on cultivar [19]. In the present study, it was found that 
effectiveness of alkyl esters on varietal differentiation could 
be improved when combined with wax contents. Since these 
compounds could be identified in the same sample chroma-
togram in a single run, their determination and application 
in fused form do not require any additional effort. As it has 
been shown in different studies, variety and growth region 
of olives used in oil extraction have significant effects on 
various compositional parameters of olive oil [28, 30]. This 
study also indicates that variety has an influence on FAAE 
and wax content of olive oils. However, cultivation of olive 
cultivars outside of their traditional area can add further 
challenge for authentication studies.

Conclusions

In the present study, olive oil samples belonging to three 
varieties obtained from three distinct locations (M, N, and 
S) were different in terms of their fatty acid profiles whereas 
two regions as N and S were similar and higher quality than 
M region samples. Wax esters alone were more successful 
in differentiation of these samples in terms of quality rather 
than variety since only M region samples having lower qual-
ity were separated from the rest. FAAEs, on the other hand, 
were found to be better in discrimination of three varieties 
compared to wax esters.
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Although FAAEs and wax profiles have been used only 
for quality purposes, olive variety has also an influence on 
these parameters as it is shown in this study. Studies which 
can be performed with more olive varieties could further 
help in the use of these parameters for authentication pur-
poses. Furthermore, it was observed that FAAEs and wax 
contents in combination have a greater potential in olive oil 
authentication with respect to varietal origin compared to 
one-by-one forms of these compounds. Therefore, FAAEs 
and waxes together could be a promising alternative for 
authentication of olive oils. Their power in quality determi-
nation is still standing but their varietal effect is also valid 
in their usage as an authentication tool.
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