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Preface to ”Volatile Compounds and Smell Chemicals
(Odor and Aroma) of Food”
Volatile organic compounds (VOCs) are molecules characterized by a low boiling point
responsible for their volatility at room temperature. It means that at ordinary room temperature, they
are diffused into the surrounding environment. VOCs are from different origins and are generated
from different chemical and biochemical pathways. Among the constituents of food, VOCs are
important, interesting and informative molecules. Indeed, several of them give rise to odor and
aroma but can also be used by analysts to monitor ripening, senescence, and decay in fruit and
vegetables, as well as to monitor and control the changes during food processing and storage (i.e.,
preservation, fermentation, cooking, and packaging). This Special Issue aims to attract up-to-date
original contributions covering all aspects of volatile compounds research in the food sector.
Eugenio Aprea
Editor
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Among the constituents of food, volatile compounds are a particularly intriguing group of
molecules, because they give rise to odour and aroma. Indeed, olfaction is one of the main aspects
inﬂuencing the appreciation or dislike of particular food items. Volatile compounds are perceived
through the smelling sensory organs of the nasal cavity, and evoke numerous associations and emotions,
even before the food is tasted. Such a reaction occurs because the information from these receptors
is directed to the hippocampus and amygdala, the key regions of the brain involved in learning
and memory.
In addition to identifying the odour-active compounds, the analysis of the volatile compounds
in food is also applied for detecting the ripening, senescence, and decay in fruit and vegetables, as
well as monitoring and controlling the changes during food processing and storage (i.e., preservation,
fermentation, cooking, and packaging). Nineteen research papers and two review papers cover
the topics of this Special Issue. The majority of the papers investigated volatile compounds from
vegetable origin products (16) and four papers reported volatile compounds from animal origin
products (dairy products).
Six of the research papers were mainly focused on the sensory aspects related to volatile
compounds [1–6], and another six papers investigated aspects related to processing [7–9], ﬁve papers
were more oriented to the quality of the products [10–14], cultivation practice [15] and storage [16,17],
two further papers were more focused on measurement techniques and procedures [18,19]. Lastly,
the two review papers reviewed the sensory characteristics (ﬂavour and texture) linked to a physiological
disorder of apple, namely watercore [20] and the inﬂuence of ruminant diet on the volatile ﬂavour
compounds in cheese [21].
Muñoz-González et al. [1] studied the eﬀects of ethanol concentration on the dynamics of oral
aroma release after wine consumption. They found that a subject’s ethanol concentration and nature of
the aroma compound immediately or after 4 min from wine intake inﬂuenced oral aroma release. Just
after wine intake, a higher release was observed for the more polar compounds and a lower release for
more apolar compounds, while after 4 min, all the six esters investigated increased in the oral cavity,
increasing ethanol content in wine. The latter eﬀect could be related to an increase in the fruity aroma
persistence in the wines.
Endrizzi et al. [2] studied the eﬀect of artiﬁcial ﬂavourings on consumer liking of apples. By means
of a conjoint experiment, external information (use of claims) was investigated as well. Depending on
their personal liking, an apple consumers’ preference is aﬀected by diﬀerent ﬂavouring treatments.
Molecules 2020, 25, 3811; doi:10.3390/molecules25173811
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The external information (“traditional” or “selected ﬂavour”) inﬂuenced apple acceptability for some
groups of consumers depending on their food approach (attitude toward natural food interest and
food neophobia).
Deuscher et al. [3] used gas chromatography–olfactometry to classify dark chocolates diﬀering in
organoleptic properties by the key aroma compounds. Thirty-eight discriminant key odorants were
identiﬁed, 13 of which were described for the ﬁrst time in a cocoa product.
Liberto et al. [4] explored the possibility to use HS-SPME-MS-Enose coupled with chemometrics
in order to predict in-cup coﬀee sensory quality in routine controls. This preliminary study has
demonstrated that the proposed approach requires a number of compromises in terms of model
robustness and acceptance of the errors in prediction.
In the work of Genovese et al., [5] it was shown that high levels of extravirgin olive oil (EVOO)
phenolic compounds inﬂuence the in-mouth perceived intensity of both ﬂavours and oﬀ-ﬂavours.
While the high levels of EVOO phenolic compounds did not produce any eﬀect on the headspace
concentration of volatile compounds, they reduced the perceptions of the positive fruity score and of
the score of the “fusty–muddy” defect while increased the score of “winey–vinegary” defect.
Yan et al. [6] used fast volatile ﬁngerprinting to diﬀerentiate the grades of olive oils (extra virgin,
reﬁned and pomace) and indicating the mass peaks more intense for the diﬀerent olive oils grades.
Fatty acids and their derived volatile compounds were studied in “Thompson Seedless” Raisins
during air-drying and sun-drying processes by Wang et al. [7]. The study shows that air-drying is
more favourable for the production of fatty acids, whereas sun-drying is more advantageous in terms
of fatty acid-derived volatiles.
The work of Ma et al. [8] evaluated the inﬂuence of clariﬁcation treatments on the volatile
composition and aromatic attributes of “Italian Riesling” Icewine. The study shows that while all
treatments improved the limpidity of wines, a decreased concentration of aroma compounds was
observed as well as a decrease of colour intensity. The aroma and taste properties of the wine
samples were inﬂuenced more by bentonite ﬁning, while membrane ﬁltration mainly inﬂuenced
colour and aroma. On the other hand, soybean protein and centrifugation treatments achieved better
sensory quality.
Vidal et al. [9] in their study, applied the response surface methodology approach in order to
determine the optimum extraction conditions for maximizing the content of volatile compounds
and pigments in extra virgin olive oil obtained from Arbequina, Koroneiki, and Arbosana Cultivars.
The authors showed that extra-virgin olive oil from irrigated crops and from the Arbequina cultivar
had the highest content of volatile compounds.
Chitarrini et al. [10] combined gas chromatography–mass spectrometry and sensory analysis to
investigate the aroma of new and standard apple varieties grown at two altitudes. The study indicates
twelve volatile organic compounds changing in relationship with pedoclimatic locations, independent
of the variety, and signiﬁcant interactions between variety and altitude on sensory parameters were
reported as well.
In a further work, Chitarrini and co-workers [11] used the same approach (gas
chromatography–mass spectrometry and sensory analysis) to describe four diﬀerent honey wines:
multi-ﬂoral blossom honey and a forest honeydew honey with and without the addition of black
currant during fermentation.
Smith and Peterson [12] combined gas chromatography/mass spectrometry/olfactometry with
sensory recombination and descriptive analysis to identify aroma diﬀerences in reﬁned and whole-grain
extruded maize puﬀs. Maillard reaction products were reported as the main responsible for
perceived diﬀerences.
Ianni et al. [13] studied the proteolytic process in Caciocavallo cheese obtained from Friesian
cows fed zinc, selenium, and iodine supplementation and the possible eﬀect on volatile compounds
formation. In particular, it was observed that selenium negatively inﬂuenced the biochemical processes
leading to the formation of 3-methyl butanol.
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A further study on the eﬀect of animal feeding on volatile compounds in dairy products was
undertaken by Bennato and co-workers [14]. These authors showed that milk from goats fed a dietary
supplementation with olive leaves produced a yogurt, with characteristics potentially indicative of an
improvement in nutritional properties and ﬂavour.
Slaghenauﬁ et al. [15] studied how diﬀerent modalities of grape withering may inﬂuence volatile
compounds in young and aged Corvina wines. The fermentative volatile metabolites responsible for
wine aroma modulation were aﬀected by the withering process, and in particular, the on-vine withering
with blocked xylem is an interesting alternative to conventional fruit withering for the production of
wines where a mild withering is requested.
Yang et al. [16] studied the eﬀect of cold storage on the volatile component in jujube fruits by
using headspace-gas chromatography–ion mobility spectrometry showing the possibility to determine
the diﬀerent storage periods.
Lobo-Prieto et al. [17] tracked the sensory characteristics of virgin olive oils during storage,
showing some disagreements between the sensory assessment and the oxidative stability index
analysed by Rancimat.
In the paper of Coelho and co-workers [18], a liquid–liquid microextraction method combined with
GC-MS was proposed for the analysis of compounds in fermented beverages and spirits. The method
was validated for a set of compounds typically found in fermented beverages.
In the work of Capozzi et al. [19] two complementary analytical techniques, Headspace-Solid
Phase Microextraction-Gas Chromatography-Mass Spectrometry and Proton-Transfer Reaction–Mass
Spectrometry coupled to a Time of Flight mass analyser were coupled to study the volatile organic
proﬁle of Mascarpone cheese. Mascarpone is a base ingredient in industrial, culinary, and homemade
preparations (e.g., it is a key constituent of a widely appreciated Italian dessert “Tiramisù”) which has
been scarcely investigated for its aroma proﬁle.
Tanaka and co-workers [20], in their review paper, summarized the recent studies related to
the physiology of watercore, a physiological disorder of the apple, with special focus on “Fuji” and
related cultivars.
Ianni et al., [21] in their review paper, summarized the major families of volatile compounds most
commonly found in cheese obtained from lactating dairy ruminants fed experimental diets at various
ripening stages, describing, in greater detail, the role of the animal diet in inﬂuencing the cheese ﬂavour.
In conclusion, volatile compounds are responsible for the aroma of food and may be inﬂuenced
by processing, storage, harvesting or animal feeding, and they require a dedicated analytical approach
for the identiﬁcation and the monitoring All these aspects were covered by the manuscripts submitted
and published in the Special Issue “Volatile Compounds and Smell Chemicals (Odor and Aroma) of
Food”. These manuscripts contributed—with their topics and their quality—to the success of this
Special Issue.
Funding: This research received no external funding.
Acknowledgments: The Guest Editor wishes to thank all the authors for their contributions to this Special Issue,
all the reviewers for their work in evaluating the submitted articles and the editorial staﬀ of Molecules, especially
Larry Li, for their kind help in making this Special Issue.
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Eﬀects of Ethanol Concentration on Oral Aroma
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Abstract: This paper evaluates, for the ﬁrst time, the eﬀects of ethanol concentration on the dynamics
of oral (immediate and prolonged) aroma release after wine consumption. To do this, the intraoral
aroma release of 10 panelists was monitored at two sampling points (0 and 4 min) after they rinsed their
mouths with three rosé wines with diﬀerent ethanol content (0.5% v/v, 5% v/v and 10% v/v) that were
aromatized with six fruity esters (ethyl butanoate, isoamyl acetate, ethyl pentanoate, ethyl hexanoate,
ethyl octanoate and ethyl decanoate). Overall, the results indicated that the extent of the eﬀects of
ethanol content on the oral aroma release were inﬂuenced by the subject, the ethanolconcentration and
the type of aroma compound. This eﬀect was also diﬀerent in the immediate than in the prolonged
aroma release. In the ﬁrst in-mouth aroma monitoring, an increase in the ethanol content provoked a
higher release of the more polar and volatile esters (ethyl butanoate, ethyl pentanoate), but a lower
release for the more apolar and less volatile esters (ethyl octanoate, ethyl decanoate). Regarding
the prolonged oral aroma release, an increase of ethanol content in wine increased the oral aroma
release of the six esters, which might also increase the fruity aroma persistence in the wines. Future
works with a higher number of individuals will be needed to understand the mechanisms behind
this phenomenon.
Keywords: wine; ethanol; intra-oral SPME; oral aroma release; aroma persistence

1. Introduction
Ethanol, the most abundant volatile compound in wines and the second most abundant after
water, is a determinant of its sensory quality [1]. The presence of ethanol has been related to diﬀerent
sensations, such as burning feeling or palate warming [2], physical and perceived viscosity [2] or
sourness and sweetness balance [3], among others. Apart from its contribution per se, it has been
suggested that ethanol concentration plays a signiﬁcant role in the overall aroma perception in
wines [4–7], although the mechanisms behind these eﬀects are not completely known. However, the
increasing interest of consumers for light, fruity, and low alcohol beverages has increased the necessity
to deeper understand this phenomenon in order to promote new types of low alcoholic wines.
The studies about the eﬀects of ethanol concentration on aroma compounds have been addressed
through sensory and/or chemical approaches. From a sensory point of view, studies performed
orthonasally (when a wine is smelled) have found that an increase in ethanol content provokes a
decrease of the fruity and ﬂoral notes [4–7], while an increase in wood, pepper, or chemical notes [7],
which would produce an odor imbalance. In this regard, in vitro static studies have shown that the
presence of ethanol might change wine polarity which would modify the distribution of volatile
compounds between the gas and liquid phases according to their physico-chemical properties (for a
review on this topic see [1]). Although very relevant, these studies may not give a clear understanding
of how the wine is actually perceived when it is consumed.
Molecules 2019, 24, 3253; doi:10.3390/molecules24183253
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When a wine is consumed, a fraction of aroma compounds travel from the mouth to the olfactory
receptors via retronasal after having undergone oral processing (swallowing, breathing, interaction
with saliva, adsorption with mucus, etc.) [8–11]. This generates a pulse of aroma known as immediate
aroma perception. Moreover, another aroma fraction remains in the oral cavity when the wine is no
longer in the mouth, and being released over time, which is responsible for the prolonged aroma
perception or aroma persistence. Therefore, the mechanisms involved in retronasal release and
perception are dynamic and more complex than those behind orthonasal perception. In this regard,
some retronasal sensory dynamic studies have found that ethanol increased the duration and intensity
of ﬂoral notes [12]. In another study, the eﬀect of ethanol on the olfactory intensity of speciﬁc wine
volatile phenols has also been observed [13]. However, to our knowledge, there are no in vivo studies
that have measured the eﬀects of ethanol content on the partitioning and release of aroma compounds
in the mouth considering the dynamics of wine consumption. This could be due, among others, to
analytical problems related to the high abundance of ethanol compared to other volatiles of interest.
To the authors’ knowledge, only one in vivo study has measured the eﬀects of ethanol concentration
on the retronasal aroma release in model wines [14] showing that the presence of ethanol increased
the overall in vivo aroma release. This might be explained by changes in surface tension increases
the surface area of wine coating the mouth during consumption, as well as by the Marangoni eﬀect
and the Rayleigh-Bénard convection described by Tsachaki and collaborators [15,16] using in vitro
approaches. However, all these studies have been performed in model wines and have not taken into
account the complexity of the wine matrix composition, which could have aﬀected the observed eﬀects.
In this regard, Tsachaki and collaborators [16] showed that the in vitro aroma release in real wines
was closer to that of an aqueous solution than to model wines. Therefore, to understand the eﬀects
of ethanol content on aroma release and perception, it is important to consider the real wine matrix
composition and to use closer approaches to that of wine consumption.
With these antecedents in mind, the objective of this work was to study how ethanol concentration
aﬀects the dynamic (immediate and prolonged) oral aroma release in real wines. To this end, a
dealcoholized rosé wine (0.5% v/v ethanol content) dosed with increasing amounts of ethanol (5% and
10%) was used. The three wines, aromatized with six fruity esters (4 mg/L), were evaluated by
10 panelists at two time points (30 sec “immediate aroma release” and 4 min after wine expectoration
“prolonged oral release”) following the intra-oral SPME procedure for oral monitoring. These results
will provide more information about how aroma release changes during consumption, and will be
important to understand the role of ethanol on aroma persistence.
2. Results and Discussion
To evaluate the eﬀect of ethanol content on the in vivo aroma release during wine consumption,
the oral aroma release of 10 panelists was monitored at two sampling points (Figure 1) after they rinsed
their mouths with three rosé wines aromatized with six fruity esters (Table 1) presenting diﬀerent
ethanol content (0.5% v/v, 5% v/v and 10% v/v).

Figure 1. Sampling procedure followed for oral aroma monitoring.
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Table 1. Physicochemical properties of the aroma compounds employed in this study.
Aroma
Compounds

CAS
Number

MW a
(g/mol)

log P b

BP c (◦ C)

Solubility d
(mg/L)

Aroma Descriptor e

Ethyl butyrate
Isoamyl acetate
Ethyl pentanoate
Ethyl hexanoate
Ethyl octanoate
Ethyl decanoate

105-54-4
123-92-2
539-82-2
123-66-0
106-32-1
110-38-3

116.16
130.19
130.19
144.22
172.27
200.32

1.85
2.26
2.34
2.83
3.81
4.79

125.79
134.87
148.37
170.05
210.70
247.43

4900
2000
2210
309
70
16

Pineapple Strawberry
Banana
Fruity
Apple
Fruity apricot
Grape

a Molecular weight. b Hydrophobic constant estimated using molecular modeling software EPI Suite (U.S.
EPA 2000−2007). c Boiling point estimated using molecular modeling software EPI Suite (U.S. EPA 2000−2007).
d Solubility in water estimated using molecular software EPI Suite (U.S. EPA 2000−2007). e From Flavornet database
(http://www.ﬂavornet.org; accessed October 2009) or PubChem (https://pubchem.ncbi.nlm.nih.gov/).

2.1. Eﬀects of Ethanol Concentration and Individual Diﬀerences on the Immediate Oral Aroma Release
Immediate aroma release refers to the aroma compounds trapped in a SPME ﬁber immediately
after the panelists rinsed their mouths with the wine samples and expectorated (Figure 1). Data
obtained for the 10 volunteers in each of the wines were submitted to two-way ANOVA analyses
considering individuals and ethanol content as factors and their interactions. Results (Table 2) showed
that the eﬀect of subjects on aroma release was highly signiﬁcant (p < 0.0001) for all the assayed
compounds (Table 2), which indicated a high interindividual variability on the immediate oral release
of esters. The variability on the aroma released observed among individuals equally trained in the
same consumption procedure and using the optimized SPME conditions is not surprising and it could
be related to diﬀerences in oral physiological factors, such as, salivary ﬂow rate and composition or
oral cavity volume, among others, as it has been previously described in diﬀerent works [8–11].
Table 2. Results of the two-way ANOVA performed to compare the statistical signiﬁcance of the ethanol
content on the immediate intra-oral aroma release (n = 10). Each sample was analyzed in triplicate.

Mean
SEM a
R2 b
Fc
Pr > F d

Ethyl
Butyrate

Isoamyl
Acetate

Ethyl
Pentanoate

Ethyl
Hexanoate

Ethyl
Octanoate

Ethyl
Decanoate

4,596,854.41
355,864.23
0.94
25.27
<0.0001

7,107,442.85
509,112.21
0.94
24.43
<0.0001

6,254,852.57
453,805.55
0.91
17.228
<0.0001

8,892,546.68
744,257.30
0.87
11.47
<0.0001

26,049,220.47
1,704,957.45
0.95
30.10
<0.0001

12,679,314.42
850,164.95
0.93
21.29
<0.0001

Subject

F
Pr > F

56.14
<0.0001

59.49
<0.0001

40.55
<0.0001

31.37
<0.0001

78.78
<0.0001

58.32
<0.0001

Ethanol (%)

F
Pr > F

4.04
0.024

1.06
0.356

3.73
0.031

0.57
0.567

6.75
0.003

4.29
0.019

Subject*Ethanol
(%)

F
Pr > F

12.30
<0.0001

9.57
<0.0001

7.17
<0.0001

3.31
0.000

8.54
<0.0001

4.65
<0.0001

a

Standard error of mean.

b

Coeﬃcient of determination. c F statistic.

d

Probability values.

Regarding the eﬀect of ethanol content on the immediate oral aroma release, it seemed that this eﬀect
was less important than the subject eﬀect and aroma compound and ethanol concentration-dependent
(Table 2). To better visualize these results, data were plotted, and shown in Figure 2. To do so, data
were normalized considering the values obtained for the 0.5% v/v as 0% and calculating the ratio for
the other two wines. As can be seen, the oral release of two compounds (isoamyl acetate andethyl
hexanoate) was not signiﬁcantly aﬀected by variations in the ethanol content. Moreover, certain
compounds (ethyl butyrate and ethyl pentanoate) showed a signiﬁcantly higher immediate oral release
after the consumption of the wines with high ethanol content (5% v/v and 10% v/v) compared to 0.5%
v/v, while others (ethyl octanoate and ethyl decanoate) showed the opposite behavior. The diﬀerences
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observed among compounds are not unexpected, and they could be related to the physicochemical
properties of the aroma compounds, such as hydrophobicity (log P) or boiling point (BP), as it has
been previously suggested by diﬀerent authors [5,15,17–19]. Interestingly, the less polar and volatile
compounds of this study (ethyl octanoate and ethyl decanoate) were less released in the wines with
high ethanol content. This could be due to the fact that these compounds could be more soluble in the
wine matrix as ethanol concentration increases. Therefore, the higher the ethanol content, the higher
the retention of these compounds in the wine matrix and the lower the immediate oral release. On the
contrary, the more polar and volatile compounds (ethyl butyrate and ethyl pentanoate) were more
released in the wines with high ethanol content. These compounds would have had less aﬃnity for the
wine matrix as ethanol concentration increased, and therefore, they could have been more intra-orally
released. However, the immediate release of the compound isoamyl acetate (showing a similar log P
and BP values than those of ethyl pentanoate) was not signiﬁcantly aﬀected by the ethanol content.
Interestingly, this is the only compound with a non-linear structure of the compounds assayed, which
means that not only the phsysicochemical characteristics, but the structure of the compound could be
important to explain oral aroma release.

Figure 2. Percentage of immediate oral aroma release obtained for the volunteers (n = 10) after rinsing
their mouths with the wines (considering the values obtained for the W 0.5% as 0% and comparing
this value with the amount determined for the rest of wines). Diﬀerent letters across the diﬀerent
compounds denote statistical diﬀerences after the application of the Tukey test for means comparison
(p < 0.05).

Finally, the interaction between subject and ethanol content was signiﬁcant for all the aroma
compounds assayed (Table 2). This means that the eﬀect of ethanol on the immediate oral aroma
release is individual dependent, and therefore, not all the panelists would be aﬀected in the same way
by changes in ethanol concentration. Figure 3 shows an example of the release values obtained for the
compound ethyl decanoate by the 10 panelists. As can be seen, the variation in the ethanol content only
signiﬁcantly aﬀected the oral aroma release of ethyl decanoate for three of the ten subjects (S2, S3 and S4).
Moreover, the eﬀects of ethanol content on oral aroma release showed opposite behaviors depending
on the subject. While the presence of ethanol signiﬁcantly reduced the release of ethyl decanoate for
S2 and S4, it increased the release for S3. The diﬀerent eﬀects of ethanol concentration-depending
on the subject are interesting, and it should be studied in future works considering a high number
of individuals.
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Figure 3. Immediate oral ethyl decanoate release (absolute peak areas) obtained for the volunteers
(n = 10) after rinsing their mouths with the wines. Diﬀerent letters across the diﬀerent compounds
denote statistical diﬀerences (p value < 0.05) after the application of the Tukey test for means comparison.

2.2. Eﬀects of Ethanol and Individual Diﬀerences on the Prolonged Oral Aroma Release
To globally understand the eﬀects of ethanol during wine consumption it is important to consider
not only the aroma released immediately after wine intake, but also the oral aroma release that lingers
in the mouth once the wine is no longer in the oral cavity. Therefore, after monitoring the immediate
aroma release, the panelists were asked to keep their mouths closed and 2 min later, a second oral
monitoring was carried out in the same conditions as described above (Figure 1). With these data, a
two-way ANOVA analysis was performed in order to understand the eﬀect of individual diﬀerences
and ethanol content on the prolonged oral aroma release. Results are shown in Table 3. Similar to
what happened in the immediate oral aroma release, a high variability among individuals and in the
interactions between individuals and ethanol content was observed for all the aroma compounds
assayed (Table 3).
Table 3. Results of the two-way ANOVA performed to compare the statistical signiﬁcance of the ethanol
content on the prolonged intra-oral aroma release (n = 10). Each sample was analyzed in triplicate.

Mean
SEM a
R2 b
Fc
Pr > F d

Ethyl
Butyrate

Isoamyl
Acetate

Ethyl
Pentanoate

Ethyl
Hexanoate

Ethyl
Octanoate

Ethyl
Decanoate

133,838.96
31,033.08
0.83
9.02
<0.0001

321,509.22
43,941.31
0.96
45.07
<0.0001

199,024.90
36,020.31
0.86
11.32
<0.0001

633,104.58
105,826.43
0.90
21.13
<0.0001

5,761,616.25
519,018.38
0.91
19.41
<0.0001

6,940,717.29
515,250.95
0.91
18.74
<0.0001

Subject

F
Pr > F

19.80
<0.0001

121.52
<0.0001

31.67
<0.0001

63.78
<0.0001

55.75
<0.0001

48.91
<0.0001

Ethanol
(%)

F
Pr > F

8.91
0.000

12.64
<0.0001

7.44
0.001

2.56
0.087

3.76
0.030

7.55
0.001

Subject*Ethanol F
(%)
Pr > F

3.62
0.000

10.38
<0.0001

1.66
0.079

1.98
0.028

2.82
0.002

4.54
<0.0001

a

Standard error of mean.

b

Coeﬃcient of determination. c F statistic.

d

Probability values.

Regarding the eﬀects of ethanol content on the prolonged oral aroma release, it can be observed
that the presence of ethanol signiﬁcantly increased the oral release for ﬁve of the six esters assayed.
Moreover, the release of ethyl hexanoate was also increased by the ethanol content, but the eﬀect did not
reach the signiﬁcance level (p-value = 0.087) (Table 3). Once again, to better visualize these results, data
were plotted, and shown in Figure 4. Here, data were normalized considering the values obtained for
the 0.5% v/v as 0% and calculating the ratio for the other two wines. As can be observed, all the esters
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were more released at higher ethanol content. Moreover, the more apolar compounds (ethyl octanoate
and ethyl decanoate) were also signiﬁcantly more released in the 5% v/v than in 0.5% v/v. Interestingly,
these results showed the same trend as the previous studies and dynamic sensory studies performed
on this topic which showed an enhancement of aroma release in the presence of ethanol [14,20], and an
increase in the duration of fruity/ﬂoral notes as the ethanol concentration increases [12].

Figure 4. Percentage of prolonged oral aroma release obtained for the volunteers (n = 10) after rinsing
their mouths with the wines (considering the values obtained for the W0.5% as 0% and comparing
this value with the amount determined for the rest of wines). Diﬀerent letters across the diﬀerent
compounds denote statistical diﬀerences after the application of the Tukey test for means comparison
(p < 0.05).

Although additional studies are required in order to elucidate the mechanisms of action of ethanol
content on the persistence of aroma compounds after wine intake, the higher prolonged oral aroma
release observed in the presence of ethanol (from 5% v/v onwards) could be due to diﬀerent facts.
On the one hand, ethanol might induce changes in surface tension aﬀecting the distribution of the
wine in the mouth and pharynx during consumption, allowing the sample to better spread out and
favoring the formation of a larger surface in the oral cavity for volatile release [20]. On the other hand,
in the presence of ethanol, esters could be more solubilized in the layer of wine that remains in the
mouth after wine rinsing and, therefore, these compounds could be released more slowly over time.
Finally, the mixture of wine lingering in the oral cavity could be submitted to the Marangoni and
Rayleigh convection phenomenon described in vitro by Tsachaki and co-authors [15]. In this case, the
presence of ethanol would help aroma compounds be released more easily from the layer of wine to
the oral headspace. Additionally, other mechanisms related to the interactions of ethanol with salivary
proteins or enzymes could not be discarded. In this regard, it could be possible that the presence
of ethanol could have inhibited certain salivary enzymes (e.g., esterases), more prone to metabolize
long chain esters [21], like ethyl octanoate and ethyl decanoate. Additionally, the presence of ethanol
(in higher concentrations than those of the aroma compounds) could have occupied the binding sites
of the salivary proteins modifying the interactions between aroma compounds and oral proteins as
suggested previously in the presence of sugar [22]. Therefore, additional studies are required in order
to corroborate these hypotheses.
3. Material and Methods
3.1. Wine Samples
A dealcoholized rosé wine (Matarromera, Pesquera de Duero, Spain) from the Tempranillo grape
variety with an ethanol concentration of 0.5% v/v (control wine) was selected for this study. To this
wine, diﬀerent amounts of ethanol content (Panreac Quimica S.A., Barcelona, Spain) were added to
obtain two additional wines with 5% v/v and 10% v/v of ethanol content.
To reinforce the aroma proﬁle of the wines, six food-grade esters (Sigma-Aldrich, Steinheim,
Germany) were employed in this study. They present diﬀerent physicochemical properties and are
associated with fruity notes in wines (Table 1). Independent stock solutions of the compounds were
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prepared in food-grade ethanol (Panreac Quimica S.A., Barcelona, Spain). From here, each aroma
compound was added to the wines immediately before each session to obtain a ﬁnal concentration of
4 mg/L. It was previously determined by HS-SPME-GC/MS [23] that the amount of these compounds
present in the original wine was negligible compared to the amount of aroma added (Table S1).
3.2. Intra-Oral SPME Sampling
3.2.1. Subjects
Ten young, healthy volunteers (four male and six female) between 18–36 years old participated
in this study. The sampling procedures were explained in detail to the subjects who also provided
written consent to participate. The Bioethical Committee of the Spanish National Council of Research
(CSIC) approved this study.
3.2.2. Intra-Oral SPME Procedure for Aroma Monitoring
To study how ethanol aﬀects the oral processing of typical wine esters, subjects rinsed their
mouths with three aromatized wines containing diﬀerent ethanol content (0.5% v/v, 5% v/v and
10% v/v), and then, the aroma released into the oral cavity after wine expectoration was monitored
following the intra-oral SPME procedure previously developed and validated by Esteban-Fernandez
and collaborators [24]. The representation of the analytical procedure is schematized in Figure 1.
Brieﬂy, subjects were instructed to introduce the aromatized wine (15 mL) into their oral cavity, kept
it for 30 s and then spit it oﬀ. During rinsing, special care was taken to keep the lips closed, not to
swallow and not to open the velum-tongue border prior to expectoration. At 30 s after expectoration, a
DVB/CAR/PDMS (Divinylbenzene/Carboxen/Polydimethylsiloxane 50/30 μm thickness, 2 cm length)
coated SPME ﬁber (Supelco, Bellefonte, PA, USA) with a home-made adaptor, was introduced into
the oral cavity of the volunteer. After 2 min of oral aroma extraction, in which swallowing was not
allowed, the ﬁber was removed from the oral cavity and immediately placed into the split/splitless
injector (splitless mode) of the Gas Chromatograph (GC) Agilent 6890N coupled to a quadrupole Mass
Detector (MS) Agilent 5973 (Santa Clara, CA, USA). This measurement is referred to as an immediate
oral release. Four minutes after wine expectoration, a second ﬁber was introduced in the oral cavity
following the exact protocol described previously (Figure 1). This second measurement is referred to
as a prolonged oral aroma release.
After each injection, the ﬁber was cleaned for 10 min to avoid any memory eﬀect. Analyses
were performed three times with each wine type (0.5% v/v, 5% v/v and 10% v/v) by the ten volunteers
(3 wine × 10 volunteers × 3 repetitions = 90 injections). An inter-ﬁber repeatability study was previously
carried out. This allowed the selection of the most similar ﬁbers (RSD values <10% for the extraction
of the same aroma compound) to complete the study. Moreover, the use of a short sampling time
also known as “true headspace” [25], avoids any problems derived from the use of SPME, such as the
changes in the distribution of the molecules between the liquid and gas phases at equilibrium, due to
adsorption phenomena onto the ﬁber itself, or to problems of saturation, due to an excess of ethanol
absorbed onto the ﬁber compared to the compounds of interest [25]. In our case, the equilibrium is
not reached, the ﬁber is not saturated, and therefore, the detected composition can be considered as
representative of the real intraoral-headspace composition.
3.2.3. GC/MS Analyses
Volatile compounds were separated on a DB-Wax polar capillary column (60 m × 0.25 mm i.d. ×
0.50 um ﬁlm thickness) from Agilent (J&W Scientiﬁc, Folsom, USA). Helium was the carrier gas at a
ﬂow rate of 1 mL min−1 . The oven temperature was initially held at 40 ◦ C for 2 min, then increased at
8 ◦ C each minute to 240 ◦ C and held for 15 min.
For the MS system (Agilent 5973N), the temperature of the transfer line, quadrupole and ion
source were 270, 150 and 230 ◦ C respectively. Electron impact mass spectra were recorded at 70 eV
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ionization voltages, and the ionization current was 10 μA. The acquisitions were performed in a scan
(from 35 to 350 amu) and SIM modes. The identiﬁcation of the six target compounds was based on the
comparison of retentions times and mass spectra. The mass spectra were compared with those from
NIST 2.0 database and with those from reference compounds analysed in the same conditions. Since
no internal standard was used during the oral SPME extractions, absolute peak areas (APAs) were
obtained. The use of APAs to express aroma release was suﬃcient for this type of analyses as the aim
of the work was to compare the extent of aroma release between wine samples.
3.2.4. Statistical Analyses
Two-way ANOVA and the Tukey test were used to determine signiﬁcant diﬀerences in oral release
parameters of the six aroma compounds considering subjects and wine type (ethanol concentration) as
factors. The signiﬁcance level was p < 0.05 throughout the study. The XL-Stat 2017.01 program was
used for data processing (Addinsoft, Paris, France).
4. Conclusions
The present results showed that the eﬀects of ethanol content on oral aroma release after wine
consumption are dependent on the subjects, the ethanol concentration and their interactions and the
nature of the aroma compound assayed.
The eﬀects of ethanol content on oral aroma release were diﬀerent immediately after wine
consumption than four minutes later. In the ﬁrst in-mouth aroma monitoring, an increase in the
ethanol content provoked a higher release of the more polar and volatile esters (ethyl butanoate,
ethyl pentanoate), but a lower release for the more apolar and less volatile esters (ethyl octanoate,
ethyl decanoate). Regarding the prolonged oral aroma release, an increase of ethanol content in wine,
increased the oral aroma release of the six esters. This eﬀect was greater when the concentration of
alcohol rose from 0.5% to 10% v/v, and it could be related to an increase of the fruity aroma persistence
in the wines.
Moreover, important interindividual diﬀerences have been noted in this work, which could be
related to variation in oral physiology parameters among subjects. Interestingly, high interaction
between subject and ethanol was also found, meaning that in each subject, retronasal aroma release is
diﬀerently aﬀected by ethanol content. Future studies with a high number of individuals are needed
in order to validate these results and to investigate the mechanisms behind the observed eﬀects.
Nonetheless, it is important to state that this research has shown the eﬀect of ethanol on aroma release
within the oral cavity but no information on the travel of aroma compounds to the receptors in the
nose has been provided, which could be also of interest for new studies. Overall, these ﬁndings could
help winemakers produce new low alcohol wines considering the eﬀect of ethanol on aroma release.
Supplementary Materials: The following are available online, Table S1: Endogenous concentration of the target
aroma compounds in the control wine (0.5% v/v).
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Abstract: In this paper, the inﬂuence of ﬂavour modiﬁcation, artiﬁcially induced, on consumer
acceptability of apple fruit is studied. The method consists of modifying the ﬂavour of a real food
matrix dipping apples into ﬂavour solutions. Two ﬂavouring compounds (linalool and anethole)
that were responsible of “ﬂoral” and “anise” aroma descriptors, respectively, were considered here.
The eﬀectiveness of ﬂavouring treatments was conﬁrmed by instrumental analysis of volatile
compounds proﬁle using solid-phase microextraction gas chromatography/mass spectrometry
(SPME/GC-MS) and by discriminative and descriptive sensory analyses. The eﬀect of ﬂavour-impact
was evaluated in an informed test on the two ﬂavoured ‘Fuji’ apples: the consumers were asked
to evaluate the global liking of the treated and non-treated apples with information regarding
the aromatic features. Participants’ additional data on the characteristics on their “ideal apple”,
attitudes toward natural food, food neophobia, and demographic data were also recorded by speciﬁc
questionnaires. A statistically signiﬁcant eﬀect on liking was found for the ﬂavour factor, whereas
external information only aﬀected apple acceptance for subgroups of consumers, depending on their
attitude towards food.
Keywords: ﬂavouring treatment; SPME/GC-MS; triangle test; sensory proﬁle; apple acceptability;
external information

1. Introduction
Several authors investigated the inﬂuence of sensory attributes, both being related to texture
and ﬂavour, on consumer liking of apples. For example, the positive correlation between liking and
texture parameters like crispness, hardness or juiciness has been demonstrated [1–3]. Symoneaux and
colleagues [4] reported that crunchiness and sweetness are the main sensory preference key drivers
in apple. Endrizzi and colleagues also found that an increase in some texture parameters has less
inﬂuence on the sweetest apples and a greater inﬂuence on the least sweet [5]. The papers reported
in the literature suggest that consumers classify apples according to a texture dimension (soft to
ﬁrm) and a taste dimension (sweet to acid), which suggests that there are two main apple consumer
categories: those who prefer ﬁrm, juicy, and quite acid apples, and those who like sweeter, but less
ﬁrm, apples [6–10].
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1.1. Studying Flavour in Apples
It seems that apple ﬂavour, as the retro-nasal perception of volatile compounds, is a factor of
secondary importance for consumers or important just for a limited number of consumers [11,12].
This could be because crunchiness, juiciness, and the ratio between acid and sweet are eﬀectively
dominant characters in apples; in other words, these characteristics stimulate our senses ﬁrst when
we eat an apple [13]. Consumer experience when tasting an apple is the result of the multisensory
integration of olfactory, taste, and tactile sensations, being modulated by the dynamic evolution of the
tasting event and the location of sensory stimuli in the mouth [14]. For these reasons, consumers are
commonly not educated to distinguish between taste and ﬂavour and, therefore, their deﬁnition of sweet
or acid actually includes a set of gustatory and olfactory characteristics. However, the acceptability
test results also depend strongly on the variety of apples included in comparison during the study,
and thus the selection of samples plays a fundamental role [5,12]. Sometimes, fruits that are developed
during breeding programs, with positive ﬂavour attribute, have to be excluded from a study, because
available fruits are not enough to conducts the tests (generally one to three trees are available) or
because they are considered to be unpleasant for other sensory aspects and cannot be proposed to the
consumer [15]. Nevertheless, ﬂavour continues to remain a primary focus in apple breeding [16,17],
and it is known that it is an important factor because it also aﬀects other dominant characteristics,
such as sweetness [18,19]. In the past, the role of fruit volatiles and tastants on sensory perception has
been studied while using model solutions [20], juices [21,22], fruit pulps [23,24], and the injection of
ﬂavours into fruit pieces [14,25]. More recently [13], the inﬂuence of aroma perception on taste and
texture in apple was studied in our laboratory by dipping fruit pieces (cylinders) in a ﬂavour solution.
1.2. Studying Intrinsic and Extrinsic Factors
In recent years, the number of publications that investigates consumer choice by simultaneously
evaluating intrinsic and extrinsic factors by means of rating-based conjoint experiments has increased
(see among others [26,27]). Nevertheless, far fewer studies investigated taste as a factor in a conjoint
framework, mainly measuring the eﬀect of diﬀerent levels of sweetness or sourness, sometimes
combined by texture attributes [5,28–31]. As far as the authors’ know, there are no conjoint studies that
examine the eﬀect of diﬀerent ﬂavours/aromas. It is also known that, external information, as claimed,
has a role in consumers’ perception inﬂuencing food choices. Several studies have been performed
investigating the eﬀect of nutrition and health claims (see among others [5,32,33], information regarding
origin [34], production method [35], quality labels [36], or sustainability labels [37]).
1.3. Objective of the Study
Here, for the ﬁrst time as far as the author knows, a conjoint study including tasting was carried
out on apple, measuring the eﬀect on liking of diﬀerent ﬂavours and of external information regarding
the ﬂavour of fruit under evaluation. To do that, the eﬀect of ﬂavour-impact was artiﬁcially induced in
the real food matrix to compare consumer acceptability of unmodiﬁed versus ﬂavoured Fuji apples.
The eﬀectiveness of the ﬂavouring treatment was evaluated by instrumental and sensory methods.
After that, a consumer test was performed to investigate the overall liking of the treated apples.
Therefore, the objective of this work is two-fold: to check the applicability and the eﬀectiveness of the
ﬂavouring method proposed and evaluate the eﬀect on acceptability of the chosen ﬂavours in apple,
in informed conditions.
2. Results
The evaluation of the eﬀectiveness of ﬂavouring treatment was achieved by instrumental
(Section 2.1.1) and sensory perception veriﬁcation (Sections 2.1.2 and 2.1.3). Afterwards, consumers
assessed the overall liking of apples (Section 2.2).
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2.1. Veriﬁcation of Flavouring Treatment Eﬀectiveness
2.1.1. Quantiﬁcation of Volatile Organic Compounds
Calibration curves, based on solid-phase microextraction gas chromatography/mass spectrometry
(SPME/GC-MS) analysis, were built for the quantiﬁcation of linalool and anethole present in the
apple pulp. The coeﬃcient of variation of the quantiﬁcation method, which was calculated over
10 consecutive injections, was lower than 14% for linalool and lower than 11% for anethole. Table 1
reports an average amount of ﬂavouring and ethanol penetrating in the apples, as calculated over
10 diﬀerent fruits per each treatment. Linalool and anethole isomer (estragole) are common constituents
that are found in apple headspace [38], generally at low concentration, and they may increase depending
on several factors, including ripening and storage. The average amount of linalool and anethole
naturally present in the pealed apples used in this study was 0.030 (min 0.026, max 0.031) and
0.019 (min 0.008, max 0.038) mg/kg, respectively. After ﬂavouring treatment, the amount of linalool
that was found in the apple pulp was on average 1.05 ± 0.24 mg/kg. Nevertheless, the amount of
anethole was 1.02 ± 0.14 mg/kg. The ethanol naturally occurring in the used apples was, on average,
67.1 ± 16.0 mg/kg and only marginally inﬂuenced by the soaking treatment (from 52.7 to 81.2 mg/kg).
In the Supplementary Materials, we also report the spatial (radial) adsorption trend of linalool and
anethole in the apple ﬂesh (Figures S1 and S2). In conclusion, the volatile organic compounds analysis
by SPME/GC-MS conﬁrmed that the treatment allowed for the penetration of the ﬂavouring agent
into the apple ﬂesh. Furthermore, the two concentrations of ﬂavouring agent employed allowed for
obtaining apples with two levels (statistically diﬀerent) of linalool and anethole.
Table 1. Average amount (mg/kg) and standard deviation (in parenthesis) of ethanol, linalool and
anethole in non-ﬂavoured (R) and ﬂavoured (L, A) apples that were treated with two diﬀerent
concentrations (1 and 2.5 g/L), calculated over 10 diﬀerent fruits per each treatment by solid-phase
microextraction gas chromatography/mass spectrometry (SPME/GC-MS).

ethanol
linalool
anethole

R

L_1

L_2.5

A_1

A_2.5

67.11 (15.99)
0
0

77.16 (25.57)
0.35 (0.07)
0

73.96 (23.91)
1.05 (0.24)
0

81.23 (31.88)
0
0.49 (0.16)

52.68 (17.35)
0
1.02 (0.14)

2.1.2. Triangle Test
Table 2 reports the results of the triangle tests. Apples that were ﬂavoured with anethole, in both
concentrations, were perceived to be statistically diﬀerent from those not treated, while those that
were ﬂavoured with linalool were perceived as being statistically diﬀerent from those that were not
treated just in the preparation with the highest concentration. Both compounds were targeted to be
presented at the same concentration in the apples after the treatment; nevertheless, the compounds
may not elicit the same intensity of aroma at equal concentrations, as conﬁrmed by the data reported
in Table 2. We expected a higher rate of correct responses for linalool at low concentration, but the
detection thresholds in apple could be diﬀerent from those found in water, according to the anethole
(0.073 mg/L) and linalool (0.00017 mg/L) thresholds in water [39]. At the tested higher concentrations,
linalool is more clearly perceived than anethole, perhaps because the ﬂoral scent that is given by
linalool in apples is recognised as an incongruous sensation, while anethole is not perceived as such:
indeed, some varieties are characterised by this attribute in aged apples [40].
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Table 2. Total number of responses, number and percentage of correct responses and the related p-value
of each triangle comparison. Statistically signiﬁcant comparisons (p-value < 0.05) are reported in bold.
Comparison

Description

Total Responses

Correct Responses

% of Correct Responses

p-Value

1
2
3
4

R vs. L_1
R vs. L_2.5
R vs. A_1
R vs. A_2.5

38
38
38
38

18
27
22
19

47
71
58
50

0.051
<0.001
0.002
0.025

2.1.3. Descriptive Sensory Analysis
Descriptive proﬁling data of the six apples (R, A_1, A_2.5, L_1, and L_2.5) were submitted to PCA
to explore similarities and diﬀerences among the treated and untreated apples. Figure 1 reports the
model on all of the sensory attributes. The analysis revealed that the ﬁrst three PCs accounted for 93% of
the variability. PC1 accounted for 44% of the variability and clearly apple A_2.5 is separated from others
along this dimension, whereas sample L_2.5 diﬀers from others along PC2 (25%). Thus, anise ﬂavoured
apples are characterised by anise odour and ﬂavour, while apples that are treated with linalool are
described with “ﬂoral honey” odour, “ﬂoral”, and “pineapple” odours and ﬂavours. This is consistent
with [25], where fruit pieces that were injected with linalool were mainly described as ﬂoral/citrus.
In Figure 1b, where PC2 and PC3 (24%) are plotted together, apples that are treated with the solution
at the lower concentration (L_1 and A_1) are represented closer and seem to be characterised by
higher levels of sweetness. Overall, the results from descriptive sensory analysis revealed that the
ﬂavouring method was successful in modifying the samples for their ﬂavour component, but not the
other sensory properties.
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(a)
Figure 1. Cont.
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(b)
Figure 1. Bi-plot of PCA model on all sensory variables: PC1 vs. PC2 (a) and PC3 vs. PC2 (b). The six
apples, two varieties (Golden Delicious and Fuji) in the three treatments (R, A, and L), are written
in bolt.

2.2. Consumer Study
2.2.1. Description of Consumer Panels
Fifty-one percent of the panel (N = 207) was composed of male, 20% being childless, and 43%
living in a family. Seven percent of the panel has a postgraduate degree, 65% was non-smoker, and 64%
did sports more than twice a week. For the majority of the 207 consumers an ideal apple should be
very crunchy (61%), very juicy (67%), very aromatic (63%), but just fairly acid (92%) and fairly sweet
(76%). The panel was segmented in three groups according to its attitude towards natural food interest
(NFI): low (31%), medium (38%), and high (31%). A further segmentation on the basis of the food
neophobia scale (FNS) was also performed: low (34%), medium (32%), and high food neophobia (34%).
2.2.2. Informed Testing
The results of the ANOVA mixed model showed signiﬁcant main eﬀects on liking for consumer
and ﬂavour (p < 0.0001 and p = 0.007, respectively) and a non-signiﬁcant main eﬀect for external
information (p = 0.108). All of the interactions are highly signiﬁcant (p < 0.0001). The interaction
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between ﬂavour and information (F × I) had the strongest eﬀect (MS = 13.00), followed by the ﬂavour
level (MS = 12.77), with anise ﬂavoured apple (A; M = 6.31, SD = 1.64) being the least preferred sample
statistically diﬀerent from ﬂoral ﬂavoured apple, which is the most preferred (L; M = 6.65, SD = 1.73).
The sample with no added ﬂavour had a diﬀerent evaluation, depending on submitted information
(Figure 2): awarded under the claim ‘traditional’ (R; M = 6.83, SD = 1.58), but penalised if it was
labelled as ‘chosen for its intense ﬂavour’ (R; M = 6.29, SD = 1.69). Table 3 reports the results of the
ANOVA model (1), recalculated for speciﬁc subgroups identiﬁed by FNS (FNS_3 = 70 consumers
with high food neophobia), NFI (NFI_2 = 77 consumers with moderate interest towards natural
food), age (on Age_1 = 67 consumers under 33 years of age), and gender (105 males and 102 females).
The signiﬁcant main eﬀect of ﬂavour is reconﬁrmed in people under 33 years of age (Age_1) and
in males (Figure 3). Additionally, there are signiﬁcant eﬀects on the liking of external information
regarding ﬂavour: females, subjects with a moderate interest towards natural food and subjects with
high level of food neophobia evaluated apples that were labelled as ‘traditional’ higher than those
claimed as ‘chosen for its intense ﬂavour’ (Figure 4). The ﬁnding concerning the F × I interaction was
also conﬁrmed in several sub-groups of consumers: males (p = 0.011) and females (p = 0.016), for those
who have a low interest in natural foods (p = 0.008) and low neophobia (p = 0.015).
Table 3. p-values of ANOVA mixed model on the eﬀects of consumer and conjoint factors on liking
(All = 207 consumers), on FNS_3 = 70 consumers with high food neophobia, on NFI_2 = 77 consumers
with moderate interest towards natural food, on Age_1 = 67 consumers under 33 years of age, on males
(105) and females (102). Statistically signiﬁcant eﬀects (p-value < 0.05) are reported in bold.
Source of Variation

Eﬀect

All

FNS_3

NFI_2

Age_1

Males

Females

Consumer (C)
Flavour (F)
Info (I)
C×F
C×I
F×I

Random
Fixed
Fixed
Random
Random
Fixed

0.000
0.007
0.108
0.000
0.000
0.000

0.001
0.175
0.007
0.000
0.006
0.091

0.013
0.147
0.042
0.003
0.065
0.168

0.014
0.003
0.885
0.000
0.210
0.063

0.000
0.004
0.953
0.000
0.015
0.011

0.000
0.098
0.041
0.000
0.008
0.016

Figure 2. Representation of interaction eﬀect between Flavour (R = reference, A = anethole, L = linalool)
and Information (T = traditional, A = chosen for its intense aroma) on liking in the two-way ANOVA
mixed eﬀect model.
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consumer sample (All) and of speciﬁc subgroups are reported (Age_1 = 67 consumers under 33 years
of age, 105 males). Within the same group, mean values with diﬀerent letters are signiﬁcantly diﬀerent
(p < 0.05).
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Figure 4. Main eﬀect of information (T = traditional, A = chosen for its intense aroma) on liking of the
whole consumer sample (All) and on speciﬁc subgroups of it: FNS_3 = 70 consumers with high food
neophobia, NFI_2 = 77 consumers with moderate interest towards natural food, 102 consumer females.
Within the same group, mean values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

3. Discussion
3.1. Flavouring Method
In the present paper, a new way to investigate ﬂavour impact in apples was proposed. The method
used has the advantage of not modifying the apple in its shape, which allows for it to be consumed as
a whole fruit if necessary, or in apple slices, as presented here. In previous studies, participants tasted
fruit cylinders, cubes, or quartered pieces [13,15,25]. This approach was applied on the Fuji apple,
one of the most popular apple varieties in Italy and Europe. It is characterised by appreciated taste
22

Molecules 2019, 24, 4306

and texture attributes with a mild ﬂavour proﬁle [10,41], and this is the reason why we have chosen
it. Anethole and linalool have been chosen between the shortlist of those volatile compounds that
are already naturally present in apples in low amount [38]. Even if anethole has been shown being
noticeable in speciﬁc varieties as Ambrosia and in increasing concentration by age [39]. The research
was successful in achieving the aim of developing a method that was able to alter the ﬂavour proﬁle of
fruit while using apple fruit as an example. The results demonstrate that the compounds reproducibly
penetrate into the fruit tissue. This ﬁnding is also supported by the perception of the panellists who
were able ﬁrst to discriminate the samples and then to describe them as diﬀerent in terms of the aromatic
proﬁle. The ﬂavouring method should only change the ortho- and retro-olfactory perception and not
the other characteristics in order to be eﬀective. This makes sense only from the instrumental point of
view, because any diﬀerent perception that we record could be the result of both a real modiﬁcation and
a multisensory interaction (among the others [42,43]). In our case, the perception of texture attributes
remains unchanged between the ﬂavoured samples and the reference, whereas ﬂavoured samples that
were prepared with the lowest concentration solution showed a higher level of sweetness (Figure 1).
This could be the result of a sensory interaction. It is known that the perception of sweetness in apples
is not due only to the sugar content, but also to a strong aromatic component [19]. Here, it seems that
when the aroma is perceived clearly and is therefore above the recognition threshold, it is correctly
associated and measured; otherwise, it seems to contribute to the evaluation of sweetness. However,
further investigations are needed to validate this thesis.
3.2. Eﬀect of the Flavour
The goal of this work is to study the impact of ﬂavour on consumer when information is present.
Here, the evidence that consumers’ hedonic scores changed in response to the diﬀerent ﬂavour
treatment was demonstrated: the anise-ﬂavoured apple is always the least appreciated, while the
ﬂoral ﬂavoured is the most appreciated one. The smell of anise is undoubtedly a smell/ﬂavour that
divides people according to their liking, even if there is no information regarding that in the literature.
Jaeger et al. [25], who injected essences (linalool among the others) into pieces of kiwi, found that their
samples that were treated with high linalool were very high in the intensity of ﬂoral/citrus attribute
and this contributed to diminished acceptability. Indeed, in their study, the sample that was injected
with high linalool was the least appreciated. The signiﬁcant eﬀect of the ﬂavour found for the whole
panel (All in Figure 3) is only reconﬁrmed for male and younger consumers. This is a result that is
contrary to the expectations for the authors, who expected mature people and women to be more
discriminative because they are generally more open to novelties. Previous works in literature, in fact,
described that younger participants showed a higher degree of food neophobia [44] and that women
are generally more open than men [45], even if, for gender, some authors described the contrary [46].
3.3. Eﬀect of Information
Giving information about “traditional” or “selected ﬂavour” proﬁle while also considering the
total mean data did not inﬂuence apple acceptance. This result is in accordance with Endrizzi et al. [5],
who found that external information are not signiﬁcant for the whole panel, but rather for speciﬁc
consumer groups, depending on their sensitivity to the information given. If we associate ‘traditional’
information with the concept of domestic, locally grown, this result is in contrast with those found in
the literature where consumers are demonstrated to prefer locally grown apples [47–50]. This is might
be because if, in the cited papers, the concept ‘local’ is always contraposed to ‘non-local’ and thus
related to ‘freshness’. Here, we are measuring a diﬀerent aspect that is more related with ﬂavour proﬁle.
However, information regarding ‘traditional apple’ increased the acceptance of apples for speciﬁc
subgroups of people, depending on consumer characteristics (Figure 4): for females, for highly food
neophobic consumers, and for consumers moderately interested towards natural food. These results
are not surprising for neophobic consumers who are more comfortable with familiar products and, for
females, being generally less neophobic in accordance with the ﬁndings that were found by Demattè
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et al. [44]. With regard to the group of people moderately interested in natural food, as compared to
highly NFI people, they evaluate products with reduced or non-fat content as less healthy and those
with added sweeteners more healthy [51]. We would have expected the positive eﬀect of traditional
information on liking, probably linked to the concept of unmodiﬁed, in highly NFI people instead,
who consider the importance of eating organic, not processed without additives foods. A further result
concerns the interaction between Flavour and Information (F × I), which was found to be signiﬁcant for
the whole panel (Figure 2), but also in the subgroup of consumers with a high interest towards natural
food and for the group of neophobics. From this, it emerges that the eﬀect of external information
only aﬀects the sample without adding ﬂavour, for which there is, on average, a higher rating if it is
presented as ‘traditional’. It seems that the external information only has eﬀect on a product when it is
appreciated, penalizing it if presented with the claim ‘chosen for its intense ﬂavour’ since the sample
R, the one without added ﬂavour, is undoubtedly the preferred sample. The information does not
aﬀect the rating when the product has an unpleasant (unexpected or incongruent) ﬂavour.
4. Design and Methods
4.1. Flavouring Treatment
4.1.1. Preliminary Trials
The method for modifying the ﬂavour, as already presented by Charles et al. [13] for fruit pieces,
consisted here of dipping the whole (unpeeled) fruit in a ﬂavour solution with the objective of modifying
the apple ﬂavour with negligible alteration of other sensory attributes. In the preliminary phase of this
study, several ﬂavour compounds that were compatible with the apple matrix at diﬀerent concentration
levels were screened and tested (data not presented here). A focus group of researchers, as combined to
sensory and instrumental analyses, evaluated the eﬀectiveness of the “dipping” method in relation to
the apple variety, the compound used, the concentration to be reached, the impact of other ingredients
in the ﬂavouring solution, and to evaluate the congruence between the selected ﬂavour and the apple
matrix global perception in order to obtain a realistic product. The focus group started evaluating seven
compounds (limonene, cinnamaldehyde linalool, eugenol, anethole, butyl acetate, and benzaldehyde).
Just for few of them, the “dipping” method produced a perceptible change in the ﬂavour proﬁle of the
apples. Among these, those that induced a realistic ﬂavour in the apples were chosen.
4.1.2. The Flavouring Solutions
As a result of the preliminary trials, two odorants at two levels of concentration were chosen to
ﬂavour a batch of ‘Fuji’ apple: linalool (L) at 1 and 2.5 g/L responsible for ﬂoral ﬂavour and anethole
(A) at 1 and 2.5 g/L responsible for anise ﬂavour. The ﬂavouring solutions were prepared dissolving
pure food grade linalool (95%, Sigma-Aldrich, St. Louis, MO, USA) and anethole (99%, Sigma-Aldrich)
in a 90% ethanol-water solution, respectively. The 90% ethanol-water solution was chosen to favour
the complete dissolution of the ﬂavouring agent, since anethole has weak solubility in water.
No ﬂavouring treatment was considered and the same base solution (90% ethanol-water) without
any ﬂavouring agent was used for the preparation of the reference sample (R).
4.1.3. Sample Preparation
The Fuji fruits were harvested in 2013 at a commercial maturity from orchards that were located
in Trentino region (North of Italy). A batch of 60 fruits that was homogeneous as possible in ripening,
size, and without any visible external damage was bought from local retailers.
As the penetration of the ﬂavouring compound could depend on the size of the whole fruit,
the fruits were sorted for weight and divided into three groups on the basis of these measures, and then
stored at room temperature (18 ± 1 ◦ C) for 24 h prior to the ﬂavouring treatment. The ﬂavouring
treatment was then carried out without distinction on the three groups. The fruits were immersed
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in the ﬂavouring solution for 1 min. and then removed and placed on a drip grid inserted in a 20 L
plastic container. The containers were sealed with paraﬁlm M® and stored for 72 h at 20 ◦ C in dark
room prior the tests.
According to this protocol, the following ﬁve apple samples were obtained: two “ﬂoral” samples
ﬂavoured by linalool at 1 and 2.5 g/L (L_1 and L_2,5); two “anise” samples ﬂavoured by anethole at
1 and 2.5 g/L (A_1 and A_2,5), and one “reference” sample (R).
The penetration of the ﬂavour compounds in apple ﬂesh was veriﬁed and quantiﬁed by
SPME/GC-MS analysis, being brieﬂy described in the following Section (Section 4.2.1). Two sensory
panels performed discrimination analysis and descriptive sensory analysis to verify the diﬀerences
between reference and treated apples in terms of human perception (Section 4.2.2).
Only the concentration of 2.5 g/L for both ﬂavourings was chosen for the following consumer test
based on the results of these analyses.
4.2. Veriﬁcation of Flavouring Treatment Eﬀectiveness
4.2.1. Quantiﬁcation of Volatile Organic Compounds
Ten whole fruits for each ﬂavouring treatment (L and A) at each concentration (1 and 2.5 g/L)
and further ten whole fruits as reference (R) were submitted to quantitative analysis by SPME/GC-MS
in order to investigate the eﬀectiveness and the variability of the ﬂavouring method. Seventy grams
from the peeled fruits were diced while using a commercial cutter and immediately inserted in a glass
vessel where they were mixed with 75 mL of deionised water, 30 g of sodium chloride, 250 mg of
ascorbic acid, and 250 mg of citric acid [38]. From the homogenised samples, a 5 g aliquot was inserted
into a 20 mL screw cap vial, suitable for volatile analysis, and it was spiked with 50 μL of 2-octanol
(2.5 mg/L) used as internal standards. The vials were placed in the thermostated autosampler tray at
4 ◦ C before the HS-SPME/GC-MS analysis. Calibration curves considering seven calibration points
(including blank) were built for the quantiﬁcation of ethanol (from 0 to 120 mg/kg), linalool (from 0 to
1.00 mg/kg), and anethole (from 0 to 1.10 mg/kg), dissolving known concentrations of the chemicals
in apple puree. Volatile compounds from the headspace were extracted and then concentrated on
a 2 cm Solid Phase Microextration ﬁbre coated with divinylbenzene/carboxen/polydimethylsiloxane
50/30 μm (DBV/CAR/PDMS, Supelco, Bellefonte, PA, USA). The choice of ﬁbre, as well as analysis
parameters, was based on previous work [37]. The ﬁbre was exposed to the apple headspace for 30 min.
with the samples being equilibrated at 40 ◦ C. Volatile compounds that adsorbed on the SPME ﬁbre
were desorbed at 250 ◦ C in the injector port of a GC that was interfaced with a mass detector, which
operated in electron ionization mode (EI, internal ionization source; 70 eV) with a scan range from m/z
35–350 (GC Clarus 500, PerkinElmer, Norwalk CT, USA). Separation was achieved on a HP-Innowax
fused-silica capillary column (30 m, 0.32 mm ID, 0.5 μm ﬁlm thickness; Agilent Technologies, Palo
Alto, CA, USA). The GC oven temperature program consisted of 40 ◦ C for 3 min., and then 40–220 ◦ C
at 4 ◦ C/min., stable at 220 ◦ C for 1 min., and then 220–250 at 10 ◦ C/min., and ﬁnally 250 ◦ C for 1 min.
Helium was used as the carrier gas with a constant column ﬂow rate of 1.5 mL/min.
4.2.2. Sensory Analysis
All of the sensory tests were conducted in the FEM Sensory Laboratory compliant to the EN ISO
standards 8589 [52], which was equipped with 22 individual booths while using FIZZ 2.46A software
(Biosystemes, Couternon, France) to collect the responses.
Triangle Test
The possible unspeciﬁc sensory diﬀerences in treated apples were investigated while using
the triangle method [53] to determine whether ﬂavouring treatment induced perceptible sensory
diﬀerences in apples. Four consecutive triangle tests were organized to compare the ﬂoral and anise
ﬂavoured apples at two diﬀerent concentration levels (1 and 2.5 g/L) with the reference apple (R
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vs. L_1; R vs. L_2,4; R vs. A_1; R vs. A_2,5). Thirty-eight judges, who were employed at FEM
(Fondazione Edmund Mach), with previous experience in discriminative or descriptive sensory analysis,
were invited to perform the tests. The apple samples were ﬁrst peeled, cut using an apple-slicer-corer
(12 slices), and then dipped in an antioxidant solution (0.2% citric acid, 0.2% ascorbic acid, 0.5% calcium
chloride) [41] preliminarily validated by Corollaro et al. [54]. One slice per sample was served in plastic
cups that were labelled with three-digit random codes. Sample presentation order was randomised and
counterbalanced over the panel. The judges were asked to evaluate by both smelling and tasting the
samples under red light and identify the diﬀerent sample in each of the four triad randomly presented.
Descriptive Analysis
A panel of 10 experienced judges performed the sensory proﬁle of apples according to the
descriptive analysis method, while using a consensus lexicon that was developed by Corollaro et
al. [41]. For the description of speciﬁc odours and ﬂavours, the panel used a list of 11 sensory attributes
that were classiﬁed in four diﬀerent categories: fruity (O/F Pear, O/F Banana, O/F Lemon, O/F Kiwi,
O/F Pineapple, and O/F Melon), vegetal (O/F Cut grass and O/F Hay), spicy (O/F Vanilla and O/F
Anise), and ﬂoral (O/F Floral Honey) [13]. In this experiment, in which linalool-ﬂavoured samples
are evaluated, the judges were allowed to describe sample odours or ﬂavours while using individual
extra attributes not contained in the list because just one ﬂoral attribute was included in sensory list.
These free evaluations were collected in O/F_Floral, as all extra attributes reported were referable to
this category. For each sample (R, A_1, A_2.5, L_1, and L_2.5), randomly presented in the test session,
eight apple cylinders (1.8 cm diameter, 1.2 cm high each) were cut, dipped in an antioxidant solution,
and then served in a plastic cup that was labelled with three-digit numbers and presented in a balanced
order over the panel. The samples were evaluated under red light. Refer to Corollaro et al. for further
details regarding the selection of the panel, its performance, general lexicon development, and sensory
test procedures [41]. For speciﬁc odours and ﬂavours attribute sensory deﬁnition, evaluation procedure,
and references refer to Charles et al. [13].
4.3. Consumer Study
The consumer study was performed in the FEM sensory laboratory by 207 consumers who
attended the “open door” event for the FEM’s 140th anniversary (51% males; age: M = 41, SD = 14,
Min. = 16, Max = 74). All subjects, who were not paid, declared to like apples and voluntarily
joined the sensory evaluations. In addition to socio-demographic data, the participants also provided
information regarding the characteristics of their ideal apple, choosing one of the three options (very,
fairly, or little) for each ideal feature investigated (crunchiness, juiciness, sweetness, acidity, and aroma).
They also provide their attitude toward natural food interest [51] and food neophobia scale [55]:
the participants rated their degree of agreement with a series of positive and negative statements
conveniently translated in Italian while using a nine-point scale rather than the original seven-point
scale [5,24].
4.3.1. Conjoint Test
The test consisted of an experiment that was evaluated in ‘informed’ conditions combining conjoint
analysis with the tasting of the two treated apples (ﬂoral and anise ﬂavoured) and the untreated
one. Each consumer received six apples in total according to a complete factorial design with three
treatments and two information levels: three apples (R, A_2.5 and L_2.5) presented twice every time
together with a diﬀerent claim: ‘traditional’ or ‘chosen for its intense ﬂavour. The claims regarding
apple ﬂavour were submitted to consumers on the computer screen (Figure 5) just before tasting the
samples. Consumers rated the overall liking of the six apples on a nine-point scale from 1 = “Dislike
extremely” to 9 = “Like extremely”. No verbal instructions were given to the consumers prior to
testing: the consumers were told to pay attention and carefully read all of the instructions provided
during the test.
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(a)

(b)
Figure 5. Examples of screen used in the conjoint study: (a) the information about traditional apple;
and, (b) the information about aromatic apple.

4.3.2. Sample Preparation
All of the samples were peeled, cut using an apple-slicer-corer (12 slices), dipped in an antioxidant
solution, and one slice per sample was served in plastic cups labelled with three-digit random codes
and then evaluated under white light. The heaviest apples from G3 (M = 213 ± 6 g, N = 84) were
submitted to the test ﬁrst, then those from G2 (M = 197 ± 4 g, N = 73), and ﬁnally those from G1
(M = 183 ± 5 g, N = 50): in this way, each consumer tasted apple slices that were obtained from apples
of the same weight range.
4.4. Statistical Analyses
For triangle tests, the diﬀerence between the two products was considered to be statistically
signiﬁcant when the error was less than or equal to 5% (alpha = 0.05), which corresponded to a level
of conﬁdence that was greater than or equal to 95%. Standardised data of descriptive proﬁling were
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submitted to PCA (without any weighting option) to explore the similarities and diﬀerences among
the treated and untreated apples. The liking data that were obtained in the consumer testing were ﬁrst
veriﬁed to measure the eﬀect of apple weight (G1, G2, and G3, as mentioned in Section 4.3.2) with
a one-way anova on acceptability. The liking data were further analysed using the following model
(Equation (1)) with main eﬀects and two-factor interactions for the design variables plus random eﬀect
of consumer because no eﬀect was present:
yijk = μ + αi + βj + Ck + αβij + αCik + βCjk + εijk , I = 1, I, j = 1, J, k = 1, K,

(1)

Here, yijk is the (ijk)th observation, μ is the general mean, αi, βj are the main eﬀects of the two
conjoint factors ﬂavour and information, respectively. αβij. is the ﬁxed interaction eﬀect. Ck represents
the main eﬀects of consumers, whereas αCik and βCjk are its interaction eﬀects with the design
variables, and εijk is the independent random noise. All of these random eﬀects are assumed to be
independent and homoscedastic. The same ANOVA model (Equation (1)) was recalculated in speciﬁc
demographic subgroups of consumers identiﬁed by gender (105 males and 102 females), age, natural
food interest (NFI), and food neophobia scale (FNS) in order to identify which groups of people were
more inﬂuenced by the information. According to the 33rd and 66th percentile points, consumers were
classiﬁed in three groups: for age (Age_1 = 67 consumers under 33 years of age, Age_2 = 70 consumers
between 33 and 48 years, and Age_3 = 70 consumers over 48 years), NFI score (NFI_1 = 65 consumers
with low interest towards natural food, NFI_2 = 77 consumers with moderate interest, NFI_3 = 65
consumers with high interest), and FNS score (FNS_1 = 71 consumers with low level of food neophobia,
FNS_2 = 66 consumers with medium level, and FNS_3 = 70 consumers with high level).
Summary statistics, analyses of variance (ANOVA), post-hoc Tukey’s test, and correlation analysis
for the sensory parameters were performed while using Statistica 13.1 (StatSoft, Inc., Tulsa, OK, USA).
The Unscrambler X 10.4.1 (CAMO Software AS., Oslo Science Park, Gaustadalléen 21, 0349 Oslo,
Norway) was used for the principal component analysis (PCA).
5. Conclusions
This study showed that the model system for modifying the ﬂavour of a real structure that is
achieved by dipping the whole fruit in ﬂavour solutions is suitable for ﬂavouring the fruits without
altering their nature. Overall, tasted apples were acceptable showing scores between 6 and 7. It seems
the claim, especially the indication of ‘traditional’, has a positive eﬀect on liking. Diﬀerent ﬂavouring
treatments signiﬁcantly aﬀect consumers’ preference, depending on their personal liking, while external
information only aﬀected apple acceptability for some groups of consumers depending on their food
approach. This conﬁrms that ﬂavour is an important factor in apple consumer preference and it could
negatively inﬂuence the preference as it happened here. External information seems to be less relevant
in general, but it can be important for some people to be more receptive to the information provided.
The work presented here is an example of how consumer science can contribute to the eﬀectiveness of
fruit breeding programs by providing clear consumer advice and a way to early test novel ﬂavour in
product development.
Supplementary Materials: The following are available online. Figure S1: Linalool gradient from the peel to the
core of the apple after ﬂavouring treatment, Figure S2: Anethole gradient from the peel to the core of the apple
after ﬂavouring treatment.
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Abstract: Dark chocolate samples were previously classiﬁed into four sensory categories.
The classiﬁcation was modelled based on volatile compounds analyzed by direct introduction
mass spectrometry of the chocolates’ headspace. The purpose of the study was to identify the most
discriminant odor-active compounds that should characterize the four sensory categories. To address
the problem, a gas chromatography-olfactometry (GC-O) study was conducted by 12 assessors using a
comparative detection frequency analysis (cDFA) approach on 12 exemplary samples. A nasal impact
frequency (NIF) diﬀerence threshold combined with a statistical approach (Khi2 test on k proportions)
revealed 38 discriminative key odorants able to diﬀerentiate the samples and to characterize the
sensory categories. A heatmap emphasized the 19 most discriminant key odorants, among which
heterocyclic molecules (furanones, pyranones, lactones, one pyrrole, and one pyrazine) played a
prominent role with secondary alcohols, acids, and esters. The initial sensory classes were retrieved
using the discriminant key volatiles in a correspondence analysis (CA) and a hierarchical cluster
analysis (HCA). Among the 38 discriminant key odorants, although previously identiﬁed in cocoa
products, 21 were formally described for the ﬁrst time as key aroma compounds of dark chocolate.
Moreover, 13 key odorants were described for the ﬁrst time in a cocoa product.
Keywords: dark chocolate; key odorant; key aroma; gas chromatography-olfactometry
(GC-O); comparative detection frequency analysis (cDFA); nasal impact frequency (NIF);
correspondence analysis (CA); hierarchical cluster analysis (HCA); heatmap

1. Introduction
Dark chocolate may contain 35%, and up to 85%–99% for high cocoa content samples, of the
ingredients originating from cocoa (cocoa solids and cocoa butter). The appreciation of dark chocolate
is mainly related to its sensory properties, which are greatly inﬂuenced by the cocoa beans’ aroma and
by the complex manufacturing process [1] that gives rise to the ﬁnal chocolate product. The volatile
composition of cocoa beans and of the resulting dark chocolate has been the subject of many gas
chromatography-mass spectrometry (GC-MS) studies, with the aim of characterizing the (i) chocolate
quality attributes, (ii) variety and origin of cocoa beans, and (iii) the process, including the fermentation
and drying of cocoa beans, roasting, and conching.
Molecules 2020, 25, 1809; doi:10.3390/molecules25081809
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Thus, quality attributes of dark chocolate produced from Vietnamese cocoa were recently
investigated [2], as well as the inﬂuence of the cocoa variety on the fermentation step studied [3–5],
inﬂuence of the cocoa origin on the cocoa ﬂavor examined [6–9], and the link between the origin and
process searched for [10]. The process, starting with fermentation [11–16] and followed by drying [17]
and roasting [18–23] steps, has been the subject of many studies. Specialized reviews and treatises
gathered such knowledge [1,24–26].
Among these investigations, studies aiming to identify the only aroma-active compounds in dark
chocolate (the dark chocolate key aroma compounds) are scarce. Nevertheless, some important gas
chromatography-olfactometry (GC-O) studies, completed by GC-MS, allowed identiﬁcation of the
major dark chocolate key aroma compounds. Thus, the inﬂuence of conching was examined, with the
aim of identifying the key odorant compounds in dark chocolate [27]. Aroma-active compounds in dark
and milk chocolate in relation to sensory perception were investigated [28], and recently, key aroma
compounds in two commercial dark chocolates with high cocoa contents were characterized [29].
As already cited, the major results are reported in reviews on cocoa and cocoa products [24–26] as well
as in a specialized treatise dedicated to chocolate [1].
Direct injection mass spectrometry (DIMS) methods, such as proton transfer reaction mass
spectrometry (PTR-MS), have been used in some studies conducted on dark chocolates. Their objective
was generally to classify the chocolates according to the variety and/or the origin of the transformed
cocoa beans by measuring and comparing their relative volatile organic compounds (VOCs)
patterns [30,31]. Investigations into the relationships between VOC patterns obtained using a DIMS
method and the organoleptic properties of foodstuﬀs obtained as sensory proﬁles measured by a panel
are rather scarce [32]. Dark chocolates of diverse cocoa origins and cultivars, but manufactured using
the same standard process at the pilot level at an industrial plant, could be classiﬁed into four sensory
categories [32]. This classiﬁcation was based on a quantitative descriptive analysis (QDA) protocol
conducted by an internal expert panel: The panelists rated 36 ﬂavor attributes, among which 33 were
aroma descriptors. The classiﬁcation into the four sensory categories is, in this case, the basis of a
quality control procedure to deﬁne the ultimate use of merchantable cocoa lots as they are received at
the factory [32]. In a recent study, we were able to model this sensorial classiﬁcation by deciphering
the volatilome of 206 dark chocolate samples using the DIMS method PTR-MS [32]. This approach,
combined with chemometrics and variable selection procedures, allowed us to propose a highly
signiﬁcant prediction model of the sensory categories (poles) based on a limited number of ions (10 to
22 depending on the selection method used) [32]. Some of them were tentatively identiﬁed as volatile
compounds on the basis of their mass formulae determined thanks to the time-of-ﬂight (TOF) mass
analyzer used, and literature data [32]. However, some of these ions represented ion fragments and
most of the supposedly molecular ions represented many possible isobaric compounds or isomers.
None of them were securely identiﬁed and their aroma activities in the chocolates were not determined.
Comparative GC-O studies conducted so far have been aimed at emphasizing key odorants that
could contrast samples diﬀering in terms of cultivars, origins, processes, or brands. Distinguishing
the same types of samples, only categorized in diﬀerent classes based on sensory criteria, using a
comparative GC-O methodology appears challenging. Therefore, the aim of the present study was to
determine the discriminant key aroma compounds that should allow the four previously characterized
and modelled sensory poles to be distinguished. To achieve this, three exemplary samples of each
sensory pole were chosen on the basis of the availability and respective position in the sensory space of
the 206 samples described above. A combined GC-MS and GC-O approach was conducted on each
of the selected 12 samples. The key aroma compounds were determined by the detection frequency
analysis (DFA) method [33,34], using a panel of 12 assessors. The results obtained for each sample
were compared in order to emphasize the discriminant key aroma molecules in the chocolates. Finally,
a correspondence analysis (CA) and a hierarchical cluster analysis (HCA) were conducted in order to
ﬁnd potential relationships between the discriminant features and the 12 samples.
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2. Results
In a previous study [32], four sensory categories (named sensory poles) of dark chocolates,
essentially based on aroma evaluation, were characterized and modelled using the headspace
ﬁngerprints of 206 samples obtained with a direct introduction mass spectrometry technique (PTR-MS).
Key aroma compounds that should discriminate these categories were searched for using 12 samples
representative of the sensory poles. The equilibrated positions of these 12 samples (three in each pole)
in the sensory space of the 206 chocolates deﬁned in a QDA are illustrated on the principal component
analysis (PCA) planes of the sensory data displayed in Figure A1 (Appendix A).
To identify the impact aroma compounds, a GC-O approach, completed by GC-MS, was conducted
on the 12 samples by a panel of 12 assessors. The discriminant odorants were determined using a
comparative detection frequency analysis (cDFA). The chocolate aroma extracts under study were
obtained in triplicate by hydro-distillation under vacuum in a solvent-assisted ﬂavor evaporation (SAFE)
device [35], completed by headspace (HS) extracts obtained using solid-phase microextraction (SPME)
to account for the most volatile odorants. The reliability and repeatability of the hydro-distillation
step were checked by the use of an internal standard. SPME conditions were optimized in order to
get the same GC response and odor intensity as in the SAFE method for a volatile “reference” peak
(butane-2,3-dione), which was detected by the entire panel in both methods.
2.1. Determination of Impact Compounds by GC-O: Comparative Detection Frequency Analysis (cDFA)
The aim of any GC-O experiment is to screen the volatiles isolated from a particular food in
order to determine their relative odor potency and to prioritize the most potent odorants, the key
odorants, for subsequent identiﬁcation. Diﬀerent GC-O methods have been developed within three
main paradigms. Dilution techniques (aroma extract dilution analysis, AEDA; and combined hedonic
aroma measurement, CHARM) analyze aroma extracts through several successive dilutions as far
as no odorant is perceived [36,37]. Both are valuable screening methods that use a large number of
dilutions, but generally, a very small number of assessors. Therefore, both methods are not amenable
to statistics, and, being based only on individual detection thresholds, they are associated with inherent
drawbacks, such as the sensitivity of the small panel of sniﬀers, with potential inattention and/or speciﬁc
anosmia, and time-consuming successive sessions [38–41]. The method named Osme (odor-speciﬁc
magnitude estimation) is supposed to measure the odor intensity of the eluting species [42]. The third
method, detection frequency analysis (DFA), only determines when an odorant is detected [33,34].
Osme requires trained panelists familiar with the odor intensity notion whereas DFA results in an
easier task. Both Osme and DFA employ a single optimized extract dilution but a larger number of
sniﬀers; they use the sensitivity of several assessors to average and mitigate inter-individual variation
and allow statistical evaluation of the data. Diﬀerent studies showed that the three methods give
similar and correlated results in terms of screening impact odorants [41,43–45]. In the present study,
DFA was used with a panel of 12 assessors sniﬃng the 12 samples SAFE extracts (10 assessors for
SPME extracts). The triplicate SAFE extracts of each sample were pooled for the GC-O analysis and
HS-SPME extracts optimized as described above (see also the experimental section for details).
The GC-O experiments allowed the detection of 8480 odor events all together, which were grouped
for each sample in olfactive areas (OAs) on the basis of their linear retention indices’ (LRIs) closeness.
Therefore, each OA was characterized by the number of individual odor events detected by the panel
members; this number deﬁned its detection frequency, expressed as a percentage as the nasal impact
frequency (NIF %) [33]. A detection threshold ﬁlter was applied to remove noise and retain only the
most intense and signiﬁcant OAs. No deﬁnite rule exists to determine such a threshold. A minimal
12.5% NIF value was set as being necessary to build an OA [46]. However, in the current literature,
values varied from this lower level to a 50% NIF threshold [34,47,48]. Owing to the number of odor
events detected by the panelists in the 12 samples, illustrating the odorous richness and sensory
diversity of the dark chocolates under study, and the number of replicates per sample (12 or 10), a 50%
threshold was applied, as also chosen by others [47–49]. This meant an OA was ﬁnally retained as
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signiﬁcant only if its detection frequency was ≥ 50% in at least one sample. By applying this 50% NIF
threshold, 96 OAs were ﬁnally considered (Table 1), i.e., a rather great number of OAs despite the high
threshold level used.
Some speciﬁcities were evidenced as some of these OAs were found at high levels in all the
samples, whereas some were found more speciﬁcally in some samples. However, the total number
of signiﬁcant OAs detected per sample was quite similar, with an average of 43 (min 35–max
53). Thus, among the OAs commonly detected at high levels in all samples and identiﬁed as
butane-2,3-dione (OA n◦ 7), ethyl 2-methylbutanoate (10), oct-1-en-3-one (19), dimethyltrisulﬁde (24),
trimethylpyrazine (26), 5-ethyl-2,3-dimethylpyrazine and 3-methylthiopropanal (34, coeluted but
distinguishable), phenylacetaldehyde (45), 2- and 3-methylbutanoic acid (47), phenylmethanol (59),
and 4-vinylguaiacol (80), most of them were previously identiﬁed in cocoa mass or dark chocolate or in
other cocoa categories (Table 1). Vanillin (OA n◦ 93) was also of this type but was not further considered
as vanillin was added in the recipe as a ﬂavoring ingredient. Only a few of these OAs were detected
by almost all the assessors (NIF ≈ 100%) in all the samples (Table 1). They are limited to ubiquitous
molecules, such as butane-2,3-dione (OA n◦ 7), dimethyltrisulﬁde (24), 3-methylthiopropanal (34),
phenylacetaldehyde (45), 2- and 3-methylbutanoic acid (47), and 4-vinylguaiacol (80). The number of
such OAs, not discriminative because they were detected by all the panelists and delivered the highest
NIF values in all the samples, was inferior to 10% of the detected OAs, as recommended by Etievant and
Chaintreau [41] to allow olfactive discrimination between samples in GC-O, thus validating the extract
concentrations chosen for our study [40]. Other OAs were also found in all the samples at common
lower levels, for instance, 2-methylpropanal (OA n◦ 2), ethyl propanoate (6), 3-hydroxybutan-2-one
(18), 2-ethenyl-6-methylpyrazine (35), acetylpyrazine (43), 1-phenylethyl acetate (48, coeluted
with another ester: methyl 2-methylpentanoate), 2,3,5-trimethyl-6-(3-methylbutyl)pyrazine (49),
1H-pyrrole-2-carbaldehyde (69), and nonanoic acid (78). Most of them were also previously identiﬁed
in cocoa or chocolate categories (Table 1). Together with the previous ones, these compounds were
found to be important for the overall aroma of the samples and may represent a common aromatic
background of dark chocolate, which is not able to discriminate the samples according to their diﬀering
sensory properties.
Numerous OAs were found with very diﬀerent NIF values between samples (Table 1). To consider
a signiﬁcant diﬀerence between samples, it was assumed that an NIF value diﬀerence of 30% between
the lowest and the highest values is at least necessary when working with a panel of eight assessors [33].
By applying this diﬀerence threshold for our panel of 12 (or 10 for HS) assessors, an NIF diﬀerence > 30%
between at least two samples, i.e., a diﬀerence of at least 4 assessors (for the SAFE extracts), 73 OAs were
considered discriminant among the 96 initially retained (Table 1). Amongst these discriminant odorants,
most of them were previously identiﬁed as volatile compounds of dark chocolate or cocoa mass
(Table 1) and many of them determined as key odorants of dark chocolate. Thus, the Strecker aldehydes
2- and 3-methylbutanal (OAs n◦ 3 and 4) with their characteristic cocoa and chocolate olfactive notes
were found together with other key chocolate aldehydes: 2-methylbut-2-enal (OA n◦ 12), heptanal
(15), oct-2-enal (30), non-2-enal (39), and 2-phenylbut-2-enal (61) [1,27,29,50,51]. The key alcohols
heptan-2-ol (OA n◦ 20), 2-phenylethanol (60), phenol (67), 4-methyphenol (72) [1], butane-2,3-diol
(40) [50,52], and guaiacol (58) [29,50] were found to be discriminant together with other alcohols,
generally present in cocoa products (Table 1), but for some of them, these have never been described
as dark chocolate key aroma compounds: Ethanol (OA n◦ 5), butan-2-ol (8), 2-methylbut-3-en-2-ol
(9), 3-methylbutan-1-ol (16), 3-ethoxypropan-1-ol (23), octan-2-ol (28), 3-ethyl-4-methylpentan-1-ol
(37), 1-phenylethanol (54), farnesol (88), and octadecan-1-ol (95). Dark chocolate key esters were also
found as discriminative features: Ethyl 2- and 3-methylbutanoate (OA n◦ 11 and 12), isoamyl acetate
(13), pentyl acetate (14), ethyl phenylacetate (52), 2-phenylethyl acetate (55), and ethyl cinnamate
(74). Other esters, for some of them this is the ﬁrst time being described as key aroma compounds
of dark chocolate (Table 1), were also considered as discriminant: Hept-2-yl acetate (OA n◦ 17), ethyl
nonanoate (39), 3-hydroxypropyl acetate (or propane-1,3-diol monoacetate, 50), pentan-2-yl benzoate
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and ethyl dodecanoate (56), methyl tetradecanoate (65), isopropyl palmitate (82), and 2-phenylethyl
lactate (86). Some key aroma ketones were also found to be discriminant: Nonan-2-one (OA n◦ 25)
already characterized in dark chocolate (Table 1), and others, while cited in cocoa products (Table 1),
were described for the ﬁrst time as key aromas in dark chocolate: Acetophenone (OA n◦ 46) and
heptadecan-2-one (81). The hydroxyketone 3-hydroxy-4-phenylbutan-2-one (OA n◦ 84) has never been
described in cocoa products but was produced from phenylalanine in the Maillard reaction in a study
on roast aroma formation [53]. Discriminant carboxylic acids were also found among dark chocolate
key aromas: Acetic acid (OA n◦ 33), butanoic acid (44), and phenylacetic acid (94). Octanoic acid
(OA n◦ 71) and dodecanoic acid (92), while found in cocoa products (Table 1), are formally cited for the
ﬁrst time as key odorants of dark chocolate.
Numerous lactones were found to be discriminant, some of them as part of dark chocolate’s
key aroma compounds: δ-octenolactone (OA n◦ 66), γ-nonalactone (68), γ-decalactone (77),
and δ-decalactone (79); δ-octalactone (63), δ-decenolactone (83), and γ-dodecalactone (89) are
new dark chocolate key odorants whereas δ-pentalactone (OA n◦ 53) is newly described in
cocoa products. Some important heterocycles were also found amongst the 73 discriminant
odorants: The furanones furaneol (4-hydroxy-2,5-dimethylfuran-3(2H)-one, OA n◦ 70), a key aroma
of dark chocolate; dihydroactinidiolide (4,4,7a-trimethyl-5,6,7,7a-tetrahydro-1-benzofuran-2(4H)-one,
OA n◦ 87), found as a new dark chocolate key odorant; and 5-[(2Z)oct-2-en-1-yl]dihydrofuran-2(3H)-one
(90), newly described as a key aroma of a cocoa product. Pyrans and pyranones were also part
of the discriminant odorants, together with some pyrroles: The pyranol trans-linalool-3,7-oxide
(6-ethenyl-2,2,6-trimethyltetrahydro-2H-pyran-3-ol, OA n◦ 51); the pyranones maltol (OA n◦ 63,
3-hydroxy-2-methyl-4H-pyran-4-one), 3-hydroxy-2,3-dihydromaltol (85), newly cited in dark
chocolate’s key compounds; dihydromaltol (57), newly determined in a cocoa product; and the
pyrroles 2-acetylpyrrole (OA n◦ 64), 5-methyl-1H-pyrrole-2-carbaldehyde (73), and 1H-indole (91),
all three already described as key odorants of dark chocolate (Table 1).
Among the heterocycles, pyrazines were found in numerous key compound examples, and many
of them were found to be discriminant. Thus, being already established as key odorants of dark
chocolate (Table 1), 2,5-dimethylpyrazine (OA n◦ 21), ethylpyrazine (22), 3-ethyl-2,5-dimethylpyrazine,
2-ethyl-3,5-dimethylpyrazine (32), and 3-isobutyl-2,5-dimethylpyrazine (38) were discriminative
features, together with the pyrazines newly identiﬁed as key odorants of dark chocolate (Table 1):
2,6-diethylpyrazine (OA n◦ 31), 2-ethenyl-5-methylpyrazine (36), 2-isobutyl-3,5-dimethylpyrazine (38),
and 2-isobutyl-3,5,6-trimethylpyrazine (41).
Finally, among the key sulfur aromas, only methanethiol (OA n◦ 1), for the ﬁrst time being described
as a key odorant of dark chocolate, was found to be discriminant to distinguish the 12 samples (Table 1).
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42
75
58
58
50
33

2C

100

25

8

83
33
83
8
8
58
92
17

0

58
92
42
25
42

58

50
60
50
80
40
60
100
30
20
90
67
0
8
8
42
17

3A

NIF c (%)

100

42

25

100
33
100
8
50
58
42
75

0

58
75
33
25
75

67

70
60
60
60
50
40
100
20
0
80
67
8
8
8
42
25

3B

100

67

8

100
67
75
8
42
75
92
17

0

75
83
25
25
67

75

20
50
80
40
30
40
90
10
30
80
83
8
0
8
42
0

3C

100

58

8

100
33
92
17
92
75
100
33

0

58
92
58
50
42

83

90
60
80
30
30
50
100
20
40
60
42
8
17
8
67
33

4A

100

25

17

100
42
100
8
75
67
83
42

0

75
100
58
25
58

67

60
50
100
30
80
60
100
20
20
90
67
8
8
8
42
50

4B

100

0

17

83
25
100
8
67
83
67
33

0

50
75
42
8
42

42

70
60
40
60
40
60
100
0
10
60
33
0
0
0
17
8

4C

xx

fruity, ﬂowery

roasted, then potato

xx

x

vegetal, roasted
vinegar

x
xx
x
xx
xx

xx

xx

metallic, musty
sulfur, cabbage
fruity, ﬂoral, vegetal
roasted, vegetal, earthy
fruity
fruity, ﬂoral, candy
roasted, nutty
vegetal, earthy
vegetal

x
x
x

butter
mushroom
fruity, mushroom, vegetal
roasted, chocolate
roasted cereals, peanut

xx
x

xx
x
x

x
xx
xx
xx
xx
x

xx

Disc.e

cheese, cabbage, sulfur
chocolate, cocoa, roasted
cocoa, chocolate
cocoa
fruity, solvent
fruity, ﬂoral
butter
rubber
fruity, ﬂoral
fruity
fruity, ﬂoral
hot plastic
fruity, candy
fruity
fruity, ﬂoral
cheesy

Odor Attributes d

methanethiol
2-methylpropanal
2-methylbutanal
3-methylbutanal
ethanol
ethyl propanoate
butane-2,3-dione
butan-2-ol
2-methylbut-3-en-2-ol
ethyl 2-methylbutanoate
ethyl 3-methylbutanoate
(E)-2-methylbut-2-enal
isoamyl acetate
pentyl acetate
heptanal
3-methylbutan-1-ol
styrene
hept-2-yl acetate
3-hydroxybutan-2-one
oct-1-en-3-one
heptan-2-ol
2,5-dimethylpyrazine
ethylpyrazine
allo-ocimene
3-ethoxypropan-1-ol
dimethyltrisulﬁde
nonane-2-one
trimethylpyrazine
unknown
octan-2-ol
unknown
(E)-oct-2-enal
2,6-diethylpyrazine
3-ethyl-2,5-dimethylpyrazine and/or
2-ethyl-3,5-dimethylpyrazine
acetic acid
5-ethyl-2,3-dimethylpyrazine
3-methylthiopropanal

Compound Identiﬁcation

3
2
3

2

1
2

1

1
1
3
3
3
1
3
1
2
1
2
2
3
2
3
3
2
2
3
2
3
2
2
2
2
3
3
3

Reliability of
Identiﬁcation f

[32,55]
[1,27,28]
[1,27,29,50,52]
[1,27–29,50–52]
[5,11,12,16,56–58]
[7,54]
[1,27,29,50–52]
[7,26,54,59]
[7,56,60]
[17,26,29,61]
[17,26,29,50,52,62]
[1,7,24,27,63]
[29,50,57,60,62,64,65]
[12,29,50,52,60,65]
[1,27,60,63,65]
[20,56,57,60]
[3,12,65]
[66]
[1,26,63,67]
[20,22,28,29,51,54,61]
[1,3,26,57,59,60,65,68]
[1,27,28,50,52]
[1,7,24,27,59,67]
[19,65,68]
[65]
[27–29,50–52]
[6,28,60,64,65]
[27–29,50–52]
[7,11,56,57,65,68]
[3,16,26,29,68]
[62]
[27,28]
[1,27,29,50,51]
[1,28,29,50,52]
[1,50,63,69,70]
[1,27,63,71,72]

References g

Table 1. Characterization of olfactive areas (OAs) of the 12 chocolate samples (1A to 4C) for which the nasal impact frequency (NIF) ≥ 50% in at least one sample.
a OA number, OA 1 to 10 obtained in HS-SPME-GC-MS, OA from 11 obtained with SAFE extracts; b Linear retention indices (LRIs) calculated in GC-MS on DB-FFAP
and DB-5 columns, “n.d.” = not detected, “-“ = irrelevant; c NIF values in each sample (%); d Odor attributes given by the panel; e Discriminant OA: x = NIF
diﬀerence > 30% between at least 2 samples, xx = NIF diﬀerence > 50% between at least 2 samples (see text); f Reliability of identiﬁcation: 1 = MS, LRIs and odor
identical to published data and/or data found in databases, 2 = 1 with additional MW conﬁrmed by CI, 3 = 2 with additional injection of standards on equivalent
DB-5 and/or DB-FFAP columns, 4 = after MDGC-MS/O; g Compounds identiﬁed in references related to cocoa and/or dark chocolate (not exhaustive list) and
according to the database Volatile Compounds in Food (VCF): (http://www.vcf-online.nl) [54].
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1944

1976

1980

1985
2011
2015
2018
2039
2043

62

63 $

64
65
66
67
68
69

1766

51

61

1726
1748

49
50

1869
1872
1892
1921

1710

48 $

1848

1676

47

57
58
59
60

1552
1594
1597
1635
1638
1653
1660

40
41
42
43
44
45
46

56 $

1542

39 $

1795
1818
1825
1828

1530

38 $

52
53
54
55

1497
1508
1514

DB-FFAP

39

1279
1081
1069
1721
1261
982
1358
1012

1269

1242
958
1061
1255
1391
1590
1064
1087
1036
1116

1175

1016
1021
1004
997
1011
1293
1159
792
1273
988
1063
788
1046
1066
886
876
1188
842
1386
955

DB-5

LRI b (GC-MS)

35
36
37

OA a

17
8
25
50
25
67

67

50

8

17
58
75
67

0

0
75
67
8

67

75
17

58

100

0
83
17
50
67
100
0

92

50

67
0
58

1A

33
50
50
25
50
58

33

50

25

58
67
67
75

33

92
75
92
17

33

67
25

50

100

67
33
25
58
50
100
17

92

83

42
33
17

1B

17
25
50
0
33
75

17

50

17

75
92
75
83

17

0
58
75
0

0

67
8

58

92

8
58
25
67
50
100
8

75

50

42
0
58

1C

17
50
42
0
25
58

0

58

17

50
67
58
100

0

8
75
50
42

17

92
42

58

100

17
58
17
83
58
92
33

67

75

58
0
25

2A

25
25
75
17
50
83

17

75

58

75
58
83
92

17

75
83
100
25

33

67
33

58

100

50
50
25
67
58
92
17

75

83

67
33
42

2B

42
42
58
25
25
50

17

33

42

83
50
67
58

50

67
83
92
33

50

67
33

67

100

50
50
25
67
92
83
17

67

83

58
42
17

2C

33
0
50
33
67
67

0

67

33

33
83
67
83

8

58
83
92
33

17

58
17

58

92

50
25
33
58
50
100
8

67

75

42
33
17

3A

NIF c (%)

42
25
83
17
67
50

0

67

42

67
42
67
67

33

50
92
100
33

50

58
33

67

100

75
25
50
92
67
100
50

75

92

58
58
33

3B

50
67
58
50
58
67

17

75

50

83
50
67
75

42

50
67
100
42

50

83
33

75

100

67
33
42
58
58
100
33

75

92

67
58
58

3C

42
42
42
33
67
50

0

58

17

42
67
75
67

42

50
83
92
33

33

67
33

67

92

58
50
33
50
50
100
25

75

83

92
67
42

4A

17
25
58
17
42
83

8

58

42

50
75
75
92

17

42
100
100
42

33

75
58

67

100

67
25
50
75
50
100
17

58

83

92
67
42

4B

8
17
50
33
33
75

42

33

25

58
50
75
83

17

25
75
67
50

33

83
50

50

92

50
33
0
58
33
92
33

42

83

50
25
17

4C

x

x

x

x
xx
xx
x
x

x

fruity, sweet
hot plastic
vegetal, metallic
sweet, vegetal
ﬂoral, fruity
fruity, sweet
sweet, fruity

x

x

roasted, fruity, spicy

ﬂoral

xx
x

roasted, nut, spicy
roasted, caramel, fruity
roasted, smoked, sweet
sweet, fruity, ﬂoral
ﬂoral, rose

xx
x
x
x

xx

x

x

ﬂoral
roasted, vegetal
ﬂoral, rose, fruity
earthy, moldy

fruity, roasted, vegetal

ﬂoral, anise, minty
unpleasant

vegetal, roasted, fruity

melted cheese

xx

xx
xx

x

vegetal, pepper
vegetal, cardboard, ﬂowery
ﬂowery
vegetal, cucumber
vegetal, earthy
roasted
cheese
ﬂowery
ﬂoral, fruity

xx
x

Disc.e

vegetal, earthy, roasted
vegetal, earthy, roasted
ﬂowery, vegetal

Odor Attributes d

Table 1. Cont.

unknown
δ-octalactone
maltol
2-acetylpyrrole
methyl tetradecanoate
δ-octenolactone
phenol
γ-nonalactone
1H-pyrrole-2-carbaldehyde

2-phenylbut-2-enal

ethyl phenylacetate
δ-pentalactone
1-phenylethanol
2-phenylethyl acetate
pentan-2-yl benzoate
ethyl dodecanoate
dihydromaltol
guaiacol
phenylmethanol
2-phenylethanol

trans-linalool-3,7-oxide

2-ethenyl-6-methylpyrazine
2-ethenyl-5-methylpyrazine
3-ethyl-4-methylpentan-1-ol
3-isobutyl-2,5-dimethylpyrazine
and/or 2-isobutyl-3,5-dimethylpyrazine
ethyl nonanoate
(E)-non-2-enal
butane-2,3-diol
2-isobutyl-3,5,6-trimethylpyrazine
3-hydroxybutanoic acid
acetylpyrazine
butanoic acid
phenylacetaldehyde
acetophenone
2-methylbutanoic acid
3-methylbutanoic acid
1-phenylethyl acetate
methyl 2-methylpentanoate
2,3,5-trimethyl-6-(3-methylbutyl)pyrazine
3-hydroxypropyl acetate

Compound Identiﬁcation

2
2, 4
2, 4
3, 4
3
2

2, 4

2

3
2
3
3
2
3
2
3, 4
2
3

2

2
2
1
2
2
3
3
3, 4
2
1
2
3
3
3
3
3
2
2
2
2

Reliability of
Identiﬁcation f

[1,27,62,63,73]
[54]
[1,24,27,70]
[27,70]
[5,54]
[16,29,51,61,65]
[5,26,50,52,56,60,65,67]
[54,70]
[29,54,65,71,74]
[16,20,29,51,59,61,68]
[1,27,28,50,51]
[2,60,62,64,65,68,74]
[12,29,51,61,67,75]
[28,29,50–52]
[2]
[54]
[1,12,16,27,50,52,60,63,
68]
[29,50,51,57,60,62,65,68]
[17,26,56,59,60,65,68]
[1,28,29,50,51]
[12]
[3,56,57,59,76]
[16,20,24,29,50,59]
[17,20,65,77]
[1,27–29,50,51]
[1,17,24,26,27,50,57,60,
63,65,68]
[65,72,77]
[1,24,26,28,63,65]
[24,27,28,57,60,65,67,68]
[54,59]
[20,26,29,51,61]
[1,17,24,26,63,68]
[20,29,54,61,77]
[1,7,27,50,59,63,67]
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2412

40

1063
1170
1064
1124
1466
1465
1265
1490
1308
1900
2022
1471
1343
1143
1501
1527
n.d.
1675
1652
1214
1290
1565
1392
1245
2086
-

DB-5

33
33
83
67
17
8

8

58
42
42
33
50
25
33
33
50
17
100
58
0
17
25
17
42
50
8
0

1A

67
42
92
42
25
8

58

50
50
75
17
17
33
25
17
58
42
83
58
17
0
33
25
50
33
8
8

1B

25
50
92
33
58
33

17

17
33
58
25
25
50
8
25
33
8
100
50
42
17
17
17
25
17
42
8

1C

33
17
92
25
8
17

25

42
42
83
0
17
33
8
17
33
0
92
33
25
25
50
17
0
33
25
17

2A

58
42
92
42
50
0

42

25
42
67
17
33
25
42
8
33
50
83
83
17
33
25
17
50
25
33
0

2B

67
50
83
50
17
8

58

67
25
83
25
25
33
8
25
42
25
100
50
17
25
33
17
50
25
50
25

2C

42
42
92
33
0
0

67

0
0
83
0
17
17
8
58
33
50
100
67
33
67
25
17
0
25
33
42

3A

NIF c (%)

50
50
83
50
33
8

75

50
42
92
58
17
17
42
33
58
42
83
92
8
42
33
50
17
25
17
25

3B

42
33
50
58
42
0

50

0
50
83
42
17
17
58
33
50
42
100
67
8
67
50
8
8
8
42
33

3C

42
42
83
0
8
50

50

0
25
83
33
8
8
0
17
42
17
100
58
8
25
17
0
0
25
50
8

4A

42
25
83
0
8
25

83

0
33
75
67
8
8
0
42
60
25
92
92
58
0
58
33
0
8
42
58

4B

58
0
92
0
17
17

75

58
42
50
42
33
33
0
42
58
25
92
75
50
8
58
8
0
8
42
75

4C
caramel, strawberry
unpleasant
animal, unpleasant, urine
ﬂoral, spicy, fruity
fruity, vegetal
ﬂoral, sweet, fruity
roasted, spicy
sweet, fruity, peach
animal, unpleasant
fruity, ﬂoral, woody
curry, licorice, clove, spicy
ﬂoral, fruity, vegetal
ﬂoral, fruity
fruity, sweet, coconut
unpleasant, dust
roasted, chicory coﬀee
woody, vegetal
dust
ﬂoral
fruity, peach
fruity, ﬂoral
rubber, medicinal
unpleasant, ﬂoral
unpleasant, animal, leather
vanilla, sweet, cocoa
ﬂoral, unpleasant
ﬂoral
ﬂoral

Odor Attributes d

xx
xx

x
x

xx

xx
xx
xx
xx
x
x
x
x
xx

x

xx
x

xx
x
x
xx
x

Disc.e

furaneol
octanoic acid
4-methylphenol
5-methyl-1H-pyrrole-2-carbaldehyde
(E)-ethyl cinnamate
unknown
unknown
γ-decalactone
nonanoic acid
δ-decalactone
4-vinylguaiacol
heptadecan-2-one
isopropyl palmitate
δ-decenolactone
3-hydroxy-4-phenylbutan-2-one
3-hydroxy-2,3-dihydromaltol
2-phenylethyl lactate
dihydroactinidiolide
farnesol
γ-dodecalactone
5-[(2Z)oct-2-en-1-yl]dihydrofuran-2(3H)-one
4-vinylphenol
1H-indole
dodecanoic acid
vanillin
phenylacetic acid
octadecan-1-ol
unknown

Compound Identiﬁcation

1
1
2
3
2
1
2
2
1
1
1
1
3
2
3
3
3
3
2
1

3, 4
3
3
2
2

Reliability of
Identiﬁcation f

[1,6,20,24,28,29,51,63]
[5,7,57,59,70,78]
[1,24,27,29,63,71,77]
[28]
[1,17,26,29,59,60,63]
[22,28,51,61,72,79]
[5,7,80]
[20,22,28,72,77]
[66]
[56]
[20,22,54,77]
[54]
[29,72]
[27,29]
[1,27,29,63]
[5,17,26,54]
[1,27–29,51,54]
[26,29,51,54,59,70,77]
-

References g

* also identiﬁed in the SAFE extract at LRI 995; ** also identiﬁed in the SAFE extract at the same LRI; *** vanillin, not further considered (see text); $ coelution not resolved on DB-FFAP
column, either deconvoluted or resolved in MDGC-MS-O.

2464
2511
2587
2591
2602
2628

90 $

91
92
93 ***
94
95
96

2046
2075
2096
2122
2139
2142
2147
2156
2197
2205
2212
2234
2240
2246
2272
2278
2338
2353
2365
2387

DB-FFAP

LRI b (GC-MS)

70 $
71
72
73
74 $
75 $
76 $
77
78
79
80
81
82
83
84
85
86
87
88
89

OA a

Table 1. Cont.
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Some of these OAs found to be discriminant were characteristic of only one or a few
samples. Thus, OAs n◦ 9 (2-methylbut-3-en-2-ol), 63 (δ-octalactone and maltol), 74 (ethyl cinnamate),
and 87 (dihydroactinidiolide) reached an NIF value ≥ 50% in sample 1A only. OA n◦ 8 (butan-2-ol)
reached this NIF value only in sample 1C, while OAs n◦ 12 (2-methylbut-2-enal), 13 (isoamyl acetate),
32 (3- and/or 2-ethyldimethylpyrazines), and 56 (pentan-2-yl benzoate and ethyl dodecanoate) attained
this level only in sample 2C. OAs n◦ 64 (2-acetylpyrrole) and 76 (unknown) seemed characteristic of
sample 3C, while OA n◦ 55 (2-phenylethyl acetate) reached this NIF value only in sample 4C. The NIF
values of these OAs stayed below 50% in the other samples in rather equilibrated proportions (Table 1).
They could be more speciﬁc of the respective corresponding samples, where their NIFs reached a value
≥ 50%. Moreover, some OAs could reach an NIF value ≥ 50% in a particular sample, while attaining
values just below 50% in other samples. Thus, OA n◦ 77 (γ-decalactone) reached 58% in sample 3A
and 42% (i.e., a diﬀerence of only two assessors detecting the component) in samples 4B and 4C.
When using this type of OA, diﬀerentiating samples from sensory poles 3 and 4 will be diﬃcult. On the
contrary, some OAs may reﬂect a strong speciﬁcity. Thus, OA n◦ 28 (octan-2-ol) reached a 92% NIF
value in sample 4A while being almost not detected in poles 1 and 2 samples. The same applied for OA
n◦ 33 (acetic acid), with a value of 100% in sample 1A, while it was not detected in sample 4C. Besides,
OA n◦ 52 (ethyl phenylacetate) appeared particular, with a 92% NIF value in sample 1B while it was
not detected in the other samples of pole 1 (Table 1).
In order to rationalize the data, correspondence analysis (CA) was used to study the potential
relationships between the 73 discriminant OAs and 12 samples through the NIF values gathered
in Table 1. This multivariate exploratory analysis appeared suitable for the nature of the data that
exhibited frequencies of detection. While highly signiﬁcant (Khi2 independence test: p-value < 0.0001)
and allowing a rather clear separation between groups of samples (Figure S1, Supplementary data),
the analysis revealed many variables (OAs) that were poorly represented (i.e., localized in the center of
the CA plot), exhibiting no real change in the detection frequencies between samples. They represented
common key impact compounds but were not able to participate in the diﬀerentiation of the diﬀerent
samples (Figure S1). Moreover, a parametric analysis (comparison of k proportions) conducted on the
OAs (Khi2 test) delivered insigniﬁcant p-values (α = 0.05) for most of them (Table A1, Appendix B).
To remove this noise in the CA, the NIF diﬀerence threshold between at least two samples was increased
from > 30% to > 50%, meaning that a diﬀerence of at least six assessors (for the SAFE extracts) was
judged necessary to deﬁne a discriminant OA. This more drastic threshold retained 34 discriminant
OAs (Table 1) for which most of the p-values in the Khi2 test of the k proportions comparison were
also highly signiﬁcant (Table 2). Therefore, the selection of the signiﬁcant variables on the detection
frequency basis of the GC-O analyses (diﬀerence threshold > 50%) revealed a good accord with the
parametric comparison of k proportions. A CA was realized with these 34 signiﬁcant OAs (Figures 1
and A2, Appendix B), resulting in a highly signiﬁcant analysis (Khi2 independence test: p-value
< 0.0001), meaning that some relationships between the 34 OAs and the 12 samples should exist.
As expected, the center of the CA plots was clariﬁed with fewer ill-represented variables.

41

42

1766

1795
1869
2011
2015
2046
2122
2147
2234
2240
2246
2272
2387
2412
2591
2602

51

52
57
65
66
70
73
76
81
82
83
84
89
90
94
95

ethyl phenylacetate
dihydromaltol *
methyl tetradecanoate *
δ-octenolactone
furaneol
5-methyl-1H-pyrrole-2-carbaldehyde
unknown
heptadecan-2-one *
isopropyl palmitate *
δ-decenolactone *
3-hydroxy-4-phenylbutan-2-one *
γ-dodecalactone *
5-[(2Z)oct-2-en-1-yl]dihydrofuran-2(3H)-one *
phenylacetic acid
octadecan-1-ol *

trans-linalool-3,7-oxide

methanethiol *
2-methylbutanal
butan-2-ol *
(E)-2-methylbut-2-enal
isoamyl acetate
pentyl acetate
heptanal
hept-2-yl acetate *
allo-ocimene *
nonan-2-one
octan-2-ol *
(E)-oct-2-enal
2,6-diethylpyrazine *
acetic acid
2-ethenyl-5-methylpyrazine *
butane-2,3-diol
2-isobutyl-3,5,6-trimethylpyrazine *
butanoic acid

Identiﬁcation d

CAS e

101-97-3
38877-21-3
124-10-7
16400-69-4
3658-77-3
1192-79-6
2922-51-2
142-91-6
54814-64-1
5355-63-5
2305-05-7
156318-46-6
103-82-2
112-92-5

39028-58-5

74-93-1
96-17-3
78-92-2
1115-11-3
123-92-2
628-63-7
111-71-7
5921-82-4
673-84-7
821-55-6
123-96-6
2548-87-0
13067-27-1
64-19-7
13925-08-1
513-85-9
46187-37-5
107-92-6
170.2
164.2
128.1
242.4
140.2
128.1
109.1
254.5
298.5
168.2
164.2
198.3
196.3
136.1
270.5

C10 H12 O2
C6 H8 O3
C15 H30 O2
C8 H12 O2
C6 H8 O3
C6 H7 NO
C17 H34 O
C19 H38 O2
C10 H16 O2
C10 H12 O2
C12 H22 O2
C12 H20 O2
C8 H8 O2
C18 H38 O

48.1
86.1 **
74.1
84.1
130.2
130.2
114.2
158.2
136.2
142.2
130.2
126.2
136.2
60.1
120.1
90.1
178.3
88.1

MW g

C10 H18 O2

CH4 S
C5 H10 O
C4 H10 O
C5 H8 O
C7 H14 O2
C7 H14 O2
C7 H14 O
C9 H18 O2
C10 H16
C9 H18 O
C8 H18 O
C8 H14 O
C8 H12 N2
C2 H4 O2
C7 H8 N2
C4 H10 O2
C11 H18 N2
C4 H8 O2

Formula f

Lit. Odor h
cabbage, sulfur
cocoa, nutty
medicine, solvent
solvent, ethereal
fruity, banana
fruity, banana
fresh, green
fruity
herbal, peppery
sweet, herbal, fruity
fruit, fresh, green
green, herbal, leaf
green
vinegar, pungent
coﬀee
ﬂoral
cheese
ﬂoral, woody,
wintergreen
ﬂoral
orris, petal, waxy
coconut $
caramel, strawberry
fatty, oily
coconut, fruity
burnt plastic
peach, fruit
ﬂoral, urine
oily

<0.0001
0.019
0.020
0.337
<0.0001
0.005
<0.001
0.076
0.010
<0.001
0.280
<0.0001
0.001
<0.001
0.010

0.061

<0.001
0.081
<0.001
<0.0001
<0.001
<0.001
0.037
<0.0001
<0.0001
0.020
<0.0001
0.017
0.011
<0.0001
<0.001
<0.001
0.107
0.463

p-value i

* although most of them previously identiﬁed in cocoa products (see Table 1), to the authors’ knowledge, these compounds (in bold character) are formally described for the ﬁrst time as
key aroma compounds of dark chocolate; ** MW in bold italic means MW conﬁrmed by CI; $ odor description in [22]; -: not described or not relevant.

ﬂoral
caramel, fruity, roasted
vegetal, metallic
sweet, vegetal
caramel, strawberry
ﬂoral, spicy, fruity
roasted, spicy
ﬂoral, fruity, vegetal
ﬂoral, fruity
fruity, sweet, coconut
unpleasant, dust
fruity, peach
fruity, ﬂoral
ﬂoral, unpleasant
ﬂoral

fruity, vegetal, roasted

701
920
1025
1108
1127
1183
1196
1267
1383
1397
1427
1438
1440
1462
1508
1552
1594
1638

1
3
8
12
13
14
15
17
23
25
28
30
31
33
36
40
41
44

Odor c

cabbage, sulfur
cocoa, chocolate
rubber
hot plastic
fruity, candy
fruity
fruity, ﬂoral
fruity, ﬂowery
metallic, musty
fruity, ﬂoral, vegetal
fruity, ﬂoral, candy
vegetal, earthy
vegetal
vinegar
vegetal, earthy, roasted
ﬂowery
vegetal, cucumber
cheese

LRI b

OA a

Table 2. Key discriminant aroma compounds that characterize the four sensory poles as determined in a cDFA GC-O analysis using a 50% discriminative threshold
(see text for a complete explanation).a OA number, as in Table 1; b LRI on DB-FFAP, as in Table 1; c Odor attributes given by the panel; d Identiﬁcation (refer to
Table 1); e Chemical Abstracts Service registry number; f Mass formula; g Molecular Weight; h Pertinent odor attributes found in the databases VCF and The Good
Scents Company (http://www.thegoodscentscompany.com/); i p-value of the Khi2 test (α= 0.05) obtained for the parametric test comparison of k proportions using
the data of Table 1.
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(a)

(b)

Figure 1. Correspondence analysis (CA) between the 12 samples and the 34 discriminant OAs deﬁned
by their NIF values. OAs (light circles) are plotted according to their NIF in samples (plain diamonds)
in the dimensions 1 and 2 that gathered 54.66% of cumulative inertia (a), and 1 and 3 (b), respectively.
The CA plots are zoomed in for clarity, and the coordinates of extra variables (23 and 70) indicated
in brackets with their direction. The OA numbers are those found in Table 1. The sample names are
colored for illustrative purpose, with pole 1 samples appearing in red, pole 2 samples in blue, pole 3
samples in green, and pole 4 ones in orange. A 3D plot (dimensions 1, 2, and 3) of the CA may be found
in Appendix B (Figure A2). CA independence test: Khi2 = 5444 (critical value 408, α = 0.05, degrees of
freedom = 363), p < 0.0001.

CA plots (Figures 1 and A2) were used to study potential proximities between samples on the
one hand, and between samples and OAs on the other hand. Factor 1 (36.47% of inertia) clearly
separates poles 1 and 2 samples from poles 3 and 4 ones, positioned on the negative and the positive
sides of the factor, respectively (Figure 1a). Factor 3 (11.59% of inertia) allows a better separation
between poles 3 and 4 samples (Figure 1b). Sample 2A is found in proximity with samples 1A and
1C (on the negative side of F1) while sample 1B is close to samples 2B and 2C, near the center of
F1 and on the negative side of F2. These ﬁndings were already pinpointed in the related previous
experiment, where samples belonging to poles 1 and 2 presented large intra-class distances in a
PCA conducted on the samples’ volatilome data [32], a phenomenon also apparent in Figure A1.
Meanwhile, samples belonging to poles 3 and 4 were found close together, being obviously very
similar in terms of the volatiles composition, as previously noticed [32]. However, as in the PLS-DA
previously conducted on the volatilome data [32], samples belonging to poles 3 and 4 were better
distinguished on the third factor F3 (Figure 1b). The CA ﬁnally clearly distinguished four groups
of three chocolates through their proximities on the plots: Sample groups {1A, 1C, 2A}, {2B, 2C, 1B},
{3A, 3B, 3C}, and {4A, 4B, 4C}, respectively. The fact that sample 2A was classiﬁed with samples 1A and
1C, and sample 1B was classiﬁed with samples 2B and 2C, respectively, illustrated, as already outlined,
the large intra-class variability of the corresponding sensory poles 1 and 2, which partially overlapped
(Figure A1, Appendix A). The proximity of the sensory poles 3 and 4 with partial overlap was also
apparent (Figure A1).
OAs more associated with particular samples are clearly visible on the CA plots
(Figures 1 and A2). Thus, OAs n◦ 23 (allo-ocimene), 8 (butan-2-ol), 70 (furaneol), 33 (acetic
acid), and 41 (2-isobutyl-3,5,6-trimethylpyrazine), found on the negative side of factor F1,
distinguish the sample group {1A, 1C, 2A}. Opposed on the positive side of F1, OAs n◦ 28
(octan-2-ol), 36 (2-ethenyl-5-methylpyrazine), 89 (γ-dodecalactone) distinguish group {4A, 4B,
4C}, and to a lesser extent group {3A, 3B, 3C}, together with OAs n◦ 40 (butane-2,3-diol),
90 (5-[oct-2-en-1-yl]dihydrofuran-2(3H)-one), 31 (2,6-diethylpyrazine), and to a lesser extent OAs n◦ 17
(hept-2-yl acetate), 25 (nonane-2-one), and 52 (ethyl phenylacetate), seem more speciﬁc of group {3}.
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On the negative side of factor F2, OAs n◦ 12 (2-methylbut-2-enal), 13 (isoamyl acetate), 14 (pentyl
acetate), 76 (unknown), and 15 (heptanal) are associated with the sample group {2B, 2C, 1B}, in which
OA n◦ 82 (isopropyl palmitate), found on the positive side of F2, is less present. It is noteworthy that,
except for OA n◦ 41 related to the sample group {1A, 1C, 2A}, all the OAs with a non-signiﬁcant p-value
in the Khi2 test of the comparison of k proportions (Table 2) are displayed in the center of the CA plots
(Figure 1). They were poorly represented in the correspondence analysis and did not participate in the
diﬀerentiation of the samples. This was particularly true for the OAs n◦ 44 (butanoic acid, p-value 0.463),
66 (δ-octenolactone, p-value 0.337), and 84 (3-hydroxy-4-phenylbutan-2-one, p-value 0.280). This again
revealed a good agreement between both variable selection methods, one based on sensory results
inferred from the GC-O diﬀerence threshold in detection frequencies, and the other one based on
statistics that are more conventional.
In order to go deeper into the data presented in the CA plots and objectively deﬁne the relationships
that exist between the 34 discriminant OAs and the 12 samples, a heatmap was constructed using
the NIF data found in Table 1. This heatmap (Figure 2) independently classiﬁed variables (OAs)
and individuals (samples) thanks to a hierarchical cluster analysis (HCA) centered on Euclidian
distances. The resulting samples’ clustering largely conﬁrmed the correspondence analysis and the
evidenced relationships. Thus, four clusters were clearly deﬁned (see also Figure A3, Appendix B):
The sample groups were {1A, 1C, 2A} and {1B, 2B, 2C}, reﬂecting the intra-class variability of
sensory poles 1 and 2, as already outlined; and {4B, 4C, 3A, 4A} showing the proximity of sample
3A with pole 4 samples, and particularly with sample 4A, and {3B, 3C}. Four to six clusters of
variables could also be clearly seen (Figure 2). The ﬁrst sample cluster {1A, 1C, 2A} was particularly
deﬁned by very low NIF values for a series of compounds grouped together in the HCA. Thus,
the low NIFs of OAs n◦ 40 (butan-2,3-diol), 36 (2-ethenyl-5-methylpyrazine), 25 (nonan-2-one),
90 (5-[oct-2-en-1-yl]dihydrofuran-2(3H)-one), 28 (octan-2-ol), 17 (hept-2-yl acetate), 15 (heptanal),
and 52 (ethyl phenylacetate) characterized this cluster, together with, to a lesser extent, the low
NIFs of OAs n◦ 81 (heptadecan-2-one), 73 (5-methyl-1H-pyrrole-2-carbaldehyde), 66 (δ-octenolactone),
and 31 (2,6-diethylpyrazine). It was also deﬁned by high NIFs of three OAs clustered in an HCA
branch: 23 (allo-ocimene), 33 (acetic acid), and 41 (2-isobutyl-3,5,6-trimethylpyrazine). The sample
group {3B, 3C}, opposed to the ﬁrst one, was deﬁned by high NIFs of OAs n◦ 94 (phenylacetic
acid), 76 (unknown), 51 (linalool-3,7-oxide), and 83 (δ-decenolactone) clustered in an HCA branch,
and 95 (octadecan-1-ol) and 57 (dihydromaltol), grouped in another branch. It was also deﬁned
by low NIFs of OAs n◦ 1 (methanethiol), 41, 23, and 82 (isopropyl palmitate). The third sample
cluster {1B, 2B, 2C} was characterized by medium to high NIFs for the branch grouping OAs
n◦ 12 (2-methylbut-2-enal), 13 (isoamyl acetate), and 14 (pentyl acetate); the group 15, 17, and 52;
the cluster 1, 70 (furaneol), and 33 (acetic acid); and medium to low NIF values for the cluster 82,
84 (3-hydroxy-4-phenylbutan-2-one), and 89 (γ-dodecalactone). Finally, the last sample cluster {4B, 4C,
3A, 4A} was the less homogeneous, and could be better interpreted by considering the two sub-groups
{4B, 4C} and {3A, 4A} deﬁned in the HCA. The ﬁrst sub-group displayed high NIFs for the OA clusters
73-81, 82-84-89, and for OAs 28 and 90, and medium to high values for OAs 31 and 40. Both sub-clusters
shared medium to low values for OA groups 12-13-14, 51-76-94, and for acetic acid (OA 33) and
allo-ocimene (23). The proximity of samples 3A and 4A in the second sub-group was characterized by
medium to low NIFs for cluster dihydromaltol (OA 57)-octadecan-1-ol (OA 95), for furaneol (OA 70)
and nonan-2-one (OA 25), and medium to high values for the OA cluster 15-17-52 (Figure 2).
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Figure 2. Heatmap displaying the results of a hierarchical cluster analysis (HCA) conducted
independently on both samples’ and variables’ (OAs) dimensions, for the 34 discriminant OAs.
NIF values’ importance varies from >1 (highest value, in red) to < −1 (lowest values, in yellow).
OA numbers are those found in Table 1. An HCA conducted on only samples showing the 4 distinctive
clusters displayed here may be found in Appendix B (Figure A3) for clarity purposes. The data were
centered and scaled; dissimilarity Euclidian distances were used with the Ward amalgamation method.

2.2. Identiﬁcation of Impact Compounds
Ninety-six OAs reached the 50% NIF threshold used in the DFA and were considered as signiﬁcant
impact odorants of the chocolate samples under study. Among them, only 28 were deﬁned by a single
well-resolved GC-MS peak, and they were easily and unambiguously identiﬁed by their EI and CI mass
spectra and their LRIs on DB-FFAP by comparison with authentic standard data (Table 1). Some other
compounds, although present in co-eluted peaks, displayed clear EI mass spectra, sometimes after
deconvolution using the AMDIS or PARADISE [81] software packages. Thus, seven more compounds
(3-methylthiopropanal in OA n◦ 34, ethyl nonanoate and non-2-enal in OA 39, 2- and 3-methylbutanoic
acid in OA 47, ethyl dodecanoate in OA 56, and 4-vinylphenol in OA 90) could be unambiguously
identiﬁed (Table 1). For 3-methylthiopropanal and 4-vinylphenol, their respective characteristic
odor notes detected by the assessors in the descending part of the GC peaks (potato and medicinal,
respectively) also aided their identiﬁcation. Using the same procedure, 58 compounds were tentatively
identiﬁed by comparison of their MS, LRI on DB-FFAP, and odor to data found in published literature
and/or found in libraries. Injections of the sample extracts on a DB-5 column allowed conﬁrmation of
most of the identiﬁed peaks after determining their LRIs, which were compared to published data
using the column and/or to LRI data found in databases. Among the 93 aroma compounds identiﬁed
so far (35 unambiguously and 58 tentatively) in 83 OAs, only 17 molecular weights were not conﬁrmed
by chemical ionization (CI) using methane and ammonia as reagent gases. CI was a successful method
to conﬁrm identiﬁcation when limited information was present in MS databases and/or when EI mass
spectra were ambiguous. For example, MW of OA n◦ 69, tentatively identiﬁed by its impure mass
spectrum to 1H-pyrrole-2-carbaldehyde (MW = 95) on the basis of the similarity index using the Wiley
11th Editition/NIST 2017 database (Figure 3a), was conﬁrmed by methane- and ammonia-CI (Figure 3b).
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(a)

(b)
Figure 3. Mass spectra of 1H-pyrrole-2-carbaldehyde (OA n◦ 69, MW 95) obtained in EI compared to the
Wiley 11th Edition/NIST 2017 database reference spectrum (a) and in CI with methane and ammonia as
reagent gases (b). Diagnostic ions on both CI spectra are indicated (b).

Thus, the methane-CI spectrum displayed the diagnostic ions [M + H]+ at m/z 96, [M + 29]+ = [M
+ C2 H5 ]+ at m/z 124, and [M + 41]+ = [M + C3 H5 ]+ at m/z 136. This was conﬁrmed in ammonia-CI by
the diagnostic ions [M + H]+ at m/z 96, [M + 18]+ = [M + NH4 ]+ at m/z 113, probably enhanced by an
impurity found at m/z 112 in the EI mass spectrum, and [M + 35]+ = [M + N2 H7 ]+ at m/z 130 (Figure 3).
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For EI and CI mass spectra data acquisitions, basic/neutral and acidic fractions obtained after
chemical fractionation of the chocolate extracts were checked when needed, in order to clarify some
co-elutions. For instance, γ-nonalactone (OA n◦ 68), just preceding OA 69 by four LRI units, was more
clearly identiﬁed in the basic/neutral fraction. Odor descriptions given by the 12 assessors in the
DFA experiment were also compared to odor attributes found in databases to aid the identiﬁcation
task. Most of the time, this comparison conﬁrmed the identiﬁcations inferred from the MS and LRI
data (Table A1, Appendix B). Seven OAs remained problematic in terms of the odor description
and/or identiﬁcation because they exhibited co-eluting species that were clearly visible in EI and CI
mass spectra obtained using the DB-FFAP column. Therefore, heart-cutting MDGC-MS/O was used
to resolve these problems with the DB-FFAP column in the ﬁrst dimension and a DB-5 one in the
second dimension. Three OAs were thus clearly identiﬁed and unambiguously conﬁrmed by MS
and LRI data of standards obtained on both column types: Butane-2,3-diol (OA n◦ 40), guaiacol (OA
58), and furaneol (OA 70), with the odor attributes also comparable to published data (Table A1).
OA n◦ 63 was tentatively determined as a mixture of δ-octalactone and maltol. As their respective
odors, in agreement with the published data, are similar (Table A1), the fruity-sweet note of OA 63
could be due to one of them or to the mixture. Finally, a heart-cut of the OAs n◦ 65, 66, and 67 grouped
in a single MDGC run allowed the identiﬁcation of phenol (67) and a tentative identiﬁcation of
methyl tetradecanoate (65) and δ-octenolactone (66). For OA n◦ 32, it was not possible to diﬀerentiate
3-ethyl-2,5-dimethylpyrazine from 2-ethyl-3,5-dimethylpyrazine as these molecules shared the same
mass spectra, the same LRIs on both DB-FFAP and DB-5 columns, and the same odor descriptions
(Table A1). Moreover, both have been described in dark chocolate (Table 1). Therefore, OA 32 was due
to either one of these pyrazines or to a mixture of both volatiles. Finally, within the 96 OAs retained as
signiﬁcant impact components of the dark chocolates under investigation, by applying a 50% SNIF
threshold in DFA, 101 odorous compounds were identiﬁed (39) or tentatively identiﬁed (62) with rather
good conﬁdence, and 6 remained as unknown.
3. Discussion
The main objective of the study was to identify the most potent odorants in chocolates,
and particularly the key odorants that could discriminate the samples, and potentially the predeﬁned
sensory poles. Clearly, as usual in GC-O studies, the potent odorants were not the most abundant
volatiles in the extracts. Thus, the most abundant compounds found in common in all the samples were
acetoin (3-hydroxybutan-2-one, LRIDB-FFAP 1296), trimethylpyrazine (LRI 1410), tetramethylpyrazine
(LRI 1480), 3-methylbutanoic acid (LRI 1676), the two diastereoisomers of butane-2,3-diol monoacetate
LRIs 1575 and 1587), phenylacetaldehyde (LRI 1653), phenylethanol (LRI 1921), and 2-acetylpyrrole (LRI
1985). In pole 1 samples, acetic acid (LRI 1462) was also found to be particularly abundant. As expected
by the powerful aromatic nature of dark chocolate, a large number of odorous compounds were detected
by the GC-O panel. Applying a high 50% NIF threshold to the data, 96 olfactive areas were ﬁnally
retained that revealed 107 active odorants, among which six remained unidentiﬁed (Table 1). This rather
important retained number, despite the application of a demanding threshold, equals or even surpasses
the number of OAs found in highly odorous products, like alcoholic beverages, such as Cognac,
for example [40], or even chocolate [29]. Identiﬁcation of most of the impact compounds were based on
classical extract handling and instrumental means, GC-MS in electron and chemical ionization, with the
help of chemical fractionation of the extracts and MDGC-MS/O. However, some of them appearing in
the co-eluted peaks were tentatively identiﬁed by complementary comparison of the odor attributes
used by the panel to published odor descriptors. Thus, the odor attributes given by the panel to AO
n◦ 17 (fruity, ﬂowery) suggested hept-2-yl acetate, known as fruity, rather than styrene, which imparts
a plastic note. The same applied for OA n◦ 23 (metallic, musty) attributed to allo-ocimene rather than
3-ethoxypropan-1-ol reported as fruity (Table 2, and Table A1). OA n◦ 90, most often described as fruity
and ﬂoral, was tentatively attributed to the lactone 5-(oct-2-en-1-yl)dihydrofuran-2(3H)-one rather than
to 4-vinylphenol only detected by fewer panelists in the descending GC peak as rubber and medicinal

47

Molecules 2020, 25, 1809

(Table 2, and Table A1). OA n◦ 32 was not fully resolved as both candidates 3-ethyl-2,5-dimethylpyrazine
and 2-ethyl-3,5-dimethylpyrazine were not separated on DB-FFAP nor on DB5 columns (Table 1)
and have both been described with the same vegetal, roasted notes (Table A1). The same applied
for OA n◦ 38, attributed to the positional isomer candidates 3-isobutyl-2,5-dimethylpyrazine and
2-isobutyl-3,5-dimethylpyrazine, only separated on the DB5 column but imparting the same vegetal,
pepper olfactive note that was not described in consulted databases (Tables 1 and A1).
Most of the identiﬁed key odorants have been found previously in cocoa products,
including cocoa mass or liquor, and/or dark chocolate (Table 1). However, to the authors’
knowledge, some of them were described here formally for the ﬁrst time as key odorants
of dark chocolate: Methanethiol (OA n◦ 1), ethanol (5), ethyl propanoate (6), butan-2-ol (8),
2-methylbut-3-en-2-ol (9), 3-methylbutan-1-ol (16), hept-2-yl acetate (17), allo-ocimene (23), octan-2-ol
(28), 2,6-diethylpyrazine (31), 2-ethenyl-5-methylpyrazine (36), 2-isobutyl-3,5-dimethylpyrazine
(38), 2-isobutyl-3,5,6-trimethylpyrazine (41), acetophenone (46), 1-phenylethyl acetate (48),
2,3,5-trimethyl-6-(3-methylbutyl)pyrazine (49), 1-phenylethanol (54), ethyl dodecanoate (56),
phenylmethanol (59), δ-octalactone (63), methyl tetradecanoate (65), octanoic acid (71), nonanoic acid
(78), heptadecan-2-one (81), δ-decenolactone (83), 3-hydroxy-2,3-dihydromaltol (85), γ-dodecalactone
(89), and OA n◦ 92, dodecanoic acid (Table 1, and Table A1). Moreover, to the best of the authors’
knowledge, 13 key odorants are described for the ﬁrst time in the composition of a cocoa product (Table 1,
and Table A1). However, all of them have been previously described in foodstuﬀs or beverages. Thus,
3-ethyl-4-methylpentan-1-ol (OA n◦ 37) was previously described in brandies [54]; 3-hydroxybutanoic
acid (42) was described in various fruits, wine and honey [54]; methyl 2-methylpentanoate (48) in
potato and tea [54]; 3-hydroxypropyl acetate (50) in bread and wines [54]; δ-pentalactone (53) in various
foods and beverages [54]; dihydromaltol (57) in milk products and wine [54]; isopropyl palmitate (82) in
various food products [54]; 3-hydroxy-4-phenylbutan-2-one (84) in honey and wines [54]; 2-phenylethyl
lactate (86) in cheddar cheese [54]; dihydroactinidiolide (87) in a lot of foodstuﬀs, beverages, and
seeds [54]; farnesol (88) in a lot of foods and beverages [54]; 5-(oct-2-en-1-yl)dihydrofuran-2(3H)-one
(90) in chicken [54]; and octadecan-1-ol (95) in a lot of products, including milk products, fruits, and
tea [54].
In order to determine the discriminative features that should allow samples to be distinguished,
based on the work of Pollien et al. [33], ﬁrstly a GC-O comparative approach where a 30% diﬀerence
threshold was considered in the DFA data, i.e., an NIF diﬀerence > 30% between at least two samples,
was attempted. Among the initial 96 potent OAs, this procedure revealed 73 OAs in which an NIF
diﬀerence > 30% between at least two samples exists (Table 1). To understand the discriminative
variables better, a correspondence analysis was conducted to visualize the proximities between OAs
and samples. Despite its statistical signiﬁcance, this CA displayed rather noisy plots, where many
variables (OAs) poorly represented in the center of the CA plots bore little correspondence information
(Figure S1). To look more objectively at the data, a statistical comparison of k proportions (Khi2 test)
was used on the whole NIF dataset of Table 1. The results clearly conﬁrmed the non-discriminant
OAs (p-values highly non-signiﬁcant, α = 0.05) and revealed non-signiﬁcant p-values for most of the
OAs ill-deﬁned on the CA plots (Table A1). Therefore, a more demanding diﬀerence threshold (50%),
i.e., an NIF diﬀerence > 50% between at least two samples, was applied to the NIF data. This more
drastic diﬀerence threshold selected 34 OAs (Table 1) for which most of the p-values obtained in the
Khi2 test were also highly signiﬁcant (Table 2). These 34 OAs deﬁned by 34 odorants, among which
only one remained unknown (Table 2), were considered the discriminative features that allowed the
samples to be distinguished. Noteworthy, most of their main odor qualities cited by the panelists
corresponded generally to odor attributes that were found in the literature and databases (Table 2).
The CA conducted using these 34 key odorants revealed signiﬁcant proximities between particular
odorants and the samples (Figure 1). Finally, the CA distinguished four groups of three samples:
{1A, 1C, 2A}, {2B, 2C, 1B}, {3A, 3B, 3C}, and {4A, 4B, 4C}. These groups represented a clear image
of the four sensory poles, with each sensory pole being characterized by particular key odorants
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(see results). These groups and their respective proximities also reﬂected the intra-class variability
of sensory poles 1 and 2 [32] (sample 2A grouped with 1A and 1C, and sample 1B grouped with 2B
and 2C, respectively), with the concomitant diﬃculties encountered in sampling pertinent exemplary
chocolates considering their partial overlapping evidenced in Figure A1 and in [32]. They also reﬂected
the similarities of poles 3 and 4 [32], albeit distinguishable (Figure 1). The heatmap produced with the
NIF data of the 34 discriminant odorants (Figure 2) largely conﬁrmed the CA. The sample clusters
deﬁned by HCA showed the same tendencies: Variability of sensory poles 1 and 2, proximity of poles 3
and 4 with sample 3A grouped with pole 4 samples, and particularly with sample 4A. One advantage
of such a heatmap based on HCA is the clustering of explanatory variables, thus evidenced in a better
manner. For instance, a cluster of OAs with very low NIF values characterized the samples more
related to pole 1 (with also sample 2A), which included high NIF values for a cluster composed of
acetic acid (OA n◦ 33), allo-ocimene (23), 2-isobutyl-3,5,6-trimethylpyrazine (41), methanethiol (1),
and furaneol (70) to a lesser extent. The heatmap appeared complementary to the correspondence
analysis for the treatment of GC-O data, with the aim of discriminating chocolate samples diﬀerentiated
on sensory criteria, with the association of discriminant key odorants. Within these 34 discriminant
key odorants, 17 are described formally for the ﬁrst time as key ﬂavor compounds of dark chocolate
(Table 2). The criterion based on the NIF diﬀerence threshold introduced by Pollien et al. [33] for
discriminating samples in GC-O using a comparative analysis based on the detection frequency (named
here cDFA) appeared to be in very good accordance with the statistical approach, which used the
Khi2 test calculated in the comparison of k proportions (Table 2). However, a few discrepancies were
noticed that merit discussion.
Three key odorants out of the 34 retained discriminant ones were not at all signiﬁcant with
p-values > 0.15 (Table 2). These compounds, butanoic acid (OA n◦ 44, p-value = 0.463), δ-octenolactone
(66, p-value = 0.337), and 3-hydroxy-4-phenylbutan-2-one (84, p-value = 0.280), as already outlined,
were situated near the origin in the CA plots, and therefore, were not well represented in the
correspondence analysis (Figure 1). They did not belong to the same cluster on the heatmap (Figure 2).
However, butanoic acid was found with similar medium NIF values in all the samples except a
high value in sample 2C and a low value in chocolate 4C (Table 1); this behavior explained both
the retained 50% NIF diﬀerence threshold and the non-signiﬁcant Khi2 test. The same applied for
δ-octenolactone (high NIF value in the only 3B sample vs. low NIF value in the single 1A one), and
to a lesser extent for 3-hydroxy-4-phenylbutan-2-one. Therefore, the three compounds can hardly
be considered as discriminant features, as clearly indicated by the Khi2 test (p > 0.15). A heatmap
conducted with the remaining 31 discriminant features using a classical non-speciﬁc ﬁltering of 50%
on the standard deviation (std) criterion (i.e., eliminating 50% of the variables with the lowest std
for clarity purpose) revealed interesting features (Figure S2, Supplementary data). Particularly, by
removing the non-signiﬁcant variables (based on the Khi2 test) and the variables with the lowest std
(both types contributing to background noise), the samples’ clustering appeared in good conformity
with the initial sensory classiﬁcation, with the clusters {3B, 3A, 3C} and {4C, 4A, 4B}, corresponding to
sensory poles 3 and 4, well deﬁned on discriminant key odorants (Figure S2).
Besides, seven of the OAs not retained as signiﬁcant based on the 50% NIF diﬀerence threshold
had signiﬁcant p-values in the Khi2 test (Table A1). Thus, 3-methylbutan-1-ol (OA n◦ 16, p-value
= 0.030), OA n◦ 27 (unknown, p-value = 0.003), 1-phenylethanol (54, p-value = 0.002), OA n◦ 56
(pentan-2-yl benzoate/ethyl dodecanoate, p-value = 0.035), OA n◦ 63 (δ-octalactone/maltol, p-value <
0.001), 2-phenylethyl lactate (86, p-value < 0.0001), and OA n◦ 96 (unknown, p-value = 0.012) should
be considered. It is noteworthy that all these but one (OA n◦ 96) satisﬁed the 30% NIF diﬀerence
threshold criterion and were retained in the initial 73 discriminant OAs (Table 1). Their NIF values in
the samples were of two types (Table 1): Most of them (six out of seven) had generally low NIF values,
with no detection (NIF = 0) in some samples, and were very often characteristic of a particular sensory
pole. Thus, OA n◦ 27 was more clearly detected in poles 1 and 2, OA n◦ 63 seemed to characterize
pole 1, and 2-phenylethyl lactate (86) was not detected at all in pole 4 and characterized poles 1 and
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2, which was contrary to OA n◦ 96 that seemed signiﬁcantly detected only in pole 4. The remaining
1-phenylethanol (OA n◦ 54) had generally very high NIF values except in one sample (2A). All these
behaviors explained both the retained 30% NIF diﬀerence threshold and the signiﬁcant p-values in the
Khi2 test. Therefore, it sounded reasonable to include them as signiﬁcant variables in the diﬀerentiation
of the chocolates. A heatmap was calculated using the 38 ‘discriminant’ variables (31 + 7) based on both
the NIF diﬀerence threshold and Khi2 test. For clarity purposes and to highlight the most signiﬁcant
variables that could discriminate the samples, a 50% non-speciﬁc ﬁltering on the std criterion was
again applied, therefore resulting in only 19 variables being displayed (Figure 4). However, an HCA
conducted with the complete set of 38 variables was also performed and resulted in the same sample
clustering (Appendix B, Figure A4).

Figure 4. Heatmap displaying the results of a hierarchical cluster analysis (HCA) conducted
independently on both samples and variables (OAs) dimensions, for the 38 “discriminant” OAs
determined by both NIF diﬀerence threshold and khi2 test (see text). NIF values importance varies
from >1 (highest value, in red) to < −1 (lowest values, in yellow). OA numbers are those found in
Table 1. The data were centered and scaled; dissimilarity Euclidian distances were used with the Ward
amalgamation method; %(std) non-speciﬁc ﬁltering was used with a 50% threshold, resulting in the
display of the only 19 variables with the highest std. An HCA conducted on the samples with the
38 variables, showing the same four distinctive clusters displayed here, may be found in Appendix B
(Figure A4) for clarity purposes.

Noteworthy, the grouped samples were respectively gathered in four well-separated clusters {1A,
1C, 2A}, {1B, 2B, 2C}, {3A, 3B, 3C}, and {4C, 4A, 4B} corresponding to the initially deﬁned sensory poles,
with the limit of the misclassiﬁcation of samples 1B and 2A already outlined. Clustered variables
allowed qualiﬁcation of the sample groups (Figure 4). Thus, 5-methyl-1H-pyrrole-2-carbaldehyde
(OA 73) and octan-2-ol (28) were more perceived in poles 3 and 4 samples. A group of key odorants
was clearly less perceived in pole 1 represented by the cluster {1A, 1C, 2A}: γ-dodecalactone (OA 89),
OA n◦ 90 5-(oct-2-en-1-yl)dihydrofuran-2(3H)-one, butane-2,3-diol (40), 2-ethenyl-5-methylpyrazine
(36), hept-2-yl acetate (17), and ethyl phenylacetate (52). Butan-2-ol (OA 8) and δ-decenolactone (83)
were more perceived in pole 3. Methanethiol (1) and allo-ocimene (23) characterized poles 1 and
2 together with OA n◦ 63 (δ-octalactone/maltol) and furaneol (70) while the last compounds were
less perceived in poles 3 and 4. Acetic acid (OA 33) and phenylacetic acid (94) had higher NIF
values in poles 1 and 2, phenylacetic acid being particularly absent from pole 4 samples (Table 1).
Finally, 2-methylbut-2-enal (OA 12) and 2-phenylethyl lactate (86) were less perceived in poles 3 and 4,
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the latter characterizing particularly pole 2 chocolates (Figure 4). These 19 particularly signiﬁcant key
odorants that allowed discrimination of the 12 chocolates in agreement with the sensory poles could
not be related to the cocoa variety and/or origin as the initial classiﬁcation was only based on sensory
properties [32]. Moreover, the dark chocolate key odorant compounds constitute a ﬂavor balance that
is the result of many factors, including the cocoa variety, post-harvest treatments linked to origin, and a
complex processing that includes roasting. For instance, acetic acid and phenylacetic acid are ﬁnal
degradation products of the amino acids alanine and phenylalanine, respectively, which accumulate
from the fermentation of cocoa beans to the ﬁnal product [1], but acetic acid is also a marker of the
cocoa variety Criollo [31,82]. Heterocyclic compounds like lactones, pyrazines, pyrroles, pyranones,
furanones, and the Strecker aldehydes, formed in abundance in the Maillard reaction during the
roasting step, are already present in fermented cocoa beans [1,11,17,77,83]. Thus, it was recently
reported that interactions between cocoa botanical and geographical origin, formulation, and process
showed diﬃculties in identifying individual markers linked to the diﬀerent steps along the supply
chain [31].
Most of the key odorants identiﬁed in the present study were potential candidates for the
molecular ions identiﬁed in the PTR-ToF-MS analyses of the samples’ headspace volatiles [32].
However, the volatiles with higher molecular weights were only identiﬁed in the present study,
illustrating the fact that headspace analyses are less sensitive than vacuum extraction procedures.
Among the 38 ‘discriminant’ key odorants identiﬁed here, only 6 were found in the discriminant ions that
allowed classiﬁcation of the initial 206 chocolate samples [32]: Butan-2-ol (OA n◦ 8), 2-methylbut-2-enal
(12), 3-methylbutan-1-ol (16), 2,6-diethylpyrazine (31), butane-2,3-diol (40), and 1-phenylethanol (54).
This result reﬂects the diﬀerent criteria retained to classify the samples. In the PTR-MS study, the relative
abundance of the volatile components (represented by 143 ions) were used after headspace extraction;
furthermore, the variables (ions) were highly correlated [32]. In the present study, the discriminative
features were determined for their odor quality as key odorants in a comparative GC-O experiment,
i.e., in a sequential discrete detection mode. While being impact odorants, they were sometimes found
in very low abundance, and a lot of them (with the higher molecular weights) were simply not detected
in the samples’ headspace.
The comparative GC-O conducted here used the detection frequency analysis method with the
data expressed in nasal impact frequencies. Although this are not a direct measurement of the perceived
odor intensities, it can be demonstrated that NIF values increase as a function of the concentration [33],
and consequently with odor intensities. It was assumed that working with a panel of 8–10 assessors,
an NIF diﬀerence of 30% would generally indicate a signiﬁcant concentration diﬀerence for individual
perceived odorants [33]. In the present study, we worked with a panel of 10–12 assessors and ﬁnally
assessed an NIF diﬀerence of 50% between at least two samples as being necessary for an odorant to
diﬀerentiate them with high signiﬁcance on this component. This assessment was largely conﬁrmed by
the Khi2 test of comparing k proportions, which was made usable with the type of data obtained using
DFA. Therefore, if the NIF values we obtained did not exactly measure the concentrations, at least they
gave a good idea of the relative abundances of the key odorants in the samples, which were ﬁnally
retained as discriminative features.
4. Materials and Methods
4.1. Chocolate Samples
All the dark chocolates under study were produced in an industrial pilot plant using the same
‘standard’ transformation process, with the same mass of cocoa (65%) from diﬀerent origins and
varieties, of sugar, of soy lecithin, and of vanillin. They were supplied by the Valrhona Company,
chocolate producer in Tain L’Hermitage (France). Twelve chocolates, three in each of the four sensory
poles previously deﬁned at the industrial level, were chosen among 206 chocolate samples that were
used to build a predictive model [32]. Being representative of the sensory categories, they were
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chosen according to four decision criteria: Availability (suﬃcient quantity available to conduct all the
experiments of the project), uniform distribution in the four sensory poles, coverage of the maximum
acceptable variability within each sensory pole, and distinct origins. Their positions in the sensory space
are highlighted in the PCA planes of the sensory data of the 206 samples in Figure A1 (Appendix A)
for illustrative purposes. In the following, they will be noted xA, xB, and xC, x being the sensory pole
(x = 1 to 4). The samples were stored under vacuum at −20 ◦ C before their analysis.
4.2. Extraction of the Volatiles
After being thawed at room temperature, each sample of dark chocolate was cut into small
cubes (ca. 1 cm3 ). Suspended in 100 mL of ultra-pure water (MilliQ system, Millipore, Bedford, MA,
USA), the sample was placed in the sample ﬂask of a solvent-assisted ﬂavor evaporation (SAFE)
glassware [35], where, together with a magnetic stirrer, 300 μL of an aqueous solution at 93 mg/L of
2-methylheptan-3-one (CAS 13019-20-0; 99% pure; Sigma-Aldrich, St Louis, MO, USA) used as internal
standard were added. The resulting standard concentration was 0.28 mg/L. The round-bottom ﬂask
was placed in a water bath at 37 ◦ C (just above the chocolate melting point) and the stirred slurry
with melted chocolate was distilled under vacuum in the SAFE apparatus at 1 Pa. After a distillation
time of 1h30min, the frozen hydro-distillate (ca. 100 mL) was thawed at room temperature, and then
a liquid-liquid extraction was conducted with methylene chloride (CH2 Cl2 ) as solvent (Carlo Erba,
Val de Reuil, France; purity > 99.9%, distilled just before use). Three successive 15-min extraction steps
were realized under agitation using 3 × 15 mL CH2 Cl2 in a water-ice bath (ca. 4 ◦ C) and the recovered
organic extracts were pooled and dried over anhydrous Na2 SO4 (5 g). The extract was then ﬁltered
through glass wool before being concentrated to 400 μL (adjusted volume with CH2 Cl2 ) using two
successive Kuderna-Danish apparatuses (Merck, Darmstadt, Germany) of decreasing size equipped
with a Snyder column. The extracts obtained in triplicate for each chocolate sample were stored at
−20 ◦ C before use.
4.3. Determination of Impact Compounds by GC-O Comparative Detection Frequency Analysis (cDFA)
The 12 chocolate extracts (pooled triplicates of each extraction) were submitted to GC-O using
the detection frequency analysis (DFA) method [33,34]. The extracts’ concentration was optimized
in dummy assays conducted with three assessors to follow the recommendation of Etiévant and
Chaintreau [41] to avoid overexpressing the number of odorants that could be detected by all the
panelists (thereafter not discriminant).
Analyses were performed on a 6890A GC (Agilent Technologies, Santa Clara, CA, USA) equipped
with an FID and an in-house sniﬃng port using a DB-FFAP column (30 m × 0.32 mm i.d., 0.5 mm
ﬁlm thickness; Agilent Technologies). He4e, 1 μL of extract was injected using a splitless/split injector
in splitless mode for 0.5 min, then switched to split mode (25 mL/min) at a temperature of 240 ◦ C.
The initial oven temperature was set to 40 ◦ C and then increased at 4 ◦ C/min to a ﬁnal temperature of
240 ◦ C held for 10 min. Analyses were performed in constant ﬂow mode at a carrier gas (He) velocity
of 44 cm/s. At its end, the column was connected to a Y-type seal glass, and the eﬄuent was split into
two equal parts (50% to FID, 50% to sniﬃng port) by two deactivated capillaries (both 1.1 m, 0.32 mm
i.d.). The FID and transfer line to the sniﬃng port were heated at 240 ◦ C. Humidiﬁed air (25 mL/min)
was added to the transfer line to prevent nasal mucosa dehydration. Linear retention indices (LRIs)
were calculated by a weekly injection of a reference solution of n-alkanes (C7 to C30 ; Sigma-Aldrich)
according to van den Dool and Kratz [84].
Twelve assessors belonging to the CSGA staﬀ (8 women and 3 men, 21 to 61 years old, nine of
them with previous experience in GC-O) participated after having been informed and having signed
a consent form. Each of them sniﬀed the 12 extracts once, in a randomized order using a Williams
Latin square design, for a period of ca. 40 min starting 3.8 min after the injection (solvent delay).
Data were acquired by the OpenLab software (6850/6890 GC System, V2.3, Agilent Technologies) for
the chromatographic part and by the ODP recorder (Gerstel, Mülheim an der Ruhr, Germany) for the
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descriptors citing part (a button and a microphone allowed the recording of odor events and their vocal
description). DFA is based on the determination of olfactive areas (OAs) in a sample by gathering all
the odor events detected by the panel on the basis of their LRI closeness, grouped if the diﬀerence is
inferior to a few LRI values. A threshold of 50% for the detection frequency, also known as the nasal
impact frequency (NIF) [33], was set as necessary to retain an OA [34,48]. This threshold equals a
minimum of six odor events detected by the panel in a sample to retain an OA, i.e., an OA was retained
only when six assessors detected it in at least one sample [34,48].
cDFA was performed to obtain a ﬁrst impression of the odorants, which may contribute to the
overall aroma of the dark chocolates and to highlight diﬀerences between them. Although they are not a
direct measurement of the perceived odor intensities, NIFs increase with concentration [33]. Therefore,
they can be used to compare peak intensities between aromagrams. According to Pollien et al. [33],
a diﬀerence in NIF values of at least 30% (between the lowest and the highest values of one OA) is
assumed to be a signiﬁcant concentration diﬀerence. Therefore, to be considered as a discriminant OA,
a 30% diﬀerence (corresponding to a diﬀerence of four odor events) between at least two samples for
the given OA was applied. To highlight very discriminant OAs, a 50% diﬀerence (six diﬀering odor
events between at least two samples) was also applied in a second time.
To determine the very volatile impact compounds whose retention times do not allow separation
of them from the solvent peak on the DB-FFAP column (generally for LRIs ≤ 1000), a headspace
(HS) technique was used. A solid-phase microextraction (SPME) method was optimized (chocolate
sample size, addition of water or not, equilibration time and temperature, extraction time, desorption
time, type of SPME ﬁber) in order to get the same GC response and odor intensity as in the SAFE
method for a volatile reference peak, clearly identiﬁed as butane-2,3-dione (LRI: 995 on DB-FFAP,
odor descriptor: butter) and detected by the entire panel (NIF: 100%). Thus, 2 g of chocolate cut
in small cubes (ca. 0.5 cm3 ) were suspended in 1 mL of puriﬁed water within a 20-mL sample vial
containing a magnetic stirrer. The vial, closed by a PTFE-lined screw cap, was equilibrated under
agitation (250 rpm) at 60 ◦ C for 15 min in a water bath. Then, the extraction was realized with
a triple-phase divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) SPME 2-cm ﬁber
(Supelco Sigma-Aldrich) for 30 min at the same temperature. Then, the SPME ﬁber was desorbed for
5 min in the GC injector maintained at 240 ◦ C (splitless mode). As only the most volatile compounds
were sniﬀed in that case, the GC oven set at an initial temperature of 40 ◦ C was programmed at 4 ◦ C/min
to 80 ◦ C and then to 240 ◦ C (maintained for 10 min) at 20 ◦ C/min. Other GC and signal acquisition
parameters were the same as the ones mentioned earlier, except the sniﬃng period that lasted 5 min
only, and 10 assessors from the initial 12 ones participated (two were not available). As previously
stated, a weekly injection of n-alkanes was used for LRI calculation, this time after adsorption on the
same SPME ﬁber. The GC-O data were processed the same way as previously stated.
All through the GC-O procedure, the quality of the GC column was checked for repeatability
(retention times, peak heights and peak areas) weekly by injecting a reference solution (Grob Test Mix,
Sigma-Aldrich).
4.4. Identiﬁcation of the Impact Compounds
The compounds responsible for OAs were identiﬁed by GC-MS.
The triplicate SAFE extracts of the 12 chocolate samples were analyzed on a 7890A GC coupled
to a 5975C mass selective detector (MSD, Agilent Technologies) using the same column as in the
GC-O study. GC-MS data of SPME extracts were also obtained in duplicate on the DB-FFAP column,
using the same conditions as those used for the GC-O experiments. A complementary study was
performed on a DB-5MS column (30 m × 0.32 mm i.d., 0.5 μm ﬁlm thickness, Agilent Technologies)
to conﬁrm the identiﬁcations by obtaining MS and LRIs on a second column with a diﬀerent
polarity, and thus avoiding overlooking possibly coeluting compounds. The used GC conditions
were the same. The data were obtained on the DB-5 column on a pooled solution of the triplicate
SAFE extracts of the 12 chocolates. Analyses were conducted using the same chromatographic
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parameters with a solvent delay of 3.5 min, except for SPME analyses, and LRIs were calculated
as previously described. Electron ionization (EI) spectra were obtained with electron energy of
70 eV at a rate of 4 scans/s, covering the m/z range 29–350 with a source temperature of 230 ◦ C.
Data were acquired using the ChemStation software (ver. A.03.00, Agilent Technologies). The reliability
of the compound identiﬁcation was ﬁrst assured by comparison of the experimental mass spectra
to mass spectral data contained in various databases: NIST 2017/Wiley 11th Edition, MassBank
(https://masbank.eu/MassBank), Pherobase (https://www.pherobase.com), and our in-house database
INRAMass containing more than 10,000 mass spectra of volatiles. The software packages AMDIS
(ver. 2.73, NIST) and PARADISE [81] (ver. 2.92, http://www.models.life.ku.dk/paradise) were used for
mass spectra deconvolution of coeluted peaks. Besides spectral information, compound identiﬁcation
was conﬁrmed by comparison of the experimental LRIs to published data and to data found in
the following online databases: NIST Chemistry WebBook (http://webbook.nist.gov/chemistry),
Volatile Compounds in Food (http://www.vcf-online.nl) [54], the Pherobase, and the LRI & Odour
database (http://www.odour.org.uk). When standards were available in our collection of aroma
compounds, identiﬁcations were conﬁrmed by comparing their MS and LRI obtained on equivalent
DB-FFAP and/or DB-5 columns.
Chemical ionization (CI) was also carried out with methane and ammonia as reagent gases on the
pooled triplicates of each sample. CI analyses were conducted with a source pressure of 0.1 kPa for
both gases at a source temperature of 150 ◦ C and with an electron energy of 240 eV. Molecular weights
(MWs) were determined by observing diagnostic ions depending on chemical classes [85,86].
To aid compound identiﬁcation, a chemical fractionation of the pooled triplicate extracts of
each chocolate sample was also performed to separate the basic/neutral fraction from the acidic one.
An aliquot (200 μL) of each CH2 Cl2 extract was diluted in 100 mL of puriﬁed water. The aqueous
solution was adjusted to pH 9 with NaOH (0.045 M) and agitated for one hour. The basic/neutral
fraction was recovered by extraction with CH2 Cl2 (3 × 10 mL). The remaining aqueous solution was
adjusted to pH 2 with aqueous HCl (18%), stirred for one hour, and the acidic fraction was recovered
by extraction with CH2 Cl2 (3 × 10 mL). Both organic fractions were dried, ﬁltered, and concentrated as
previously described, and analyzed by GC-MS on both DB-FFAP and DB-5 columns.
Finally, to separate some co-eluting species not clearly resolved by the use of the columns of
diﬀerent polarities, a two-dimensional GC-MS/O system (MDGC-MS/O) was used. The ﬁrst gas
chromatograph (GC1) was a 7890A GC (Agilent Technologies) equipped with FID as a monitoring
detector and a DB-FFAP column (30 m × 0.25 mm i.d., 0.5 μm ﬁlm thickness, Agilent Technologies).
The second GC (GC2) was also a 7890A GC equipped with a DB-5MS column (30 m × 0.25 mm i.d.,
0.5 μm ﬁlm thickness, Agilent Technologies) and coupled to a 5975C MSD (Agilent Technologies) and
to a sniﬃng port (ODP 3, Gerstel). The connection between GC1 and GC2 was provided by a Deans
switch (Agilent Technologies) followed by a cryotrap system (CTS, Gerstel) cooled down to −100 ◦ C
by liquid nitrogen. Fractions transported by the Deans switch (heart-cuts) from GC1 to GC2 were
released to GC2 by a rapid heating (ca. 20 ◦ C/s) of the CTS trap to 240 ◦ C. GC ovens were successively
temperature programmed from 40 to 240 ◦ C at a rate of 4 ◦ C/min. All other parameters were ﬁxed as
previously described. After the second column separation in GC2, 2/3 of the ﬂow was diverted to the
ODP and 1/3 to the MSD via two deactivated capillaries of adequate dimensions (0.83 m × 0.18 mm i.d.
and 0.50 m × 0.10 mm i.d., respectively) via a capillary ﬂow purged splitter (Agilent Technologies).
4.5. Statistical Data Analysis
All the statistical data treatments were performed using the software packages XLSTAT (Addinsoft,
Paris, France) and/or Statistica (ver. 13.3, TIBCO Software Inc., Tulsa, OK, USA).
5. Conclusions
The aim of the present study was to identify the discriminant key odorants that should allow
four previously characterized sensory categories of dark chocolates to be distinguished, which were
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modelled using the volatilome of 206 samples [32]. To address the question, a GC-O study was
conducted by 12 assessors using a comparative detection frequency analysis (cDFA) on 12 samples
chosen on availability and exemplariness criteria. A nasal impact frequency (NIF) diﬀerence of 50% for
a key odorant between at least two samples was retained to diﬀerentiate the samples. A correspondence
analysis (CA) revealed a classiﬁcation that could be related to the sensory categories initially deﬁned,
through the proximities found between the most discriminant key odorants and the chocolate samples.
The approach was conﬁrmed and completed by a statistical analysis (Khi2 test on proportions) made
feasible with the DFA data. Finally, 38 key odorants discriminated the samples and allowed retrieval of
the sensory categories thanks to a hierarchical cluster analysis (HCA). The discriminative relationships
were illustrated in a heatmap, where the 19 most signiﬁcant key odorants were identiﬁed.
Supplementary Materials: The following are available online, Figure S1: Correspondence analysis (CA) between
the 12 samples and the 73 discriminant OAs deﬁned by their NIF values using a NIF diﬀerence threshold >30%;
Figure S2: Heatmap displaying the 15 most “discriminant” OAs of 31 signiﬁcant OAs initially retained on NIF
diﬀerence threshold >50%.
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Appendix A

Figure A1. PCA score plots (a: PC1 vs. PC2 and b: PC1 vs. PC3, respectively) of the 206 chocolates
calculated from the average intensities of 36 ﬂavor attributes determined by quantitative descriptive
analysis. The data were normalized by the sum of the intensities. For illustrative purposes, the colored
numbers correspond to the four diﬀerent sensory poles. The twelve samples under investigation (three
in each pole) are circled.
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Appendix B
Table A1. Key aroma compounds in dark chocolate (12 samples) determined in a cDFA GC-O analysis
using a 50% NIF threshold (12 assessors, see text for a complete explanation).a OA number, as in
Table 1; b LRI on DB-FFAP, as in Table 1; c Odor attributes given by the panel; d Identiﬁcation (refer
to Table 1); e Chemical Abstracts Service registry number; f Mass formula; g Molecular Weight;
h Pertinent odor attributes found in the databases VCF [54] and The Good Scents Company (http:
//www.thegoodscentscompany.com/); i p-value of the Khi2 test (α = 0.05) obtained for the parametric
test comparison of k proportions using the data of Table 1.
OA a

LRI b

Odor c

Identiﬁcation d

CAS e

Formula f

MW g

Lit. Odor h

p-value i

701

cheese, cabbage,
sulfur

methanethiol *

74-93-1

CH4 S

48.1

cabbage, sulfur

<0.001

2

817

chocolate, cocoa,
roasted

2-methylpropanal

78-84-2

C4 H8 O

72.1

cocoa, malt,
nut, caramel

0.959

3

920

cocoa, chocolate

2-methylbutanal

96-17-3

C5 H10 O

86.1

cocoa, nutty

0.081

4

923

cocoa

3-methylbutanal

590-86-3

C5 H10 O

86.1

cocoa, malt

0.168

5

942

fruity, solvent

ethanol *

64-17-5

C2 H6 O

46.1

sweet, ripe
apple, ethereal

0.630
0.837

1

6

961

fruity, ﬂoral

ethyl propanoate *

105-37-3

C5 H10 O2

102.1

apple, grape,
sweet

7

991

butter

butane-2,3-dione

431-03-8

C4 H6 O2

86.1

butter

0.436

8

1025

rubber

butan-2-ol *

78-92-2

C4 H10 O

74.1

medicine, solvent

<0.001

9

1040

fruity, ﬂoral

2-methylbut-3-en-2-ol *

115-18-4

C5 H10 O

86.1

herb

0.315

10

1054

fruity

ethyl 2-methylbutanoate

7452-79-1

C7 H14 O2

130.2

fruit, apple, kiwi

0.666

11

1072

fruity, ﬂoral

ethyl 3-methylbutanoate

108-64-5

C7 H14 O2

130.2

fruity, sweet,
apple

0.151

12

1108

hot plastic

(E)-2-methylbut-2-enal

1115-11-3

C5 H8 O

84.1

solvent, ethereal

<0.0001

13

1127

fruity, candy

isoamyl acetate

123-92-2

C7 H14 O2

130.2

fruity, banana

<0.001

14

1183

fruity

pentyl acetate

628-63-7

C7 H14 O2

130.2

fruity, banana

<0.001

15

1196

fruity, ﬂoral

heptanal

111-71-7

C7 H14 O

114.2

fresh, green

0.037

16

1211

cheesy

3-methylbutan-1-ol *

123-51-3

C5 H12 O

88.1

fermented, fusel

0.030

17

1267

fruity, ﬂowery

hept-2-yl acetate *

5921-82-4

C9 H18 O2

158.2

fruity

<0.0001

18

1296

butter

3-hydroxybutan-2-one

513-86-0

C4 H8 O2

88.1

butter, cream

0.696

19

1309

mushroom

oct-1-en-3-one

4312-99-6

C8 H14 O

126.2

mushroom, earth

0.176

20

1323

fruity, mushroom,
vegetal

heptan-2-ol

543-49-7

C7 H16 O

116.2

mushroom,
coconut, green

0.184

108.1

cocoa, roasted
nuts

0.213
0.203

21

1330

roasted, chocolate

22

1346

roasted cereals,
peanut

ethylpyrazine

13925-00-3

C6 H8 N2

108.1

roasted, peanut
butter

23

1383

metallic, musty

allo-ocimene *

673-84-7

C10 H16

136.2

herbal, peppery

<0.0001

24

1387

sulfur, cabbage

dimethyltrisulﬁde

3658-80-8

C2 H6 S3

126.3

cabbage, sulfur

0.330

25

1397

fruity, ﬂoral,
vegetal

nonane-2-one

821-55-6

C9 H18 O

142.2

sweet, herbal,
fruity

0.020

26

1410

roasted, vegetal,
earthy

trimethylpyrazine

14667-55-1

C7 H10 N2

122.2

cocoa, roast, earth

0.451

27

1419

fruity

unknown

-

-

-

-

0.003

28

1427

fruity, ﬂoral,
candy

octan-2-ol *

123-96-6

C8 H18 O

130.2

fruit, fresh, green

<0.0001

29

1431

roasted, nutty

unknown

-

-

-

-

0.385

30

1438

vegetal, earthy

(E)-oct-2-enal

2548-87-0

C8 H14 O

126.2

green, herbal, leaf

0.017

31

1440

vegetal

2,6-diethylpyrazine *

13067-27-1

C8 H12 N2

136.2

green

0.011

vegetal, roasted

3-ethyl-2,5-dimethylpyrazine

13360-65-1

C8 H12 N2

136.2

roast, potato

and/or 2-ethyl-3,5-dimethylpyrazine

13925-07-0

C8 H12 N2

136.2

roast, potato,
burnt

0.062

32

1450

33

1462

2,5-dimethylpyrazine

123-32-0

C6 H8 N2

vinegar

acetic acid

64-19-7

C2 H4 O2

60.1

vinegar, pungent

<0.0001

roasted,

5-ethyl-2,3-dimethylpyrazine

15707-34-3

C8 H12 N2

136.2

burnt, popcorn,
roast

0.518

then, potato

3-methylthiopropanal

3268-49-3

C4 H8 OS

104.2

cooked potato

1497

vegetal, earthy,
roasted

2-ethenyl-6-methylpyrazine

13925-09-2

C7 H8 N2

120.1

roasted, hazelnut

0.128

36

1508

vegetal, earthy,
roasted

2-ethenyl-5-methylpyrazine *

13925-08-1

C7 H8 N2

120.1

coﬀee

<0.001

37

1514

ﬂowery, vegetal

3-ethyl-4-methylpentan-1-ol *

38514-13-5

C8 H18 O

130.2

-

0.112

34

35

1466

56
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Table A1. Cont.
OA a

LRI b

Odor c

38

1530

vegetal, pepper

39

1542

vegetal, cardboard,
ﬂowery

40
41
42
43

1552
1594
1597
1635

ﬂowery
vegetal, cucumber
vegetal, earthy
roasted

44

1638

45

1653

46
47

48

1660
1676

1710

Identiﬁcation d

CAS e

Formula f

MW g

Lit. Odor h

3-isobutyl-2,5-dimethylpyrazine

32736-94-0

C10 H16 N2

164.2

-

and/or 2-isobutyl-3,5-dimethylpyrazine *
ethyl nonanoate *

70303-42-3
123-29-5

C10 H16 N2
C11 H22 O2

164.2
186.3

soapy, waxy
paper, cut grass,
cucumber
ﬂoral
butter
roasted, toasted

<0.001
0.107
0.264
0.582

p-value i
0.193
0.376

(E)-non-2-enal

18829-56-6

C9 H16 O

140.2

butane-2,3-diol
2-isobutyl-3,5,6-trimethylpyrazine *
3-hydroxybutanoic acid *
acetylpyrazine

513-85-9
46187-37-5
300-85-6
22047-25-2

C4 H10 O2
C11 H18 N2
C4 H8 O3
C6 H6 N2 O

90.1
178.3
104.1
122.1

cheese

butanoic acid

107-92-6

C4 H8 O2

88.1

cheese

0.463

ﬂowery

phenylacetaldehyde

122-78-1

C8 H8 O

120.1

geranium,
hyacinth

0.347
0.171

ﬂoral, fruity
melted cheese
vegetal, roasted,
fruity

acetophenone *

98-86-2

C8 H8 O

120.1

mimosa, acacia,
sweet

2-methylbutanoic acid

116-53-0

C5 H10 O2

102.1

cheese, fermented

3-methylbutanoic acid

503-74-2

C5 H10 O2

102.1

cheese, sweat

1-phenylethyl acetate *

93-92-5

C10 H12 O2

164.2

green, leafy, rose,
fruit

methyl 2-methylpentanoate *

2177-77-7

C7 H14 O2

130.2

fruity, apple

0.693

0.990

49

1726

ﬂoral, anise, minty

2,3,5-trimethyl-6-(3-methylbutyl)pyrazine
*

10132-43-1

C12 H20 N2

192.3

anise-like, ﬂoral

0.805

50

1748

unpleasant

3-hydroxypropyl acetate *

36678-05-4

C5 H10 O3

118.1

-

0.353

51

1766

fruity, roasted,
vegetal

trans-linalool-3,7-oxide

39028-58-5

C10 H18 O2

170.2

ﬂoral, woody,
wintergreen

0.061

52

1795

ﬂoral

ethyl phenylacetate

101-97-3

C10 H12 O2

164.2

ﬂoral

<0.0001

53

1818

roasted, vegetal

δ-pentalactone *

542-28-9

C5 H8 O2

100.1

sweet

0.567

54

1825

ﬂoral, rose, fruity

1-phenylethanol *

98-85-1

C8 H10 O

122.2

ﬂoral, rose

0.002
0.239

55

1828

earthy, moldy

56

1848

roasted, nut, spicy

2-phenylethyl acetate

103-45-7

C10 H12 O2

164.2

tobacco, honey

pentan-2-yl benzoate *

39180-02-4

C12 H16 O2

192.3

-

ethyl dodecanoate *

106-33-2

C14 H28 O2

228.4

nut, leaf

0.035

57

1869

roasted, caramel,
fruity

dihydromaltol *

38877-21-3

C6 H8 O3

128.1

-

0.019

58

1872

roasted, smoked,
sweet

guaiacol

90-05-1

C7 H8 O2

124.1

smoke, bacon,
wood, vanilla

0.327

ﬂoral, fruity,
balsam

0.993

59

1892

sweet, fruity, ﬂoral

phenylmethanol *

100-51-6

C7 H8 O

60

1921

ﬂoral, rose

2-phenylethanol

60-12-8

C8 H10 O

122.2

rose, rose water

0.342

61

1944

ﬂoral

2-phenylbut-2-enal

4411-89-6

C10 H10 O

146.2

narcissus

0.190

62

1976

roasted, fruity,
spicy

unknown

-

-

-

-

0.509

63

1980

δ-octalactone *

698-76-0

C8 H14 O2

142.2

sweet, coconut,
tropical

maltol

118-71-8

C6 H6 O3

126.1

sweet, caramel,
fruity

fruity, sweet

<0.001

64

1985

hot plastic

2-acetylpyrrole

1072-83-9

C6 H7 NO

109.1

coumarinic,
licorice

0.376

65

2011

vegetal, metallic

methyl tetradecanoate *

124-10-7

C15 H30 O2

242.4

orris, petal, waxy

0.020

66

2015

sweet, vegetal

δ-octenolactone

16400-69-4

C8 H12 O2

140.2

coconut-like

0.337

67

2018

ﬂoral, fruity

phenol

108-95-2

C6 H6 O

94.1

medicine,
phenolic

0.067
0.177

68

2039

fruity, sweet

γ-nonalactone

104-61-0

C9 H16 O2

156.2

peach, coconut,
sweet

69

2043

sweet, fruity

1H-pyrrole-2-carbaldehyde

1003-29-8

C5 H5 NO

95.1

musty

0.649

70

2046

caramel,
strawberry

furaneol

3658-77-3

C6 H8 O3

128.1

caramel,
strawberry

<0.0001

144.2

rancid, waxy,
sweat

0.442
0.136

71

2075

unpleasant

72

2096

animal,
unpleasant, urine

4-methylphenol

106-44-5

C7 H8 O

108.1

horse, smoke,
stable

73

2122

ﬂoral, spicy, fruity

5-methyl-1H-pyrrole-2-carbaldehyde

1192-79-6

C6 H7 NO

109.1

-

0.005

74

2139

fruity, vegetal

(E)-ethyl cinnamate

103-36-6

C11 H12 O2

176.2

ﬂoral, fruit, sweet

0.449

75

2142

ﬂoral, sweet,
fruity

unknown

-

-

-

-

0.472

76

2147

roasted, spicy

unknown

-

-

-

-

<0.001

77

2156

sweet, fruity,
peach

γ -decalactone

706-14-9

C10 H18 O2

170.2

peach, sweet,
apricot

0.327

2197

animal,
unpleasant

nonanoic acid *

112-05-0

C9 H18 O2

158.2

dirty, cheese, waxy

0.847

78

124-07-2

octanoic acid *

57
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Table A1. Cont.
OA a

LRI b

Odor c

Identiﬁcation d

CAS e

Formula f

MW g

Lit. Odor h

p-value i

79

2205

fruity, ﬂoral,
woody

δ-decalactone

705-86-2

C10 H18 O2

170.2

fruity, sweet

0.092

2212

curry, licorice,
clove, spicy

4-vinylguaiacol *

7786-61-0

150.2

clove, curry,
smoke

0.384

81

2234

ﬂoral, fruity,
vegetal

heptadecan-2-one *

2922-51-2

C17 H34 O

254.5

-

0.076

82

2240

ﬂoral, fruity

isopropyl palmitate *

142-91-6

C19 H38 O2

298.5

fatty, oily

0.010

83

2246

fruity, sweet,
coconut

δ-decenolactone *

54814-64-1

C10 H16 O2

168.2

coconut, fruity

<0.001

84

2272

unpleasant, dust

3-hydroxy-4-phenylbutan-2-one *

5355-63-5

C10 H12 O2

164.2

burnt plastic

0.280

85

2278

roasted, chicory
coﬀee

3-hydroxy-2,3-dihydromaltol *

28564-83-2

C6 H8 O4

144.1

roast, earth

0.214

86

2338

woody, vegetal

2-phenylethyl lactate *

10138-63-3

C11 H14 O3

194.2

rose

<0.0001

87

2353

dust

dihydroactinidiolide *

15356-74-8

C11 H16 O2

180.2

ripe, woody

0.449

88

2365

ﬂoral

farnesol *

4602-84-0

C15 H26 O

222.4

ﬂoral

0.278

89

2387

fruity, peach

γ-dodecalactone *

2305-05-7

C12 H22 O2

198.3

peach, fruit

<0.0001

90

2412

fruity, ﬂoral

5-[(2Z)oct-2-en-1-yl]dihydrofuran2(3H)-one *

156318-46-6

C12 H20 O2

196.3

-

0.001

91

2464

unpleasant, ﬂoral

1H-indole

120-72-9

C8 H7 N

117.1

animal, fecal,
ﬂoral

0.559

2511

unpleasant,
animal, leather

dodecanoic acid *

143-07-7

C12 H24 O2

200.3

fat, wax, oil

0.280

93

2587

vanilla, sweet,
cocoa

vanillin

121-33-5

C8 H8 O3

152.1

vanilla, chocolate

0.236

94

2591

ﬂoral, unpleasant

phenylacetic acid

103-82-2

C8 H8 O2

136.1

ﬂoral, urine

<0.001

95

2602

ﬂoral

octadecan-1-ol *

112-92-5

C18 H38 O

270.5

oily

0.010

96

2628

ﬂoral

unknown

-

-

-

-

0.012

80

92

C9 H10 O2

* although most of them previously identiﬁed in cocoa products (see Table 1), to the authors’ knowledge,
these compounds (in bold character) are formally described for the ﬁrst time as key aroma compounds of dark
chocolate; -: not described or not relevant.

Figure A2. 3-D plot (dimensions 1, 2, and 3) of a correspondence analysis (CA) between the 12 samples
and the 34 discriminant OAs deﬁned by their NIF values. OAs (light circles) are plotted according
to their NIF in samples (plain diamonds), respectively. The CA plot is zoomed in for clarity, and the
coordinates of the extra variable (23) indicated in brackets with its direction. The OA numbers are those
found in Table 1. The sample names are colored for illustrative purpose, with pole 1 samples appearing
in red, pole 2 samples in blue, pole 3 samples in green, and pole 4 ones in orange. CA independence
test: Khi2 = 5444 (critical value 408, α = 0.05), degrees of freedom = 363, p < 0.0001.
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Figure A3. Hierarchical cluster analysis (HCA) conducted on the samples with the NIF values of the
34 OAs determined as discriminant based on 50% NIF diﬀerence threshold, displaying four clusters.
The data were centered and scaled; dissimilarity Euclidian distances were used with the Ward
amalgamation method.

Figure A4. Hierarchical cluster analysis (HCA) conducted on the samples with the NIF values of
the 38 ‘discriminant’ OAs, with discrimination based on both NIF diﬀerence threshold and Khi2 test
(see discussion), displaying four clusters. The data were centered and scaled; dissimilarity Euclidian
distances were used with the Ward amalgamation method.
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Abstract: The quality assessment of the green coﬀee that you will go to buy cannot be disregarded from
a sensory evaluation, although this practice is time consuming and requires a trained professional
panel. This study aims to investigate both the potential and the limits of the direct headspace
solid phase microextraction, mass spectrometry electronic nose technique (HS-SPME-MS or MS-EN)
combined with chemometrics for use as an objective, diagnostic and high-throughput technique to be
used as an analytical decision maker to predict the in-cup coﬀee sensory quality of incoming raw beans.
The challenge of this study lies in the ability of the analytical approach to predict the sensory qualities
of very diﬀerent coﬀee types, as is usual in industry for the qualiﬁcation and selection of incoming
coﬀees. Coﬀees have been analysed using HS-SPME-MS and sensory analyses. The mass spectral
ﬁngerprints (MS-EN data) obtained were elaborated using: (i) unsupervised principal component
analysis (PCA); (ii) supervised partial least square discriminant analysis (PLS-DA) to select the ions
that are most related to the sensory notes investigated; and (iii) cross-validated partial least square
regression (PLS), to predict the sensory attribute in new samples. The regression models were built
with a training set of 150 coﬀee samples and an external test set of 34. The most reliable results were
obtained with acid, bitter, spicy and aromatic intensity attributes. The mean error in the sensory-score
predictions on the test set with the available data always fell within a limit of ±2. The results show
that the combination of HS-SPME-MS ﬁngerprints and chemometrics is an eﬀective approach that can
be used as a Total Analysis System (TAS) for the high-throughput deﬁnition of in-cup coﬀee sensory
quality. Limitations in the method are found in the compromises that are accepted when applying
a screening method, as opposed to human evaluation, in the sensory assessment of incoming raw
material. The cost-beneﬁt relationship of this and other screening instrumental approaches must be
considered and weighed against the advantages of the potency of human response which could thus
be better exploited in modulating blends for sensory experiences outside routine.
Keywords: HS-SPME-MS-enose; coﬀee; prediction of in-cup sensory quality; chemometrics

1. Introduction
Coﬀee is universally considered a comfort food and is widely consumed because of its particular
ﬂavour. The ﬂavour of coﬀee is the result of the transformations of the harvested bean to the ﬁnal
Molecules 2019, 24, 4515; doi:10.3390/molecules24244515
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roasted product. The chemical composition of coﬀee is variable, meaning that its sensory proﬁle can
radically change according to species, origin, year of harvest and post-harvest treatment. Roasters
therefore need to constantly control the quality of their incoming beans.
Coﬀee is evaluated by its visual appearance; colour, bean uniformity, shape and size, number
of “defective beans” and taste. However, coﬀee beans may have a pleasant aspect, but present an
unpleasant taste because of contamination and chemical modiﬁcation that may have occurred during
storage, processing and transport from origin to the roaster’s warehouse. Tasting, of course, plays
a fundamental role in coﬀee quality evaluation, meaning that “cupping” is routinely used [1–3],
to evaluate a lot (or a crop) for blend formulation, or “single origin” coﬀee and ultimately also to
determine its price [4]. Nevertheless, cup tasting is time-consuming as it requires a specialised panel,
who must be trained and aligned. Furthermore, the present trend in the food industry is to move panels
from routine to the development of new ﬁnished products with given or peculiar ﬂavour characteristics.
Flavour can be considered the signature of a product [5–8], and deﬁning a relationship between
chemical proﬁle and aroma sensory impact is an important challenge for both the analytical and
industrial ﬁelds, as they aim to achieve an objective and fast routine evaluation of a product with an
automatic analytical procedure [9–14].
The use of rapid techniques in coﬀee analysis is constantly increasing. For instance, NIRS has
been used to discriminate between coﬀee species and blends [15], to deﬁne the roasting degree of
coﬀee beans and to quantify several bioactive coﬀee compounds, such as caﬀeine, trigonelline and
chlorogenic acids and to predict sensory attributes, such as acidity, body, bitterness and the quality of
espresso coﬀee [16,17]. Proton transfer reaction mass spectrometry (PTR-MS) and Laser Ionisation
Mass Spectrometry (REMPI/TOFMS) have been used on-line, coupled to a Probat roaster, to control the
roasting process, from volatile formation, and to study the kinetics of ﬂavour development [18–23].
E-nose technology based on an array of electronic chemical sensors has also been attractive for
industry. E-noses have been used in coﬀee research to diﬀerentiate Robusta from Arabica beans and to
discriminate aromas via a ﬁne-tuning process that involves altering the sensor materials [24]. The main
advantages of these technologies are their cost-eﬀectiveness, the fact that they can be easily integrated
into a productive process, and the rapidity with which results can be obtained compared to traditional
chemical and chromatographic methods. Despite these features, only few applications in industry
have been described for these techniques, mainly because of the relatively low robustness, selectivity
and reproducibility of the sensors, the large amount of data required to calibrate instrumentation and
the resulting need for complex data analysis and algorithms [25–27].
These limits can be overcome by non-separative MS methods, better known as mass
spectrometry-based electronic noses or MS-EN, which, when combined with headspace sampling,
provides a representative, diagnostic and generalised mass spectrometric ﬁngerprint of the volatile
fraction of a sample, without prior chromatographic separation. With this approach, each m/z ratio
acts as a “sensor” whose intensity derives from the contribution of each compound that produces
that fragment. It was introduced by Marsili in 1999 [28] to study oﬀ-ﬂavours in milk and, since then,
has been applied in the quality control of herbs and spices, in the authentication of food, to classify
defective products, and to predict the sensory properties of food [13,29–33].
The present study applies this method to the coﬀee headspace, as sampled by HS-SPME,
to develop an instrumental prediction model as an analytical decision maker for routine controls to
deﬁne in-cup sensory quality in accepting incoming samples [10,12,14,34]. Coﬀee samples underwent
sensory evaluation via monadic proﬁling, according to SCA [35] protocols, and were analysed using
HS-SPME-MS in combination with multivariate statistical analysis.

66

Molecules 2019, 24, 4515

2. Results and Discussion
2.1. Sensory Analysis
Sensory data show that the scores for aroma properties were spread over the full range (scale
0–10), although the highest values were poorly represented, as expected, because of the intrinsic
characteristics of the samples, such as species, origin, primary processing, and the life-span of the
study. The standard deviations (SD) of the attributes (Table 1) are very low considering the high
numbers of both of the samples investigated (184) and judges (6). A high Coeﬃcient of Variation (CV)
was observed for some attributes, fruity, ﬂowery and spicy, meaning that these sensory properties
were rated as very high or very low by the panel. CV relates the SD to the mean values of the aroma
properties and provides a more representative evaluation of the importance of SD. In addition, it is a
useful measure for comparing the dispersions of two or more attributes measured on diﬀerent scales.
Table 1. Descriptive statistics for the sensory attributes of coﬀee samples.
Attributes

Mean

S.D.

Minimum

Maximum

CV

Acid
Bitter
Aromatic Intensity
Flowery
Fruity
Nutty
Woody
Spicy
Overall Quality

1.79
1.50
6.71
1.08
0.69
1.41
1.36
0.76
6.63

1.68
1.70
1.29
1.76
1.49
2.06
2.02
1.57
1.46

0.10
0.20
1.00
0.00
0.00
0.00
0.00
0.00
0.60

7.80
9.00
10.00
9.00
10.00
9.00
8.00
8.00
10.00

0.93
1.14
0.19
1.62
2.16
1.46
1.49
2.07
0.22

ANOVA analyses and a post-hoc Tukey’s test provided information on the judges’ ability to
evaluate the sensory attributes. Figure 1 shows that judge 3 does not perform similarly to the others
for the aromatic intensity coﬀee property, and, together with judge 2, for acid notes, while judge 2 has
a diﬀerent evaluation for bitter attribute compared to the others. All judges are, however, aligned in
rating the scores of the other attributes. These two judges were therefore not taken into consideration
for the attributes in which their variance was not comparable to the others. The score averages were
used as the “main scores” for the nine attributes in the following elaborations.
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Figure 1. ANOVA and post-hoc Tukey’s test results on the ability of the judges to rate the diﬀerent
attributes. The same letter means that the judges involved rate the attributes in the same way at a
conﬁdence level of 95%.
67

Molecules 2019, 24, 4515

2.2. How a TAS System Based on the MS-Enose Works
The platform adopted allowed experiments to be run with an high throughput Total Analysis
System (TAS) [36], which consisted of an autosampler for fully automated HS-SPME sample preparation
on-line, and was directly combined to a mass spectrometer (MS), through a void column that was
thermostatted in a GC oven, whose output signal (data) was elaborated on-line and then processed
using chemometric software. The HS-SPME-MS TIC (Total ion Current) pattern is a single peak whose
mass spectrum is representative of the ﬁngerprints of the whole coﬀee volatile fraction (Figure 2).

Figure 2. Schematic representation of the Total Analysis System (TAS) system used.

The corresponding mass spectral ﬁngerprint is highly reproducible and ideally suited for further
chemometric elaboration as it only consists of whole masses [37,38].
Compared to conventional GC-MS, mass spectral ﬁngerprints provide total information
about each sample and may even be more helpful and meaningful, in routine control screening,
than the characterisation of each individual component in that sample. The reliability of the mass
spectral ﬁngerprint is demonstrated by the comparison of the high degree of overlap between the
average mass proﬁle of an Arabica volatile fraction obtained using the non-separative techniques
(HS-SPME-MS-enose) and the average total spectrum over the total analysis time from a conventional
HS-SPME-GC-MS analysis, as reported in Figure 3.
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Figure 3. Analytical output signals of an Arabica roasted coﬀee sample from: (a) HS-SPME-MS-enose
proﬁle; (b) average HS-SPME-MS-enose mass spectral ﬁngerprint that corresponds to the TIC data
from MS-enose; (c) HS-SPME-GC-MS chromatogram; (d) average HS-SPME-GC-MS mass spectral
ﬁngerprint of the whole chromatographic proﬁle.

2.3. Signal Processing and Chemometric Workﬂow
The mass spectral ﬁngerprint encompasses all the chemical information on the volatile fraction of
an analysed sample, while diagnostic and informative fragments can be correlated to a compound or a
class of compounds. The mass ﬁngerprint is displayed on a plot that reports the mass fragments (m/z)
within the selected mass range on the X-axis, and the ion abundances for the mass fragments on the
Y-axis (Figure 3).
The use of chemometrics to extract the signiﬁcant and useful information from the complex data
matrix, however, requires the proﬁle to be precise, in particular when data monitoring is carried out
over a long period and when a mathematical model for classiﬁcation or correlation has to be generated.
The chemometric tools adopted in this study were, in sequence: (i) Principal Component Analysis
(PCA) to identify outliers; (ii) Partial Least Square Discriminant Analysis (PLS-DA) carried out on
the sensory scaled samples (low-high score range) to identify the fragment ions that are most closely
related to each sensory attribute; and (iii) Partial Least Square Regression (PLS) to correlate chemicals
to sensory attributes, and to evaluate the ability of extracted chemical variables to predict sensory
scores. The data processing work-ﬂow is reported in Figure 4.
The consistency of the SPME ﬁbres over time was ensured by testing six ﬁbres of the same lot with
a text mixture, and selecting those whose responses could not be distinguished using ANOVA; their
performance was periodically monitored using the same test mixture. Before chemometric processing,
the matrix was cleaned of ground fragments that may have interfered with data elaboration, e.g., the
fragments at m/z = 44 (CO2 ), m/z = 73, 133, 147 and 177 (system bleeding), and m/z = 149 (derived
from phthalates). The resulting data matrix was than subjected to internal normalisation vs. the most
abundant ion (m/z 43) and standardisation using Pareto scaling [39,40].
The HS-SPME-MS pattern is informative because the intensity of each ion (m/z) derives from the
contribution of all components that present that fragment in their ionisation pattern. Chemometric

69

Molecules 2019, 24, 4515

elaboration consists of a series of steps to “extract” signiﬁcant information from the MS ﬁngerprint for
further sensory score prediction.
The data matrix from the Pareto scaling was ﬁrst submitted to an unsupervised exploratory
investigation using principal component analysis (PCA) to detect sample outliers. The samples were
found to be homogeneously distributed along the ﬁrst three PCs with a cumulative explained variance
of 83.15%, and the data indicated two populations of samples on the ﬁrst PC that were related to the
coﬀee species (Figure S1 in Supplementary Material). The fragment ions that derived from the volatile
fraction therefore provided information on the chemical diversity of the investigated set of samples.
A supervised Partial Least Square Discriminant Analysis (PLS-DA) was then applied to the
reprocessed MS spectral ﬁngerprints on selections of samples that had the highest and the lowest scores
for each sensory attribute in order to extract ions that had a high impact on sample discrimination (low
vs. high scores). A cross-validation (CV = 5) was set to run the PLS-DA. The variable importance for
projection (VIPs) scores estimate the importance of each variable in the projection that was used in
a PLS-DA model, and is often used to select variables. VIPs higher than 1 and with a low standard
deviation were considered for the extraction of the relevant ions that described each sensory attribute.

Figure 4. Workﬂow of the chemical data processing used to obtain the regression model.

Table 2 shows the signiﬁcant ions that were selected for each sensory attribute under investigation,
together with their VIP value and standard deviation. Results show that the total number of relevant
ions is diﬀerent for each considered sensory attribute and, in particular, that sensory qualities share
several ions Table 2 and Figure 5.
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2.012
1.967
1.960
1.953
1.821
1.795
1.757
1.755
1.748
1.734
1.732
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1.709
1.688
1.687
1.673
1.643
1.612
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0.129
0.101
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0.101

VIP SD

Acid

37
42
45
56
57
60
62
63
64
65
66
67
74
75
76
77
78
80
89
92
93
94
95
96
100
104
105
106
107
108
109
110
117
118
119

m/z
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0.224
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0.180
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0.166
0.098
0.067
0.057
0.160
0.180
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0.219
0.119
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0.130
0.113
0.165
0.181
0.277
0.138
0.190
0.146
0.367
0.351
0.151
0.185

VIP SD
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37
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1.549
1.546
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1.514
1.512
1.501
1.497
1.491
1.489
1.480
1.480
1.477
1.471
1.461
1.451
1.446
1.435
1.430
1.425
1.419
1.418
1.417
1.405
1.401
1.396
1.392
1.378
1.369
1.351
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1.819
1.717
1.717
1.697
1.666
1.664
1.664
1.651
1.634
1.592
1.584
1.580
1.548
1.544
1.525
1.522
1.517
1.503
1.492
1.481
1.468
1.463
1.462
1.457
1.450
1.435
1.421
1.421
1.415
1.401
1.375
1.343
1.310
1.280
1.267

VIP
0.262
0.096
0.118
0.106
0.113
0.198
0.269
0.208
0.164
0.265
0.130
0.197
0.145
0.104
0.152
0.274
0.194
0.129
0.197
0.178
0.230
0.220
0.190
0.310
0.112
0.190
0.359
0.246
0.136
0.222
0.265
0.258
0.216
0.333
0.319

SD

Aromatic Intensity
m/z

0.085 100
0.114 36
0.108 37
0.109 38
0.103 39
0.109 40
0.036 41
0.049 45
0.038 48
0.074 50
0.047 51
0.053 52
0.056 53
0.047 55
0.095 57
0.075 59
0.097 60
0.068 61
0.068 68
0.077 69
0.105 70
0.101 72
0.118 73
0.110 74
0.115 79
0.122 81
0.045 82
0.108 83
0.157 86
0.059 87
0.126 91
0.072 92
0.066 95
0.103 96
0.166 97

VIP SD

Woody

79
37
38
39
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41
42
44
50
51
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54
55
58
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67
68
69
70
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72
75
78
80
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86
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88
94
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m/z
2.060
2.054
1.925
1.858
1.816
1.781
1.729
1.696
1.671
1.655
1.644
1.641
1.607
1.596
1.571
1.562
1.559
1.551
1.548
1.533
1.497
1.478
1.477
1.450
1.416
1.409
1.386
1.352
1.340
1.338
1.317
1.295
1.277
1.272
1.271

VIP
0.316
0.265
0.220
0.296
0.140
0.258
0.079
0.255
0.409
0.370
0.346
0.286
0.388
0.279
0.383
0.092
0.388
0.223
0.327
0.253
0.190
0.128
0.520
0.107
0.363
0.433
0.436
0.198
0.291
0.405
0.297
0.280
0.272
0.338
0.265

SD

Overall Quality

Table 2. Signiﬁcant ions selected from the partial least square discriminant analysis (PLS-DA) by variable importance for projection (VIP) for each sensory attribute.

Molecules 2019, 24, 4515

71

72

52

1.239
1.211
1.202
1.186
1.176
1.150
1.112
1.100
1.093
1.085
1.072
1.053
1.044
1.040
1.021
1.018
1.002

119
120
121
122
123
124
126
134
135
136
137
139
146
147
150
160
164

0.301
0.231
0.215
0.459
0.525
0.193
0.242
0.479
0.381
0.304
0.387
0.336
0.371
0.379
0.471
0.521
0.467

VIP SD

Flowery

m/z

56

110
113
117
118
119
120
121
122
123
124
125
132
134
135
136
137
145
146
150
152
164

m/z

1.228
1.223
1.221
1.220
1.206
1.187
1.180
1.167
1.156
1.146
1.145
1.132
1.102
1.101
1.099
1.097
1.092
1.074
1.039
1.006
1.001

0.315
0.272
0.308
0.228
0.375
0.329
0.249
0.391
0.277
0.348
0.401
0.187
0.327
0.322
0.220
0.306
0.248
0.213
0.274
0.280
0.272

VIP SD

Fruity

58

115
117
118
119
120
121
122
123
124
125
129
134
135
136
137
145
146
148
150
151
152
160
164

m/z
1.335
1.329
1.318
1.309
1.292
1.288
1.268
1.265
1.225
1.215
1.195
1.173
1.139
1.138
1.125
1.108
1.096
1.092
1.077
1.046
1.031
1.028
1.011

0.174
0.109
0.150
0.263
0.207
0.164
0.196
0.186
0.167
0.186
0.207
0.166
0.155
0.241
0.411
0.348
0.246
0.371
0.204
0.225
0.405
0.231
0.142

VIP SD

Acid

53

120
121
122
123
124
125
131
132
134
135
136
137
145
146
150
151
152
164

m/z
1.309
1.291
1.284
1.283
1.276
1.274
1.265
1.263
1.259
1.231
1.175
1.174
1.160
1.157
1.138
1.137
1.126
1.112

0.120
0.165
0.120
0.120
0.125
0.081
0.137
0.195
0.141
0.118
0.145
0.160
0.137
0.176
0.122
0.271
0.146
0.214

VIP SD

Bitter

24

m/z
103
104
105
106
107
108
109
110
112
115
117
118
119
120
121
122
123
124
126
132
134
135
136
137
145
150
151
164

m/z

63

Total number

VIP SD

Nutty

Table 2. Cont.

1.267
1.260
1.254
1.219
1.209
1.180
1.173
1.168
1.148
1.146
1.142
1.131
1.124
1.108
1.102
1.098
1.085
1.084
1.056
1.037
1.036
1.034
1.023
1.016
1.015
1.015
1.010
1.001

0.209
0.425
0.371
0.136
0.231
0.122
0.196
0.209
0.203
0.138
0.142
0.188
0.224
0.210
0.257
0.253
0.199
0.296
0.303
0.488
0.420
0.318
0.331
0.487
0.500
0.383
0.214
0.384

VIP SD

Spicy

64

109
112
113
115
116
117
118
119
120
121
122
123
124
125
127
131
132
134
135
136
137
139
146
148
150
151
152
160
164

m/z
1.327
1.303
1.285
1.285
1.258
1.255
1.244
1.230
1.224
1.223
1.214
1.206
1.205
1.188
1.177
1.176
1.168
1.145
1.131
1.119
1.114
1.107
1.092
1.089
1.086
1.082
1.017
1.014
1.003

0.085
0.099
0.088
0.175
0.144
0.153
0.121
0.179
0.128
0.125
0.232
0.130
0.111
0.156
0.157
0.106
0.190
0.166
0.146
0.226
0.208
0.152
0.169
0.250
0.218
0.300
0.183
0.263
0.129

VIP SD

Woody

46

98
99
109
110
111
112
116
126
140
141
166

1.255
1.214
1.210
1.185
1.133
1.131
1.109
1.055
1.036
1.025
1.014

VIP
0.134
0.393
0.424
0.510
0.324
0.483
0.305
0.445
0.459
0.370
0.527

SD

Aromatic Intensity
m/z

47

99
111
112
113
123
125
126
138
139
140
141
161

1.251
1.213
1.206
1.190
1.187
1.143
1.120
1.096
1.068
1.063
1.060
1.028

VIP
0.228
0.446
0.226
0.333
0.382
0.411
0.353
0.196
0.285
0.585
0.184
0.269

SD

Overall Quality
m/z
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Figure 5. The importance and occurrence of each selected mass fragment (m/z) in the partial least
square (PLS) regression model of every sensory attribute.

A PLS model was built for each single sensory attribute to verify the relationship between the
chemical ion fragments (m/z) (i.e., the chemical components of the volatile fraction) and the sensory
proﬁle, and to predict the sensory scores. Figure 5 shows that the ions selected from the PLS-DA and
used to design the corresponding regression model for each sensory feature are involved in more than
one feature.
For example, the typical base fragment of organic acids m/z 60 in coﬀee (the most abundant
of them being acetic acid and 3-methyl butanoic acid), is depicted in 7/9 regression models, while
m/z 150/152, predominantly related to methoxy phenols, are only present in 4/9 regression models.
This result is in agreement with results reported in Ribeiro et al., who underlined the importance of
the co-participation of several volatiles in describing various sensory features in ﬁfty three Arabica
coﬀees [41].
Moreover, the mass spectral ﬁngerprint provides some information on the volatiles that characterise
the samples. For example, m/z 108 is mainly related to several alkylated pyrazines and pyrrole
derivatives, m/z 95/96 are associated to furfuryl products, and 135/137/150/152 are primarily related to
methyl-ethyl pyrazine and methoxy phenols.
The ability of the VIP-selected ions to describe the sensory characteristics of samples can be
visualised for the most fruity and woody samples in the heat-map in Figure 6, which shows a clear
discrimination between the samples with these two sensory proﬁles thanks to mass ﬁngerprinting. The
rows indicate the m/z ions, and the columns the investigated samples. The colour scale varies from blue
(low abundance) to red (high abundance). A hierarchical cluster analysis (HCA) of both the rows and
columns shows that volatile distributions diﬀer according to their normalised response across samples.
Figure 6 highlights that the ion-intensity ratios across samples in place of the diﬀerent quality volatiles
is very eﬀective to discriminate the two cluster of samples linked to their sensory peculiarity [3,42,43].
The ions selected using PLS-DA were then used as independent variables to evaluate the
relationship with sensory data and the ability to predict scores (dependent variables) of each sensory
attribute by developing a speciﬁc and optimised regression model for each feature. All sensory notes
have been modelled through a PLS algorithm; the evolution of each sensory note over the sample
sets has been related a diﬀerent number of variables (Table 2). The ﬂexibility of the prediction model
for each sensory attribute was evaluated in samples that covered a range of seasonality, origins and
crops and then tested the models with an external test set (Table 3). Acid, Bitter, Spicy and (to a lesser
extent) aromatic intensity and ﬂowery PLS prediction models show good performance. The R2 values
indicate that nearly more than 50% of the variance in the measured scores is explained by the models
(i.e., the selected mass spectral fragments used to describe the model). This is quite a good result in
consideration of the high variability of the training set. The goodness of the predictive capability is
conﬁrmed by the acceptable values of the root mean squared errors (RMSECV and RMSEP) reported
for these attributes. The limit of acceptability for predicted values has been strictly ﬁxed by the sensory
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panel, in ±1 score points. All RMSECV values are within or close to this interval while prediction on
new samples show RMSEP slightly higher in particular for the overall quality and to a lesser extent for
woody and nutty.

Figure 6. Heat-map of a group of the selected samples that present woody and fruity features.

The models so far developed, however, still require nine diﬀerent data elaborations. This is a
serious limit for routine HS-SPME-MS-enose applications that can only be overcome with a unique
multi-note sensory-score prediction model. The variable selection for the multi-note model was carried
out by combining the matrices (ions ﬁngerprints) used for the single-note prediction models. Fragment
ions from the single-model note, without repetitions, were selected, the x matrix was then simpliﬁed
and the number of variables reduced according to VIP values. This variable reduction was carried out
to reduce the statistical noise, and maximise the information provided by each single note chemical
ﬁngerprint. According to the VIP values (VIP > 0.8), 78 ions out of 104 in the volatile fraction were
retained in building the model, thus allowing the multidimensional structure of the prediction model
to be simpliﬁed with negligible loss in performance.
The regression model was built with a training set of 150 objects and an external test set of 34.
The leave-p-out cross-validation method (n = 20) was used to select a suitable number of components
from the PLS regression and to reduce the errors when the calibration model was used for the feature
predictions of unknown samples. The results of the developed multi-note regression model for the
prediction of sensory-attribute scores show that acid, bitter and spicy notes were the most reliable as
they present a lower root mean square error in prediction (RMSEP). However, the mean error in the
sensory-score prediction RMSEP in the external test set with these data fall within the range of ±2
(Table 3). The other attributes show discrete to good ﬁtting between chemical and sensory data from
the R2val values, and a better ability to predict the scores of the training and internal evaluation set,
but fail to meet the expectation limit for acceptability given by the panellist (±1) when used to estimate
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new samples Table 3 and Figure 7. The high errors in prediction, in particular for samples with high
sensory scores, probably occurred because of the unbalanced samples (i.e., the number of high scored
samples was lower than that of the low scored ones for some attributes such as fruity, nutty, woody),
making this part of the score range less well represented in the sample sets.
Table 3. Multi-note model performance summary.
Single-Note Model Performance

Multi-Note Model Performance

Sensory Note

Model Factors

R2val

RMSEV

RMSEP

Model Factors

R2val

RMSEV

RMSEP

Acid
Bitter
Woody
Flowery
Fruity
Spicy
Nutty
Aroma intensity
Overall quality

3
4
4
4
4
1
6
1
4

0.663
0.817
0.669
0.746
0.661
0.792
0.544
0.557
0.556

1.129
1.142
1.570
1.038
1.026
0.963
1.506
0.936
0.936

0.946
1.063
1.725
1.345
1.499
1.209
1.661
1.296
2.120

3
4
4
4
2
3
4
4
4

0.856
0.936
0.884
0.907
0.790
0.784
0.893
0.764
0.756

0.726
0.626
1.003
0.651
0.785
0.977
0.864
0.627
0.726

1.192
1.315
2.306
1.964
1.598
1.194
1.891
1.642
2.239

The low predictive ability for new set of samples may be due to: (a) the diﬀerent species, origin
seasonality and post-harvest treatments compared to other published work [23,41]; (b) the high noise
caused by an unbalanced pool of samples for some attributes, such as nutty or ﬂowery; (c) the diﬃculties
linked to an excessively general lexicon to deﬁne the notes; and (d) compromises in the abilities of
modelling for each sensory characteristic must be considered when building a multi-note model.
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Figure 7. Comparison of the measured sensory proﬁles (from the panel) and predicted sensory proﬁles, from the developed model, of a selection of external test set
samples. Sensory and chemical data were pre-processed using pareto scaling.
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3. Materials and Methods
3.1. Samples
One hundred and eighty four coﬀee samples, with distinctive sensory notes, originating from
a number of diﬀerent countries were analysed. Coﬀee samples were kindly supplied by Lavazza
S.p.A. (Turin, Italy). The roasting degree of each sample was carefully measured by ground bean light
reﬂectance, with a single-beam Color Test 2 instrument Neuhaus Neotec (Genderkesee, Germany) at a
wavelength of 900 nm, on 25–30 g of ground coﬀee. The roasting degree was set at 55◦ Nh, in order to
be close to the international standardisation protocol for cupping [35]. Samples were roasted no more
than 24 h before cupping and left at least 8 h to stabilise.
3.2. Descriptive Sensory Analysis of Coﬀee Aroma
The samples were submitted to sensory evaluation by a panel of six coﬀee experts. Aroma quality
was assessed for a set of nine attributes, namely ﬂowery, fruity, woody, nutty, spicy, acidity, bitterness,
aroma intensity and overall quality. The quality and intensity of each attribute were simultaneously
evaluated, on a scale from 0 to 10. ANOVA analysis with a post-hoc test were run to verify panel
alignment on each attribute. Average scores from experts whose evaluations were similar were used as
the “main scores” for the investigated attributes.
3.3. Head Space Solid Phase Micro Extraction Sampling
Volatiles were sampled using HS-SPME and an MPS-2 multipurpose sampler (Gerstel, Mulheim
a/d Ruhr, Germany) which was integrated online with an Agilent 7890 GC coupled to a 5975 MS
detector (Agilent, Little Falls, DE, USA). One point ﬁve grams of ground roasted coﬀee in a 20 mL
vial were directly sampled by HS-SPME for 10 min at 50 ◦ C at a stirring speed of 350 rpm. The SPME
ﬁbre was a PDMS/DVB df 65 μm, and 1 cm long (Supelco, Bellefonte, PA, USA). After sampling, the
recovered analytes were thermally desorbed, by heating the ﬁbre for 5 min at 250 ◦ C, into the GC
injector body, from where they were transferred on-line to the gas-chromatographic column. All
samples were analysed in duplicate.
3.4. MS-eNose Instrument Set-Up
The GC oven and injector were maintained at 250 ◦ C; injection mode, split; split ratio, 1/10; carrier
gas, helium; ﬂow rate, 0.4 mL/min; ﬁbre desorption time and reconditioning, 3 min. The transfer
column was uncoated deactivated fused silica tubing (dc = 0.10 mm, length = 6.70 m) from MEGA
(Legnano, Italy).
MSD Conditions: ionisation, EI mode at 70 eV; temperatures: ion source: 230 ◦ C, transfer line:
280 ◦ C. Standard tuning was used and the scan range was set at m/z 35–350 with a scanning rate of
1.000 amu/s.
3.5. Data Acquisition and Elaboration
Data were acquired and processed using an Agilent MSD Chem Station ver. E.02.01.1177 (Agilent,
Little Falls, DE, USA). Raw data were transformed using RapidDataInterpretation software by Gerstel
(Gerstel, Mulheim a/d Ruhr, Germany). This is a post-run macro that expands the scope of the function
of the Agilent ChemStation software, which allows the 3-dimensional raw data supplied by the mass
spectrometry (retention time, m/z fragmentation and intensities) to be reduced to 2-dimensional data
that can then be properly used by statistical software for further elaboration. The intensities of a sample
are added as a function of the masses. The result is a data matrix of 91,980 data in which the rows
report the samples and the columns report the intensity assigned to each mass.
Chemometric analyses were carried out using Pirouette software ver. 4.5 (Infometrix, Inc., Bothell,
WA, USA). Principal component analysis (PCA), Partial Least Square Discriminant Analysis (PLS-DA)
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and Partial Least Square (PLS) regression were used. Heat map visualisation, One-way ANOVA and
t-tests were performed on the sensorial results using XLSTAT (Addinsoft, New York, NY, USA).
4. Conclusions
The results show that the combination of HS-SPME-MS ﬁngerprints and chemometrics is a
promising technique for use as a TAS system working as a high throughput solution for the prediction
of the in-cup coﬀee sensory quality of incoming coﬀee beans. Sensory quality control and evaluation is
crucial if the coﬀee industry is to satisfy the ever-increasing demand for coﬀee with speciﬁc sensory
attributes. The described methods would allow trained panellists to be exempted (at least partially)
from routine tasting and focus their activity on new products and sensory attributes. The ambitious
challenge of this study was based on the exploration of the ability of this analytical approach to
predict in-cup coﬀee quality, including representative coﬀee samples of diﬀerent origins, species and
postharvest treatments, as occurs in industry quality control upon the acceptance of incoming beans.
The study has demonstrated that this approach and the use of a multi-note model to predict global
coﬀee sensory proﬁles requires a number of compromises, in terms of model robustness and acceptance
of the errors in prediction. The high errors in prediction, in particular for samples with high sensory
scores, probably occurred because the number of high scored samples was lower than that of the low
scored samples, making this part of the score range less well represented in the sample sets. A second
explanation may involve the sensory scores measured by the panel; high scores are more diﬃcult to
deﬁne and require a precise alignment.
As a general consideration, the main limit of this study is the number of coﬀee samples, which is
only a snapshot of the number of coﬀees that may be processed in a plant, and is therefore not suﬃcient
to obtain fully reliable and robust models. Automatic screening to predict the cup-quality of the raw
material requires a huge repository of sensory and instrumental data. Furthermore, this approach
operates, in terms of chemometric data processing, within an order of magnitude of hundreds of
samples with similar qualities, as shown by Ribeiro on ﬁfty three Arabica coﬀees and Lindinger on
18 espresso coﬀees (Ristretto and Lungo types). For higher numbers of samples, other data mining
approaches should be considered in the development of the prediction tool, e.g., artiﬁcial neural
networks and deep learning algorithms [23,41,43].
Supplementary Materials: The following is present in supplementary material available online, Figure S1: PCA
scores plots of coﬀee samples.
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Abstract: In this study, the inﬂuence of phenolic compounds on the sensory scores attributed to
extra virgin olive oil (EVOO) by panel test was investigated. Two model olive oils (MOOs) with
identical concentrations of volatile compounds, diﬀering only in the amount of biophenols (297 vs.
511 mg kg−1 ), were analysed by two oﬃcial panels and by SPME-GC/MS. Six other MOOs set up by
the two previous models were also tested and analysed. They were formulated separately with the
addition of three oﬀ-ﬂavours (‘rancid’, ‘winey–vinegary’ and ‘fusty–muddy’). While high levels of
EVOO phenolic compounds did not produce any eﬀect on the headspace concentration of volatile
compounds, they did aﬀect the scores of both positive and negative sensory attributes of EVOO,
due to the well-known in-mouth interactions between EVOO phenols, saliva and volatile compounds.
In particular, a decrease of about 39% in the positive fruity score was found in the presence of a higher
concentration of phenols. Regarding EVOO oﬀ-ﬂavours, the higher level of phenolic compounds
decreased by about 23% the score of ‘fusty–muddy’ defect and increased the score of ‘winey–vinegary’
defect about 733%. No important eﬀect of EVOO phenolics on the perceived intensity of the ‘rancid’
defect was found. These ﬁndings could be helpful in explaining some discrepancies of panel test
responses observed during extra virgin olive oil shelf life.
Keywords: extra virgin olive oil; sensory analysis; phenolic compounds; virgin olive oil oﬀ-ﬂavours;
panel test; volatile compounds; SPME-GC/MS

1. Introduction
The quality of extra virgin olive oil (EVOO) is deﬁned by several chemical indices (acidity, peroxide
value, UV and alkyl esters), but the sensory perception of its ﬂavour is the ultimate determinant [1–3].
Sensory assessment identiﬁes mainly positive attributes and defects in the oil, and it is critical for the
oil’s quality classiﬁcation according to the International Olive Council [4] and the EU legislation [1].
In fact, to be classiﬁed as “extra virgin” (highest quality), olive oil must have the presence of ‘fruity’
notes in its ﬂavour and the absence of any unpleasant sensations, also deﬁned as defects or oﬀ-ﬂavours.
The four main frequent oﬀ-ﬂavours of virgin olive oil are ‘musty’, ‘winey’, ‘fusty–muddy’ and ‘rancid’.
The positive attributes ‘bitterness’ and ‘pungency’ in-mouth are also evaluated in EVOO by
sensory assessors and, although they are not considered important in the quality classiﬁcation of olive
oil, they are very desirable [3,5,6].
The bitterness and pungency are mainly related to the quali-quantitative presence of phenolic
compounds in EVOO [7,8], characterised by different health functions [6]. Olive oil phenolic compounds
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comprise simple phenols, lignans ((+)-1-acetoxypinoresinol and (+)-1-pinoresinol), flavonoids (luteolin
and apigenin) and hydroxyl-isochromans, but the most abundant are the secoiridoid derivatives of
the glycosides oleuropein and ligstroside. Among these, secoiridoid derivatives of oleuropein such as
the dialdehydic form of elenoic acid linked to hydroxytyrosol (3,4-DHPEA-EDA or ‘oleacein’,) and the
aldehydic form of elenoic acid linked to hydroxytyrosol (3,4-DHPEA-EA or ‘oleuropeine aglycon’) have
been reported to be as the main contributors to EVOO bitterness. In contrast, the dialdehydic form
of elenoic acid linked to tyrosol (or ‘oleocanthal’, p-HPEA-EDA) has been reported to be as the main
compound responsible for the pungency of EVOO, perceived typically at the back of the tongue [7,8].
Commonly, four categories of EVOO can be pointed to in relation to the phenolic content. A level
of phenolics equal to or lower than 220 mg kg−1 corresponds to non-bitter oils or oils with almost
imperceptible bitterness; slight bitterness corresponds to 220–340 mg kg−1 ; bitter oils have phenol contents
ranging from 340 to 410 mg kg−1 ; and a phenol content higher than 410 mg kg−1 corresponds to quite
bitter or very bitter oils [9]. The concentration range of phenolic compounds is very wide in EVOOs
because these substances are mainly affected by the agronomic and technological conditions of EVOO
production such as cultivar, ripening stage, geographic origin of olives, crushing, malaxation, etc. [9].
It has been reported that EVOO phenolic compound–aroma interactions can aﬀect the release
of EVOO aroma compounds in the presence of human saliva [10,11]. It has been hypothesised
that the complex formed from the interaction between EVOO phenolics and proline-rich proteins
could bind aroma compounds and consequently decrease their level during head-space analysis
and during organoleptic assessment of olive oil. In particular, an in vivo study showed that
1-penten-3-one, trans-2-hexenal and esters had a lower release in the presence of higher levels
of biophenols (about 600 mg kg−1 ) after swallowing 3.5 mL olive oil. In contrast, linalool and 1-hexanol
had a longer persistence in the breath than other compounds [10]. Another in vitro study of EVOO
with a low–medium level of phenolic compounds (about 300 mg kg−1 ) showed the lowest headspace
release for some ethyl esters, acetates, alcohols and ketones [11]. Consequently, the sensory assessment
of EVOO could be aﬀected by the presence and content of phenolic compounds. This eﬀect could
inﬂuence the score given by panellists for EVOOs e.g., slight ‘fusty–muddy’ notes, mainly related
to some ester compounds [12], would not be perceived in very bitter–pungent EVOOs because of
a physicochemical trapping eﬀect by phenolics and saliva on esters [10,11].
Therefore, the wide-ranging level of ‘bitter’ and ‘pungent’ taste in EVOOs makes the use of
sensory assessment to classify EVOOs into categories a tool not exempt from risk.
Although the volatile and phenolic compounds in EVOO have been widely studied [7,9,13–15],
to date, no study has aimed to verify the eﬀect of biophenols on the sensory assessment of olive oil
ﬂavour and oﬀ-ﬂavour.
Therefore, the aim of this work was to investigate the eﬀect of EVOO phenolic compounds on the
sensory scores of positive and negative attributes assessed by a panel test. For this purpose, two model
olive oils (MOOs) with identical concentrations of volatile compounds, diﬀering only in the amount of
biophenols, were used. This allowed us to study the positive sensory attributes (‘fruity’ quality) in oils
diﬀering in phenolic compound content only, without major diﬀerences in EVOO ﬂavour composition.
Six other MOOs, created by the two previous models, were formulated with the addition of the ‘rancid’,
‘winey–vinegary’ and ‘fusty–muddy’ oﬀ-ﬂavour olive oil references (supplied by IOOC) in order to
verify the possible masking or salting out eﬀects of EVOO biophenols on the perception of common
defects. The sensory assessment of MOOs was made by two diﬀerent oﬃcial panels according to the
EU legislation [1].
2. Results and Discussion
2.1. Quality Indices and Phenolic Compounds
Table 1 reports the free acidity, peroxide value, ultraviolet indices (K232 , K270 , ΔK) and phenolic
compounds in the MOO samples. The free acidity, peroxide value, K232 , K270 and ΔK of the two samples
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remained within the legal limits of the category of extra virgin olive oil [1], showing no diﬀerence
between the two MOOs. Total phenolic compounds, determined by colorimetric measurement using
Folin–Ciocalteau reagent, were 297.5 and 510.8 mg kg−1 , respectively, in the MOO control sample
with lowest concentration of phenolic compounds (MOO+P) and in the MOO sample with highest
level of phenolic compounds (MOO++P). The addition of the phenolic extract increased the level
of total phenolic compounds of about 71%. This increase varied for each phenolic compound e.g.,
the phenolic compound that increased the least was hydroxytyrosol (26%); in contrast, the ligstroside
p-HPEA-EA showed the greatest increase (77%). These ﬁndings conﬁrmed that the extractability of the
phenolic compounds is linked to the diﬀerent hydrophobicities of these compounds [16]. However,
the average level of 3,4-DHPEA-EDA and 3,4-DHPEA-EA, responsible for EVOO bitterness and the
level of p-HPEA-EDA responsible for pungency feeling [7,8], increased in the same way by about 60%
and 62%, respectively.
Table 1. Legal quality indices and phenolic compounds of MOO samples at two diﬀerent level of
EVOO phenolic compounds.

Quality indices
Acidity
Peroxide value
K232
K270
ΔK
Phenolic compound
Hydroxytyrosol
Tyrosol
3,4-DHPEA-EDA
p-HPEA-EDA
Lignans
3,4-DHPEA-EA
p-HPEA-EA
Total phenolics (HPLC)
Total phenolics (Folin–Ciocalteau)

MOO+P

MOO++P

Legal Limits

0.38 ± 0.05a
6.4 ± 0.1a
1.821 ± 0.050a
0.120 ± 0.003a
0.004 ± 0.001a

0.37 ± 0.02a
6.3 ± 0.1a
1.837 ± 0.012a
0.128 ± 0.003a
0.004 ± 0.001a

≤0.80
≤20
≤2.50
≤0.22
≤0.01

10.0 ± 0.4a
7.4 ± 0.1a
48.3 ± 2.1a
44.7 ± 2.0a
29.2 ± 1.8a
40.2 ± 0.8a
13.1 ± 0.9a
192.8 ± 4.3a
297.5 ± 8.7a

12.6 ± 0.2b
11.6 ± 0.6b
72.1 ± 0.8b
72.2 ± 0.6b
46.2 ± 0.5b
68.5 ± 0.3b
23.2 ± 0.0b
306.4 ± 3.0b
510.8 ± 9.3b

-

Acidity is expressed as oleic acid equivalent. Peroxide value is expressed as meq O2 kg−1 oil. Phenolic compounds
obtained by HPLC analysis are expressed as mg tyrosol kg−1 of oil. Total phenolics obtained by Folin–Ciocalteau
essay are expressed as mg caﬀeic acid kg−1 of oil. 3,4-DHPEA-EDA: dialdehydic form of elenoic acid linked to
hydroxytyrosol; p-HPEA-EDA: dialdehydic form of elenoic acid linked to tyrosol; 3,4-DHPEA-EA: aldehydic form
of elenoic acid linked to hydroxytyrosol; p-HPEA-EA: aldehydic form of elenoic acid linked to tyrosol; lignans: sum
of pinoresinol and acetoxypinoresinol. Values are the average of three replicates of analysis. Values followed by
diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05).

2.2. Volatile Compounds
Table 2 shows the headspace concentration of volatile compounds in the MOO samples.
As expected, the two MOO samples without the added defects had a lower number of
volatile compounds than MOOs with the added defects.
The volatile compounds that
characterised MOOs without the addition of defects were 1-penten-3-one, 3-pentanone, hexanal,
1-penten-3-ol, trans-2-hexenal, hexyl acetate, cis-3-hexen-1-ol acetate, 1-hexanol, cis-3-hexen-1-ol and
trans-2-hexen-1-ol. These compounds are typically found in EVOO and are generated by endogenous
olive enzymes in the LOX pathway, starting from linoleic and linolenic acids [17]. Other volatile
compounds present in MOO samples without the addition of the defects were ethanol and ethyl acetate.
The presence of ethanol is a residual due to the use of ethanol for the recovery from EVOO of the
phenolic compounds subsequently added to MOO samples.
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nf A
0.18 ± 0.07 aAB
30.08 ± 2.43 aA
nf A
0.32 ± 0.00 aA
0.24 ± 0.01 aA
nf A
2.23 ± 0.15 aA
nf A
0.25 ± 0.03 aA
nf A
nf A
nf A
29.03 ± 1.84 aA
nf A
0.31 ± 0.02 aAB
nf A
nf A
nf A
1.89 ± 0.17 aA
nf A
2.58 ± 0.21 aA
3.04 ± 0.21 aA
nf A
4.46 ± 0.32 aA
nf A
nf A
nf A
nf A
nf A
nf A
nf A

MOO+P

MOO++P
nf A
0.22 ± 0.00 aA
31.89 ± 1.17 aA
nf A
0.32 ± 0.03 aAB
0.23 ± 0.01 aA
nf A
2.24 ± 0.06 aA
nf A
0.26 ± 0.03 aA
nf A
nf A
nf A
26.91 ± 2.17 aA
nf A
0.28 ± 0.03 aA
nf A
nf A
nf A
1.71 ± 0.20 aA
nf A
2.36 ± 0.15 aA
2.81 ± 0.27 aA
nf A
4.12 ± 0.34 aA
nf A
nf A
nf A
nf A
nf A
nf A
nf A

MOO

MOO++P
0.30 ± 0.01 aC
0.45 ± 0.05 bC
34.97 ± 0.13 aA
nf A
0.36 ± 0.02 aB
0.23 ± 0.02 aA
nf A
2.87 ± 0.23 aB
0.09 ± 0.00 aC
0.18 ± 0.01 aA
0.38 ± 0.00 aC
0.21 ± 0.02 aB
nf A
27.9 ± 1.98 aA
0.04 ± 0.00 aB
0.30 ± 0.02 aA
0.08 ± 0.01 aB
0.69 ± 0.05 aB
nf A
1.74 ± 0.18 aA
0.30 ± 0.03 aC
2.39 ± 0.16 aA
2.82 ± 0.24 aA
0.52 ± 0.05 aC
4.16 ± 0.36 aA
0.03 ± 0.00 aB
0.06 ± 0.00 aB
0.08 ± 0.01 aC
nf A
nf A
0.37 ± 0.05 aB
2.3 ± 0.09 aC

0.36 ± 0.02 aC
0.25 ± 0.01 aB
32.6 ± 2.51 aA
nf A
0.40 ± 0.01 aB
0.26 ± 0.02 aA
nf A
3.12 ± 0.11 aB
0.09 ± 0.01 aB
0.21 ± 0.02 aA
0.38 ± 0.04 aC
0.26 ± 0.01 aB
nf A
32.4 ± 0.79 aA
0.04 ± 0.00 aB
0.34 ± 0.00 aB
0.10 ± 0.00 aB
0.84 ± 0.04 aC
nf A
2.03 ± 0.05 aA
0.20 ± 0.01 aB
2.89 ± 0.05 aA
3.39 ± 0.07 aA
0.60 ± 0.03 aC
5.06 ± 0.16 aA
0.05 ± 0.00 aB
0.06 ± 0.01 aB
0.08 ± 0.00 aC
nf A
nf A
0.50 ± 0.02 aB
2.7 ± 0.11 aB

0.07 ± 0.02 aB
0.12 ± 0.00 aAB
43.31 ± 0.89 aB
nf A
0.29 ± 0.00 aA
0.28 ± 0.03 aA
nf A
2.27 ± 0.10 aA
0.11 ± 0.02 aB
0.25 ± 0.01 aA
0.11 ± 0.01 aB
nf A
0.08 ± 0.00 aB
28.55 ± 0.81 aA
nf A
0.26 ± 0.00 aA
nf A
0.05 ± 0.01 aBC
nf A
1.70 ± 0.11 aA
nf A
2.66 ± 0.16 aA
3.20 ± 0.17 aA
0.16 ± 0.01 aB
4.70 ± 0.26 aA
nf A
nf A
0.06 ± 0.00 aB
1.22 ± 0.11 aB
nf A
nf A
0.2 ± 0.07 aA

MOO+P
0.09 ± 0.00 aB
0.33 ± 0.01 bAB
44.97 ± 0.69 aB
nf A
0.28 ± 0.01 aA
0.25 ± 0.00 aA
nf A
2.25 ± 0.12 aA
0.07 ± 0.01 aBC
0.24 ± 0.01 aA
0.15 ± 0.00 aB
nf A
0.09 ± 0.01 aB
26.13 ± 3.63 aA
nf A
0.25 ± 0.03 aA
nf A
0.05 ± 0.00 aA
nf A
1.58 ± 0.25 aA
nf A
2.42 ± 0.44 aA
2.92 ± 0.44 aA
0.19 ± 0.03 aB
4.24 ± 0.69 aA
nf A
nf A
0.05 ± 0.00 aB
0.83 ± 0.09 aB
nf A
nf A
0.22 ± 0.04 aB

MOO++P

Winey–Vinegary

0.08 ± 0.00 aB
0.35 ± 0.01 bBC
31.43 ± 1.82 aA
0.01 ± 0.00 aB
0.29 ± 0.00 aAB
0.24 ± 0.00 aA
0.04 ± 0.00 aB
2.23 ± 0.04 aA
0.07 ± 0.01 aB
0.23 ± 0.03 aA
nf A
nf A
0.08 ± 0.00 aB
26.43 ± 1.50 aA
nf A
0.26 ± 0.00 aA
nf A
0.11 ± 0.01 aA
0.13 ± 0.00 aB
1.62 ± 0.07 aA
0.19 ± 0.01 aB
2.34 ± 0.13 aA
2.76 ± 0.21 aA
0.17 ± 0.00 aB
4.06 ± 0.26 aA
nf A
nf A
nf A
nf A
0.33 ± 0.01 aB
nf A
0.23 ± 0.03 aB

MOO++P

Fusty–Muddy
MOO+P
0.09 ± 0.00 aB
0.10 ± 0.00 aA
34.28 ± 2.96 aAB
0.01 ± 0.00 aB
0.31 ± 0.02 aA
0.24 ± 0.03 aA
0.04 ± 0.00 aB
2.38 ± 0.27 aA
0.10 ± 0.01 aB
0.23 ± 0.00 aA
nf A
nf A
0.07 ± 0.01 aB
31.22 ± 2.44 aA
nf A
0.31 ± 0.02 aAB
nf A
0.1 ± 0.01 aB
0.12 ± 0.02 aB
1.97 ± 0.21 aA
0.2 ± 0.01 aB
2.84 ± 0.19 aA
3.37 ± 0.02 aA
0.2 ± 0.02 aB
4.97 ± 0.31 aA
nf A
nf A
nf A
nf A
0.34 ± 0.01 aB
nf A
0.25 ± 0.07 aA

MOO with the Addition of VOO Oﬀ-Flavour

MOO+P

Rancid

Values with diﬀerent letters are signiﬁcantly diﬀerent (p < 0.05). Small letters indicate signiﬁcant diﬀerences between MOO+P and MOO++P samples. Capital letters indicate signiﬁcant
diﬀerences among the samples without and with the addition of the defects. nf = Not found.

octane
ethyl acetate
ethanol
ethyl propanoate
3-pentanone
1-penten-3-one
ethyl butanoate
hexanal
trans-2-pentenal
1-penten-3-ol
2-heptanone
heptanal
3-methyl-1-butanol
trans-2-hexenal
1-butanol
hexyl acetate
2-octanone
octanal
trans, trans-2,6,10-dodecatrienal
cis-3-hexen-1-ol acetate
trans-2-heptenal
1-hexanol
cis-3-hexen-1-ol
nonanal
trans-2-hexen-1-ol
decanal
trans-2-octenal
trans, trans-2,4-heptadienal
acetic acid
butanoic acid
pentanoic acid
hexanoic acid

Compound

Table 2. Volatile compounds, expressed as mg kg−1 ± standard deviation, in MOO samples without and with the addition of EVOO oﬀ-ﬂavours at two diﬀerent
concentrations of EVOO phenolic compounds.
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However, its sensory contribution was very modest since it was found at levels very close to its
odour threshold of 30 mg kg−1 [12]. Ethyl acetate was found in all the samples at concentration levels
below its odour threshold (0.94 mg kg−1 [12]). Therefore, it did not contribute to the aroma of the
MOOs. Ethanol and ethyl acetate are generated through sugar fermentation by microorganisms found
on olive fruits. When LOX plays a major role during EVOO production, the odour of these two volatile
compounds is not expected to be defective. On the other hand, ethanol and ethyl acetate become
defective when they are present at higher levels [17]. In all MOO samples, the volatile compounds
derived from the lipoxygenase pathway had the same concentration level, except for hexanal and
3-pentanone, which showed elevated levels in MOO samples with the rancid defect. In fact, these two
volatile compounds derive from the auto-oxidation of fatty acids and are typically found in rancid
oils. As expected, the MOO samples with the addition of defects had a greater number of compounds
that originated from excessive fermentations, amino acid conversion, mould activity or lipid oxidation
phenomena than MOOs without defects [17]. Most of these oﬀ-ﬂavours were also common among the
defects [12]. It is important to mention that the aim of this work was to obtain slightly defective MOO
samples, therefore, it is obvious that the number and the quantity of oﬀ-ﬂavour volatile compounds
were not the same as has been reported in literature for very defective olive oils [12].
In order to statistically explain the diﬀerences between defective MOOs in relation to the quality
and quantity of oﬀ-ﬂavour volatile compounds, a Principal Component Analysis (PCA) was also
performed (Figure 1). For volatile compounds, those that did not present a signiﬁcant diﬀerence among
the MOO samples according to Tukey’s test (i.e., volatile compounds generated in the LOX pathway)
were not considered (Table 2). PCA explained the 91.43% of variance using the ﬁrst two principal
components (PCs). The ﬁrst PC clearly discriminated rancid MOO samples from fusty and winey
MOO samples, while the second PC diﬀerentiated fusty MOO samples from winey MOO samples.

Figure 1. PCA based on SPME-GC/MS analysis of volatile compounds characterising MOO samples
with the presence of sensory defects of ‘rancid’, ‘winey–vinegary’ and ‘fusty–muddy’. MOO+P code
indicates the lowest level of phenolic compounds in model olive oil while MOO++P indicates the
highest level.

The volatile compounds predominant in ‘rancid’ MOOs, mainly produced by auto-oxidation of
fatty acids, were hexanal, 3-pentanone, octane, trans-2-pentenal, 2-heptanone, heptanal, 1-butanol,
2-octanone, octanal, trans-2-heptenal, nonanal, decanal, trans-2-octenal, trans,trans-2-4-heptadienal,
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pentanoic acid and hexanoic acid. All these volatile compounds are usually linked to the rancidity of
olive oil [15]. In fact, they are mainly characterised by rancid, oily and fatty sensory notes. Generally,
aldehydes are the ﬁrst compounds produced by the oxidation of unsaturated fatty acids, while acids
appear at the end of the oxidative process due to the oxidation of the aldehydes previously formed [12].
The volatile compounds that characterised ‘winey’ and ‘fusty’ MOOs were acetic acid and ethanol
for the ﬁrst defect and trans, trans-2,6,10-dodecatrienal, ethyl propanoate, ethyl butanoate and butanoic
acid for the second, while 3-methyl-1-butanol was signiﬁcant for both defects. Both defects are due to
microbial contamination of the olives. The winey defect is related to fermentation of Lactobacillus and
acetic acid bacteria, while the fusty defect is linked to the Enterobacteriaceae genera Aerobacter and
Escherichia at the beginning of olive storage, and the genera Pseudomonas, Clostridium and Serratia after
extended olive storage [12].
It is evident that all volatile compounds analysed by SPME-GC/MS showed no diﬀerences between
MOO+P and MOO++P samples (Table 2). These results were in agreement with previous studies [10,11]
in which it was found that biophenolic compounds alone do not inﬂuence the headspace concentration
of some C5 and C6 aroma compounds of EVOO. On the contrary, the studies demonstrated that
phenolic compounds inﬂuenced the release of volatile compounds only in the presence of saliva.
The ﬁrst study was conducted in vitro with a retronasal aroma simulator (RAS) device, simulating
mouth conditions with human saliva, while the second study was conducted in vivo by atmospheric
pressure chemical ionisation–mass spectrometry (APCI/MS).
Therefore, it is correct to hypothesise that during olive oil tasting, i.e., when EVOO phenolic
compounds enter into contact with saliva in the mouth, the sensory perception of EVOO is inﬂuenced
by a diﬀerent content of phenolic compounds. In order to verify this hypothesis, a sensorial analysis
was performed to better understand whether and to what extent EVOO phenolic compounds aﬀect the
sensory perception of EVOO.
2.3. Sensory Analysis
Oﬃcial sensory analysis includes a limited number of sensory attributes, namely four groups
of defects and the positive attributes of olive ‘fruitiness’, ‘bitterness’ and ‘pungency’, of which only
the ﬁrst positive attribute classiﬁes the category [4]. In addition, it should be highlighted that in the
IOOC methodology panellists do not rate aroma and ﬂavour attributes separately, but evaluate each
perception as the whole olfactory–gustatory–tactile sensation. In fact, it is reported in the literature
that the sensory description of EVOO is not impacted by the separate assessment of all sensations that
form the ﬂavour [18,19].
Figure 2 shows the median value of the scores of positive and negative attributes in MOO samples
without and with the addition of defects. As expected, the increase of phenolic compounds from
298 to 511 mg kg−1 (increase of 72%), previously veriﬁed by the Folin–Ciocalteau method (Table 1),
determined an increase of the ‘bitterness’ and ‘pungency’ sensory attributes in all MOO++P samples.
In particular, in the sample without the addition of defects (Figure 2a), the median values assigned
by panels to MOO++P samples for these two sensory attributes were 3.5 and 5.3 for bitterness (for
Panels 1 and 2, respectively) and 2.8 and 2.3 for pungency (for Panels 1 and 2, respectively). In contrast,
the median values of MOO+P samples were 0.8 and 2 for ‘bitterness’ (for Panels 1 and 2, respectively)
and 1.2 and 1 for ‘pungency’ sensory attributes (for Panels 1 and 2, respectively).
In MOO samples with the addition of defects, the ‘bitterness’ descriptor ranged from 2.7 to 5
in MOO++P samples and from 1 to 2.5 in the MOO+P samples. The ‘pungency’ descriptor showed
a lower intensity than ‘bitterness’, and varied from 1.9 to 3.7 in MOO++P samples and from 1 to 2.4 in
the MOO+P samples (Figure 2b–d).
In MOO samples without the addition of the defects, the highest level of biophenols (MOO++P)
reduced the score of the sensory ‘fruity’ attribute by about 50% (1.9 vs. 4 and 1.5 vs. 2.8 for Panels 1
and 2, respectively) compared to MOO+P samples (Figure 2a), although the headspace concentration
of the volatile compounds responsible for the ‘fruity’ note (1-penten-3-one, hexanal, trans-2-pentenal,
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1-penten-3-ol, trans-2-hexenal, hexyl acetate, cis-3-hexen-1-ol acetate, 1-hexanol, cis-3-hexen-1-ol and
trans-2-hexen-1-ol) showed no diﬀerence between MOO++P and MOO+P samples (Table 2).
These results were in agreement with the previous instrumental works on olive oil aroma [10,11].
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Figure 2. Sensory proﬁles of two panel tests obtained by analysing MOO+P in comparison to MOO++P
samples without oﬀ-ﬂavours (a) and with ‘rancid’ (b), ‘winey–vinegary’ (c) and ‘fusty–muddy’ (d)
defects. MOO+P code indicates the lowest level of phenolic compounds in model olive oil while
MOO++P is the highest level. Sensory attributes are expressed as median on an unstructured 0–10 scale.

The ﬁrst work mentioned reported that EVOO phenolic compounds reduce the headspace
concentrations of hexyl acetate, cis-3-hexen-1-ol acetate, 1-hexanol, cis-3-hexen-1-ol, trans-2-hexenal
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and 1-penten-3-one only in the presence of the saliva. The above compounds are responsible for
the fruity descriptor as has been reported in literature for EVOO [13]. The second work studied the
eﬀect of phenolic compounds on the release of olive oil aroma compounds under in vivo conditions.
Among eight monitored volatile compounds, 1-penten-3-one, trans-2-hexenal, cis-3-hexen-1-ol acetate,
hexanal and 1-hexanol were included. The ﬁrst three compounds had a lower release in the presence
of higher levels of biophenols, while hexanol had a greater release. For hexanal, no important
diﬀerences were found [10]. However, among the C5 and C6 volatile compounds that contribute to the
fruity sensory note of EVOO, 1-penten-3-one and trans-2-hexenal are the main active odour volatile
compounds. The former is important because of its low odour threshold, and the latter because of its
usual high concentration in EVOO [20,21]. Therefore, it is possible to state that the score of positive
‘fruity’ descriptor was lower in MOO++P than MOO+P samples because the headspace concentration
level mainly decreased for 1-penten-3-one and trans-2-hexenal in the presence of phenolic compounds
and saliva. As a possible explanation, it has been reported that the formation of EVOO phenolic
compound–proline-rich protein complexes could retain volatile compounds in the hydrophobic cavities
and consequently decrease the concentration level in the headspace [10]. Saliva, increasing the
stickiness of phenolic compounds to the oral surface, prolongs their retention even for long periods
in the oral cavity despite a constant saliva ﬂow [22], thus, easing the possible polyphenol–salivary
proteins–aroma interactions. The eﬀect of saliva–phenol interactions on aroma release has also been
shown for red wines with both instrumental and sensory approaches [23–25]. In particular, sensory
approaches showed how the intensities of ‘fruity’ and ‘ﬂoral’ aromas seemed to decrease when the
level of polyphenols increased [26].
In the rancid MOO samples (Figure 2b), the scores assigned by panels to MOO++P samples
for ‘fruity’ attribute were 2 and 1, respectively, for Panels 1 and 2. In MOO+P samples, the median
values were 3.6 and 1, respectively, for Panels 1 and 2. The rancid descriptor showed for Panel 1
a higher value in the MOO++P sample (2.8) than the MOO+P sample (1), while Panel 2 showed
higher intensity than Panel 1 but very few diﬀerences in the rancid attribute between the two MOO
samples (5.3 vs. 5.5). Among the volatile compounds that impacted on ‘rancidity’ in MOO samples
(hexanal, 3-pentanone, octane, trans-2-pentenal, 2-heptanone, heptanal, 1-butanol, 2-octanone, octanal,
trans-2-heptenal, nonanal, decanal, trans-2-octenal, trans,trans-2-4-heptadienal, pentanoic acid and
hexanoic acid) (Table 2, Figure 1), it has been reported in the literature that EVOO phenolics have
no eﬀect on hexanal and trans-2-pentenal [10,11]. Therefore, it is possible to hypothesise a similar
behaviour to that of hexanal and trans-2-pentenal for the other aldehydes found in the ‘rancid’ MOO
samples, such as heptanal, octanal, nonanal, trans-2-heptenal and trans-2-octenal.
In the ‘winey–vinegary’ MOO samples (Figure 2c), the higher level of phenolic compounds
determined a lower intensity of the ‘fruity’ descriptor and a higher intensity of the ‘winey–vinegary’
defect. The median values assigned by panels to MOO++P samples for fruity attribute were 2 and
1.5, respectively, for Panels 1 and 2. In the MOO+P samples, the median values were 3.7 and 2.8,
respectively, for Panels 1 and 2. The ‘winey–vinegary’ oﬀ-ﬂavour was reported by Panel 1 to have
a higher value in the MOO++P sample (3) than the MOO+P sample (0.6), while Panel 2 reported the
‘winey–vinegary’ attribute only in the MOO++P sample (2). The most involved volatile compounds for
this defect are acetic acid and ethanol, followed by 3-methylbutanol (Table 2, Figure 1). Unfortunately,
no published data were found regarding a possible inﬂuence of phenolic compounds on the aroma
release of these compounds in the mouth or in in vitro systems in the presence of saliva.
Figure 2d shows the sensory results of MOO+P and MOO++P samples with the addition of the
‘fusty–muddy’ defect. In contrast to the previous defects, the fusty–muddy defect showed higher
median values in MOO+P than MOO++P samples (2.8 vs. 1.9, Panel 1; 2.3 vs. 2.0 Panel 2). The most
involved volatile compounds for this defect were ethyl propanoate, ethyl butanoate, butanoic acid,
trans, trans-2,6,10-dodecatrienal and 3-methyl-1-butanol (Table 2, Figure 1). In the case of esters,
it has been reported that phenolic compounds interacting with saliva are able to trap ethyl butyrate,
ethyl isobutyrate and ethyl-2-methyl butyrate, reducing their in-mouth release [10,11]. Therefore,
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in the presence of a high level of phenolics, the impact of esters on the ‘fusty–muddy’ defect could
decrease, making it less evident. Here again, no published data were found regarding the possible
inﬂuence of olive oil phenolic compounds on the aroma release of trans, trans-2,6,10-dodecatrienal
and 3-methyl-1-butanol.
The higher level of phenolic compounds also determined a lower intensity of the ‘fruity’ attribute
descriptor, even if it was less than the other two oﬀ-ﬂavours. In particular, the scores assigned by the
panels to MOO++P samples for the ‘fruity’ attribute were 2.1 and 2, respectively, for Panels 1 and 2.
In MOO+P samples, the median values were 2.8 and 2, respectively, for Panels 1 and 2.
Finally, comparing the average of all MOO++P with all MOO+P samples, it is possible to state
that 511 mg kg−1 of phenolic compounds in MOO++P samples increased the score of ‘bitterness’ and
‘pungency’ attributes by 144% and 87%, respectively, in comparison to the MOO+P samples, in which
the phenolics were 297 mg kg−1 . In contrast, the high level of phenolic compounds decreased the score
of fruity attribute of 39% (Figure 3).

Figure 3. Sensory scores of ‘bitterness’, ‘pungency’ and ‘fruity’ attributes for all MOO samples obtained
from the two panels. MOO+P code indicates the lowest level of phenolic compounds in model olive
oil, while MOO++P is the highest level. Sensory attributes are expressed as the average of the median
values obtained by using an unstructured 0–10 scale.

To statistically explain the diﬀerences between MOO++P and MOO+P samples in relation to
positive and negative sensory attributes, a PCA was conducted on the sensory scores (Figure 4).
The two main principal components explained 63.8% of the variance, with Principal Component 1 (F1)
discriminating MOO++P and MOO+P samples. All MOO+P samples were characterised by ‘fruity’
and ‘fusty’ attributes. In contrast, the attributes ‘bitterness’, ‘pungency’ and ‘winey’ characterised
all MOO++P samples. The ‘rancid’ oﬀ-ﬂavour had little to no inﬂuence by the polyphenol content
in the MOO. Therefore, a high level of phenolic compounds in EVOO could mask a ‘fusty–muddy’
oﬀ-ﬂavour and enhance a ‘winey–vinegary’ oﬀ-ﬂavour.
In conclusion, the sensory ﬁndings discussed here conﬁrmed the hypothesis (one previously
formulated in other studies, conducted by in vivo and in vitro instrumental approaches) that phenolic
compounds, aﬀecting the release of EVOO’s aroma compounds during its consumption, can inﬂuence
the scores of perceived sensory attributes.
These results could be helpful in explaining some discrepancies of panel test responses commonly
observed during extra virgin olive oil shelf life. In particular, in a 1 year old extra virgin olive oil,
the in-mouth appearance of a ‘fusty–muddy’ defect could be due to the biophenol natural decrease
over time (autoxidation). Therefore, this eﬀect may change over time the original sensory classiﬁcation
made by the panel test from “extra virgin” to “virgin” olive oil.
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Consequently, a high biophenol content (over 500–600 mg/kg) in bottled oils, apart from the
possible use of EFSA nutritional claims on the label to inform consumers [5], could also ensure a sensory
proﬁle stability of bottled EVOO, avoiding the risk of slight sensory defects appearing during storage
and preserving the EVOO legal classiﬁcation.

Figure 4. PCA based on sensory scores of the positive attributes of ‘fruity’, ‘bitterness’ and ‘pungency’
and the negative attributes of ‘rancid’, ‘winey–vinegary’ and ‘fusty–muddy’. MOO+P code indicates the
lowest level of phenolic compounds in model olive oil, while MOO++P is the highest level. The sensory
attributes were assessed by two diﬀerent panels.

3. Materials and Methods
3.1. Samples, Standards and Reagents
EVOO, named “Teti” and obtained from Rotondella (60%), Carpellese (30%) and Frantoio (10%)
cultivars, was supplied by Torretta srl (Battipaglia, Salerno, Italy). For the production of Teti EVOO,
the olives were harvested between 20 October and 30 November. Olives were washed and crushed
using a disk crusher. The olive paste was then centrifuged using a three-phase low-volume water
decanter. EVOO was placed into green glass bottles (500 mL) and stored in the dark at 19 ◦ C to prevent
oxidation until the moment of the chemical analysis, which was carried out at the fourth month
of storage.
EVOO samples were characterised by the following quality indices: acidity 0.39 (±0.05), PV 6.40
(±0.1), K232 1.775 (±0.018), K270 0.121 (±0.001) and ΔK 0.005 (±0.001). The median of the fruity attribute
(MF) was 5.2, while the median of each defect (MD) was equal to 0.
The composition of the biophenols was as follows: hydroxytyrosol 9.1 ± 0.1 mg kg−1 , tyrosol 7.4
± 0.2 mg kg−1 , dialdehydic form of elenoic acid linked to hydroxytyrosol (3,4-DHPEA-EDA) 50.9 ±
0.6 mg kg−1 , dialdehydic form of elenoic acid linked to tyrosol (p-HPEA-EDA) 47.9 ± 0.5 mg kg−1 ,
pinoresinol and acetoxypinoresol (lignans) 30.1 ± 1.1 mg kg−1 , aldehydic form of elenoic acid linked to
hydroxytyrosol (3,4-DHPEA-EA) 45.7 ± 1.0 mg kg−1 , aldehydic form of elenoic acid linked to tyrosol
(p-HPEA-EA) 14.7 ± 0.4 mg kg−1 , total phenolic compounds by HPLC 205.6 ± 1.0 mg kg−1 and by
Folin–Ciocalteau method 348.4 ± 8.2 mg kg−1 .
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The reﬁned olive oil (ROO) was supplied by Dorella Oleiﬁcio Candela srl (Castellamare di Stabia,
Napoli, Italy). The International Olive Oil Council (IOOC, Madrid, Spain) supplied samples for each
of the three defected reference oils, usually used in the process of training assessors to detect sensory
defects. Each standard oil was characterised by one of the following oﬀ-ﬂavours with its median of the
defect (MD): ‘rancid’ (MD = 9.6), ‘winey–vinegary’ (MD = 5.6) and ‘fusty–muddy’ (MD = 6.9).
Hexanal (97%), cis-3-hexenylacetate (98%), ethyl acetate (99%), trans-2-hexenal (95%), 1-hexanol
(98%), 1-penten-3-one (95%), octane (99.7%), 3-pentanone (99%), trans-2-pentenal (95%), 1-penten-3-ol
(99%), 2-heptanone (99%), heptanal (95%), 3-methyl-1-butanol (99%), hexyl acetate (99%), 2-octanone
(99.9%), octanal (99%), cis-3-hexen-1-ol (98%), nonanal (95%), trans-2-hexen-1-ol (96%), decanal (99%),
trans-2-octenal (94%) trans, trans-2,4-heptadienal (97%) and hexanoic acid (99%) were supplied by
Sigma–Aldrich (St. Louis, MO, USA). Acetic acid (99%) and trans-2-heptenal 98% were supplied by
Fluka (Buchs, Switzerland). The reagents glacial acetic acid, diethyl ether and distilled water were
used for the analysis and were supplied by Romil (Cambridge, UK). HPLC-grade methanol (>99.9%
purity), hexane (>95%), Folin–Ciocalteu reagent, anhydrous sodium carbonate (>99.5%), caﬀeic acid
(97%), ammonium acetate (0.4%) and sodium hydroxide were bought from Sigma–Aldrich (St. Louis,
MO, USA). Potassium iodide was provided by AppliChem (Darmstadt, Germany). Phenolphthalein
and starch were provided by Titolchimica s.p.a. (Rovigo, Italy). Food-grade ethyl alcohol (96%) was
supplied by Selex S.p.A. (Trezzano sul Naviglio, Milano, Italy).
3.2. Sample Preparation
To study the eﬀect of phenolic compounds on the sensory scores of the panel test, two MOOs
were set up with identical volatile compound concentrations but with diﬀerent concentrations of
polyphenols. Teti EVOO was used as the control sample with the lowest concentration of phenolic
compounds (encoded MOO+P). The MOO with the highest level of phenolic compounds (encoded
MOO++P) was obtained by adding to EVOO Teti ROO phenolic compounds extracted from the same
Teti EVOO in order to obtain a MOO sample with about a double concentration of phenolic compounds
compared to MOO+P. A ROO without phenolics was also added to the control sample (MOO+P),
which was then subjected to the same protocol as MOO++P. In order to understand the possible eﬀect
of phenolic compounds on EVOO oﬀ-ﬂavours, six other MOOs were prepared by adding a separate
aliquot of each oﬀ-ﬂavour IOOC olive oil reference (‘rancid’, ‘winey–vinegary’ and ‘fusty–muddy’) to
the previous MOOs (MOO+P and MOO++P). Finally, a total of four MOO samples with the lowest
concentration of phenolic compounds (MOO+P) were built, one without oﬀ-ﬂavour and the remaining
three with one oﬀ-ﬂavour each: one ‘rancid’, another one with the oﬀ-ﬂavour ‘winey–vinegary’ and
the last one with oﬀ-ﬂavour ‘fusty–muddy’. The other four MOOs were built at highest concentration
of phenolic compounds (MOO++P) without and with the same three oﬀ-ﬂavour additions, for a total
of eight samples. MOOs were stored before sensory and SPME-GC/MS analyses in room conditions
(19 ◦ C), avoiding light exposure and high temperatures in order to prevent oxidation, and were used
within one month of their preparation.
3.2.1. Preparation of MOO Samples with the Addition of Virgin Olive Oil Phenolic Compounds
MOOs were prepared according to Genovese et al. [10,11]. The phenolic extract was obtained
from Teti EVOO. An aliquot of the oil sample (50 g) was dissolved in hexane (100 mL). A subsequent
extraction was carried out using a water/methanol mixture (40/60 v/v) in a separating funnel (500 mL),
after having shaken it vigorously for 15 min in a 500 mL bottle. This step was repeated twice using
a total of 140 mL solvent. Subsequently, the hydro-alcoholic extract that was obtained was washed with
hexane to remove any oil contamination and was centrifuged for 5 min at 3500 rpm (ALC International
srl, PK-120, Milan, Italy). The organic phase was removed from the sample, and the hydro-alcoholic
phase was collected in the ﬂask and evaporated under a vacuum in a rotary evaporator at 35 ◦ C
(Heidolph VV 2000, Germany). The phenolic compounds were suspended using 10 mL ethyl alcohol
(food-grade). A total of 1.6 kg of Teti EVOO was used to extract phenolics. This phase was repeated
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several times in order to obtain a total of 280 mL of biophenol extract in ethyl alcohol. The phenolic
extract was subsequently concentrated up to a ﬁnal volume of 40 mL using a rotary evaporator at
35 ◦ C (Heidolph, VV 2000). The 40 mL phenolic extract was added to a ﬂask with 170 g of ROO.
The oil mixture was stirred and treated in an ultrasonic bath for 5 min. Ethanol was then evaporated in
a vacuum evaporator (Heidolph VV 200) at 35 ◦ C.
ROO with phenolic compounds was diluted in 1680 g of Teti EVOO in order to obtain MOO++P
with a level of total phenolic compounds of 511.0 ± 9.3 mg kg−1 in order to reproduce a very bitter oil.
Indeed, Beltrán et al. [9] reported that above mentioned phenolic compounds level is to be considered
the level of a very bitter EVOO. This level of phenolic compounds was chosen because in in vivo
experiments it was shown to aﬀect the release of aromatic compounds of EVOO [10]. In the control
sample (MOO+P), phenolic extract was not added, but the sample was subjected to the same protocol
previously described for the addition of the phenolic compounds. Therefore, 40 mL ethanol food grade
was added to a ﬂask with 170 g of ROO. The mixture was then stirred and treated in an ultrasonic
bath, followed by the evaporation of ethanol in a vacuum evaporator. Finally, ROO was diluted in
1680 g of Teti EVOO in order to obtain a MOO+P sample with a level of total phenolic compounds of
297.5 ± 8.7 mg kg−1 . This level has been reported as the typical level found in bitter oil [9].
3.2.2. Preparation of MOO+P and MOO++P Samples with the Addition of the Defected Reference Oils
The amount of ‘standard defect oil’ to be added was established by preliminary sensory tests in
laboratory. The aim was to achieve a slight defect in each MOO. In order to build MOO samples with
the ‘rancid’, ‘winey–vinegary’ and ‘fusty–muddy’ oﬀ-ﬂavours, 1.71 g, 1.64 g and 0.74 g of ‘rancid’,
‘winey–vinegary’ and ‘fusty–muddy’ reference oils, respectively, were weighed and diluted in 410 g of
each of the two MOO samples (MOO+P and MOO++P).
3.3. EVOO and MOO Analysis
3.3.1. Free Acidity, Peroxide Value and Speciﬁc Ultraviolet Absorbance K232 and K270
The Teti EVOO and MOO samples were analysed to determine their acidity levels, peroxide
value (PV), K232 , K270 and ΔK, according to the EU legislation [1]. Acidity was expressed as oleic acid
percentage (%); PV was expressed as meq O2 kg−1 oil. For the analysis of spectrophotometric indices,
an ultraviolet–visible UV-1601 spectrophotometer (Shimadzu, Kyoto, Japan) was used. All the analyses
were performed in triplicate.
3.3.2. Extraction and Analysis of Phenolic Compounds
The extraction and analysis of phenolic compounds were carried out according to Sacchi et al. [27].
The quantiﬁcation of phenolic compounds was carried out using the Folin–Ciocalteau and HPLC
methods. The phenolic compounds were analysed in both Teti EVOO and MOO samples to conﬁrm
the quantity and composition of the added phenolics in the MOOs. The analyses were performed in
triplicate for each extraction.
3.3.3. Extraction and Analysis of Volatile Compounds
Dynamic headspace (DH) SPME-GC/MS was used for the analysis of volatile compounds in Teti
EVOO and MOO samples according to Romero et al., [28]. The SPME device (Supelco Co., Bellefonte,
CA, USA) was equipped with a 50/30 μm thickness divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) ﬁbre coated with a 1 cm length stationary phase. A 2 g aliquot of EVOO was
added to a 20 mL vial with 10 μL of isobutyl acetate (Sigma–Aldrich, St. Louis, USA; 560.1 mg kg−1
in reﬁned olive oil), which was used as the internal standard (IS). The vial was then closed with
a polytetraﬂuoroethylene (PTFE) septum. The ﬁbre was exposed for 40 min at 40 ◦ C after 10 min at
40 ◦ C for equilibration [21]. Volatile compounds were analysed by GC/MS according to Morales et
al. [12]. A Shimadzu QP5050A GC/MS instrument (Kyoto, Japan) was used with a Supelcowax−10
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capillary column (60 m, 0.32 mm i.d., 0.5 μm thickness; Supelco Co., Bellefonte, PA, USA). Thermal
desorption of volatile compounds was carried out by putting the SPME ﬁbre in the injector for 10 min.
The temperature was set at 40 ◦ C for 6 min, followed by an increase of 2 ◦ C min−1 up to 200 ◦ C, and was
then held for 10 min. The injector was kept at 230 ◦ C. Helium was used as a carrier gas (0.9 mL min−1 ).
The peak areas were calculated using Lab solutions acquisition system (GCMS solutions version 1.20;
Shimadzu) and were normalised with respect to the area of the internal standard peak. Compound
identiﬁcation was performed by comparing retention times and mass spectra obtained by analysing
pure reference compounds in the same conditions. The identiﬁcation was further conﬁrmed by
comparing mass spectra with those of the National Institute of Standards and Technology (NIST)
database. Mass spectra were recorded at 70 eV. The source temperature was 200 ◦ C and the interface
temperature was 230 ◦ C. Before use, the ﬁbre was conditioned at 270 ◦ C for 1 h for the analysis. A blank
test was carried out before every run to prevent the release of undesirable compounds. All analyses
were performed in triplicate.
3.3.4. Sensory Analysis
EVOO assessment was performed by two diﬀerent panels according to the method described in
the European Commission Regulation and further amendments [1], one at the Laboratorio Chimico
Merceologico of CCIAA (Camera di Commercio Industria Artigianato e Agricoltura) of Naples
(Italy) and the other at the CCIAA of Salerno (Italy), each of them made up of ten trained panellists.
They scored the descriptors on a normalised unstructured sheet (from 0 to 10) according to the IOOC/UE
oﬃcial method. Panel tests were made in ‘blind’ conditions, and only after they had been performed
the identities of the MOO samples were revealed to panel leaders.
3.4. Statistical Analysis of Data
Signiﬁcant diﬀerences among the diﬀerent model systems were determined for each compound
by one-way ANOVA statistical analysis. Tukey’s test was used to discriminate among the means of the
variables. Diﬀerences with p < 0.05 were considered signiﬁcant. Principal component analysis (PCA)
was chosen as an exploratory technique to investigate the separation among groups of observations.
Data elaboration was carried out using XLSTAT (version 2014.5.03), an add-in software package for
Microsoft Excel (Addinsoft Corp., Paris, France).
Author Contributions: Conceptualization, A.G.; methodology, A.G.; formal analysis, A.G.; investigation, F.M. and
A.P.; resources, R.S.; data curation, A.G.; writing—original draft preparation, A.G.; writing—review and editing,
R.S.; visualization, A.G.; supervision, R.S.; project administration, A.G. and R.S.; funding acquisition, R.S.
All authors have read and agreed to the published version of the manuscript.
Funding: This research was funded by AGER 2 Project, grant n. 2016-0174, COMPETITIVE (Claims of olive oil to
improve the market value of the product).
Acknowledgments: We are grateful to oﬃcial sensory panels of CCIAAs of Naples and Salerno for performing
sensory tests, and to panel leaders Maria Luisa Ambrosino and Giovanni Pipolo for their collaboration and fruitful
discussions. Marco Genovese is also acknowledged for proofreading the English manuscript.
Conﬂicts of Interest: The authors declare no conﬂict of interest.

References
1.

2.

3.

The European Commission. Commission Regulation (EEC) No. 2568/91 of 11 July 1991 on the Characteristics of
Olive Oil and Olive Residue Oil and on the Relevant Methods of Analysis; The European Commission: Brussels,
Belgium, 1991; pp. 1–83.
Tena, N.; Wang, S.C.; Aparicio-Ruiz, R.; Garcia-Gonzalez, D.L.; Aparicio, R. In-depth assessment of analytical
methods for olive oil purity, safety, and quality characterization. J. Agr. Food Chem. 2015, 63, 4509–4526.
[CrossRef]
De Santis, D.; Frangipane, M.T. Sensory perceptions of virgin olive oil: New panel evaluation method and
the chemical compounds responsible. Nat. Sci. 2015, 7, 132–142. [CrossRef]

93

Molecules 2020, 25, 1969

4.
5.

6.
7.

8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.

19.
20.
21.
22.

23.

24.

International Olive Council. Sensory Analysis of Olive Oil Method for the Organoleptic Assessment of Virgin Olive
Oil; International Olive Council: Madrid, Spain, 2015.
EFSA. Scientiﬁc Opinion on the substantiation of health claims related to polyphenols in olive and protection
of LDL particles from oxidative damage (ID ,1696, 2865), “maintenance of normal blood HDL-cholesterol
concentrations” (ID 1639), “maintenance of normal blood pressure” (ID 3781), “anti-inﬂammatory” (ID
1882), “contributes to the upper respiratory tract health” (ID 3468), “can help to maintain a function of
gastrointestinal tract” (3779), and “contributes to body defences against external agents” (ID 3467) pursuant
to Article 13 (1) of Regulation (EC) No 1924/2006. EFSA J. 2011, 9, 2033–2058.
Vitaglione, P.; Savarese, M.; Paduano, A.; Scalﬁ, L.; Fogliano, V.; Sacchi, R. Healthy virgin olive oil: A matter
of bitterness. Crit. Rev. Food Sci. 2015, 55, 1808–1818. [CrossRef]
Servili, M.; Esposto, S.; Fabiani, R.; Urbani, S.; Taticchi, A.; Mariucci, F.; Montedoro, G.F. Phenolic
compounds in olive oil: Antioxidant, health and organoleptic activities according to their chemical structure.
Inﬂammopharmacology 2009, 17, 76–84. [CrossRef]
Taticchi, A.; Esposto, S.; Servili, M. The basis of the sensory properties of virgin olive oil. In Olive Oil Sensory
Science; Monteleone, E., Langstaﬀ, S., Eds.; John Wiley & Sons: New York, NY, USA, 2014; pp. 33–54.
Beltrán, G.; Ruano, M.T.; Jiménez, A.; Uceda, M.; Aguilera, M.P. Evaluation of virgin olive oil bitterness by
total phenol content analysis. Eur. J. Lipid Sci. Tech. 2007, 108, 193–197. [CrossRef]
Genovese, A.; Yang, N.; Linforth, R.; Sacchi, R.; Fisk, I. The role of phenolic compounds on olive oil aroma
release. Food Res. Int. 2018, 112, 319–327. [CrossRef]
Genovese, A.; Caporaso, N.; Villani, V.; Paduano, A.; Sacchi, R. Olive oil phenolic compounds aﬀect the
release of aroma compounds. Food Chem. 2015, 181, 284–294. [CrossRef]
Morales, M.T.; Luna, G.; Aparicio, R. Comparative study of virgin olive oil sensory defects. Food Chem. 2005,
91, 293–301. [CrossRef]
Angerosa, F.; Servili, M.; Selvaggini, R.; Taticchi, A.; Esposto, S.; Montedoro, G. Volatile compounds in virgin
olive oil: Occurrence and their relationship with the quality. J. Chromatogr. A 2004, 1054, 17–31. [CrossRef]
García-González, D.L.; Aparicio, R. Research in olive oil: Challenges for the near future. J. Agr. Food Chem.
2010, 58, 12569–12577. [CrossRef]
Aparicio, R.; Morales, M.T.; García-González, D.L. Towards new analyses of aroma and volatiles to understand
sensory perception of olive oil. Eur. J. Lipid Sci. Tech. 2012, 114, 1114–1125. [CrossRef]
Paiva-Martins, F.; Gordon, M.H.; Gameiro, P. Activity and location of olive oil phenolic antioxidants in
liposomes. Chem. Phys. Lipids, 2003, 124, 23–36. [CrossRef]
Angerosa, F. Inﬂuence of volatile compounds on virgin olive oil quality evaluated by analytical approaches
and sensor panels. Eur. J. Lipid Sci. Tech. 2002, 104, 639–660. [CrossRef]
Angerosa, F.; Campestre, C. Sensory Quality: Methodologies and Applications. In Handbook of Olive
Oil-Analysis and Properties, 2nd ed.; Aparicio, R., Harwood, J., Eds.; Springer: Massachusetts, MA, USA, 2013;
pp. 523–560.
Langstaﬀ, S. Sensory Quality Control. In Olive Oil Sensory Science; Monteleone, E., Langstaﬀ, S., Eds.;
John Wiley & Sons: New York, NY, USA, 2014; pp. 81–108.
Reiners, J.; Grosch, W. Odorants of virgin olive oils with diﬀerent ﬂavor proﬁles. J. Agr. Food Chem. 1998, 46,
2754–2763. [CrossRef]
Genovese, A.; Caporaso, N.; Leone, T.; Paduano, A.; Mena, C.; Perez-Jimenez, M.A.; Sacchi, R. Use of odorant
series for extra virgin olive oil aroma characterisation. J. Sci. Food Agric. 2019, 99, 1215–1224. [CrossRef]
Ginsburg, I.; Koren, E.; Shalish, M.; Kanner, J.; Kohen, R. Saliva increases the availability of lipophilic
polyphenols as antioxidants and enhances their retention in the oral cavity. Arch. Oral Biol. 2012, 57,
1327–1334. [CrossRef]
Muñoz-González, C.; Feron, G.; Guichard, E.; Rodríguez-Bencomo, J.J.; Martin-Alvarez, P.J.;
Moreno-Arribas, M.V.; Pozo-Bayón, M.A. Understanding the role of saliva in aroma release from wine by
using static and dynamic headspace conditions. J. Agr. Food Chem. 2014, 62, 8274–8288. [CrossRef]
Esteban-Fernández, A.; Muñoz-González, C.; Jiménez-Girón, A.; Pérez-Jiménez, M.; Pozo-Bayón, M.Á.
Aroma release in the oral cavity after wine intake is inﬂuenced by wine matrix composition. Food Chem.
2018, 243, 125–133. [CrossRef]

94

Molecules 2020, 25, 1969

25.

26.
27.
28.

Perez-Jiménez, M.; Chaya, C.; Pozo-Bayón, M.Á. Individual diﬀerences and eﬀect of phenolic compounds in
the immediate and prolonged in-mouth aroma release and retronasal aroma intensity during wine tasting.
Food Chem. 2019, 285, 147–155. [CrossRef]
Goldner, M.C.; di Leo Lira, P.; van Baren, C.; Bandoni, A. Inﬂuence of polyphenol levels on the perception of
aroma in Vitis vinifera cv. Malbec wine. S. Afr. J. Enol. Vitic. 2016, 32, 21–27. [CrossRef]
Sacchi, R.; Caporaso, N.; Paduano, A.; Genovese, A. Industrial-scale ﬁltration aﬀects volatile compounds in
extra virgin olive oil cv. Ravece. Eur. J. Lipid Sci. Tech. 2015, 117, 2007–2014. [CrossRef]
Romero, I.; García-González, D.L.; Aparicio-Ruiz, R.; Morales, M.T. Validation of SPME–GCMS method for
the analysis of virgin olive oil volatiles responsible for sensory defects. Talanta 2015, 134, 394–401. [CrossRef]
[PubMed]

Sample Availability: Samples are not available from the authors.
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

95

molecules
Article

From Extra Virgin Olive Oil to Reﬁned Products:
Intensity and Balance Shifts of the Volatile
Compounds versus Odor
Jing Yan 1,2 , Martin Alewijn 2 and Saskia M. van Ruth 1,2, *
1
2

*

Food Quality and Design Group, Wageningen University and Research, 6700AA Wageningen,
The Netherlands; jing.yan@wur.nl
Wageningen Food Safety Research, Wageningen University and Research, 6700AE Wageningen,
The Netherlands; martin.alewijn@wur.nl
Correspondence: saskia.vanruth@wur.nl; Tel.: +31-317-480250

Academic Editor: Eugenio Aprea
Received: 29 April 2020; Accepted: 24 May 2020; Published: 26 May 2020

Abstract: To explore relationships between the volatile organic compounds (VOCs) of diﬀerent
grades of olive oils (OOs) (extra virgin olive oil (EVOO), reﬁned olive oil (ROO), and pomace olive
oil (POO)) and odor quality, VOCs were measured in the headspace of the oils by proton transfer
reaction quadrupole ion guide time-of-ﬂight mass spectrometry. The concentrations of most VOCs
diﬀered signiﬁcantly between the grades (EVOO > ROO > POO), whereas the abundance of m/z 47.012
(formic acid), m/z 49.016 (fragments), m/z 49.027 (fragments), and m/z 115.111 (heptanal/heptanone)
increased in that order. Although the reﬁned oils had considerably lower VOC abundance, the extent
of the decline varied with the VOCs. This results in diﬀerences in VOCs proportions. The high VOC
abundance in the EVOO headspace in comparison to ROO and POO results in a richer and more
complex odor. The identiﬁed C5–C6 compounds are expected to contribute mainly to the green
odor notes, while the identiﬁed C1–C4 and C7–C15 are mainly responsible for odor defects of OOs.
Current results reveal that processing strongly aﬀects both the quantitative and relative abundance of
the VOCs and, therefore, the odor quality of the various grades of OOs.
Keywords: extra virgin olive oil; odor quality; processing grades; quantitation; VOCs proportion

1. Introduction
Olive oils (OOs) are very popular with customers due to their pleasant ﬂavor and odor, as well as
their health beneﬁts. The concentrations of the volatile compounds (odor proﬁle) in OOs are aﬀected by
many factors, including the cultivar [1], environmental factors [2], olive fruit maturity [3], the technical
processing [4], as well as storage of the fruit (long time storage may be responsible for odor defects) [5],
or storage of OOs (oxidative degradation) [6]. Therefore, OOs come with great variation in odor quality.
Among those factors, processing methods (e.g., cold pressing and reﬁning steps) cause dramatic eﬀects
on the concentrations of the volatile organic compounds (VOCs) in diﬀerent grades of OOs [7], such as
extra virgin olive oil (EVOO), reﬁned olive oil (ROO), and pomace olive oil (POO).
The VOC molecules comprising 5 and 6 carbon atoms (called C5 and C6 compounds), which are
mainly produced through enzymatic reactions leading to degradation of polyunsaturated fatty acids
during processing [8], are considered the most important VOCs for the green odor notes of EVOO [9,10].
These compounds are more likely to be formed under cold-pressed conditions. Some oils are subjected
to reﬁning and most of C5 and C6, as well as many other VOCs are removed during the deodorization
step in the reﬁning process [11,12]. VOCs of OOs have been studied before [13–15], but so far,
the diﬀerences in headspace concentrations of the VOCs of diﬀerent OO grades has not yet been studied

Molecules 2020, 25, 2469; doi:10.3390/molecules25112469

97

www.mdpi.com/journal/molecules

Molecules 2020, 25, 2469

in depth. Therefore, it may be interesting to understand the relationship between the variation of the
VOCs concentrations and the processing methods, as well as the relationship between the variation of
the VOCs concentrations and the odor quality of the oils.
Proton transfer reaction time-of-ﬂight mass spectrometry (PTR-ToF-MS) is based on soft chemical
ionization by proton transfer from hydronium ions [16,17]. It is free of complex sample pre-processing
and can provide VOCs ﬁngerprints within seconds. Thus, it has been considered as an alternative
method for the real-time and rapid analysis of OOs. PTR-ToF-MS has been used to study for example
olive fruits [18], coﬀee [19], honey [20], peppers [17], ham [21], milk [16,22], and chocolate [23].
Although PTR-ToF-MS has been carried out for analyzing the VOCs of OOs [7,24,25] too, the inﬂuence
of the OO grades on VOCs has not been compared extensively so far. Taiti and Marone [7] investigated
the capability of PTR-ToF-MS in grading OOs, but the eﬀect of the processing on the quantitative
and relative abundance of the VOCs was not considered. Furthermore, PTR-ToF-MS coupled with a
quadrupole ion guide (PTR-QiToF-MS), which has an improved transmission eﬃciency of ions and
thus an increased sensitivity of the ion detection, has not been applied to measure the VOCs in OOs of
diﬀerent processing grades.
The present work is designed to elucidate the quantitative and relative diﬀerences of the VOCs in
diﬀerent grades of OOs (EVOO, ROO, and POO) by PTR-QiToF-MS and to explore the odor quality of
the corresponding oils.
2. Results and Discussion
2.1. PTR-QiToF-MS Spectral Proﬁle
Two hundred OOs were subjected to PTR-QiToF-MS analysis, and 295 mass peaks in the range
of m/z 18.033 to m/z 207.204 were obtained for each sample. The 10 log transformed mass spectra for
three grades, i.e., EVOO (n = 140), ROO (n = 45), and POO (n = 15), are presented in Figure 1. For each
average spectral proﬁle in Figure 1, the summed observed concentration of the mass peaks ranging
from m/z 18.033 to m/z 207.204 in the headspace of the samples were calculated. The value for EVOO
(782 parts per million by volume (ppmv)) was about 3 times higher than the summed value for ROO
(276 ppmv) and 5 times higher than that value for POO (127 ppmv). This indicates that EVOO is
richer in VOCs than the other lower grades of OOs. Furthermore, the concentration of most mass
peaks measured in the headspace of the EVOO samples is considerably higher than the other two
grades. It further supports the idea that large amounts of the VOCs are removed during the reﬁning
process [11,26].
2.2. Concentration Diﬀerences of the VOCs
To explore the diﬀerences between EVOO and the lower grades of OOs, the 295 mass peaks
were subjected to non-parametric Kruskal–Wallis tests (p < 0.05). Subsequently, 291 out of 295 mass
peaks were present in signiﬁcant diﬀerences across the three types of OO. Fifty-four mass peaks were
tentatively identiﬁed based on their accurate molar masses and likely chemical formulas [16], as well as
based on information from literature [9]. The headspace concentrations, odor characteristics, and odor
thresholds (OTs) of the 54 tentatively identiﬁed VOCs of the three types of OO (EVOO, ROO, and POO)
are listed in Table 1. The carbon numbers of the 54 tentatively identiﬁed VOCs varied from 1 to
15 (C1–C15). Furthermore, 20 out of 54 mass peaks were tentatively identiﬁed as several possible
isomeric compounds.

98

C5

C1–C4 A

Esters

C2 H3 O+

43.018

C3 H7 O+

C2 H5 O2 +

59.049

61.028

99

C5 H11 O+

C5 H11 O2 +

87.081

103.075

C2 H7 OS+
C4 H9 O2 +

79.021
89.059

C5 H9 O+

C4 H9 O+
C3 H7 O2 +

73.064
75.044

85.064

C2 H7

63.026

S+

Ethanol
2-Propenal

C2 H7 O+
C3 H5 O+

47.049
57.033

[9,37]
[30,40]
[1,37]

Aldehydes
Ketones
Esters
Carboxylic
acids

3-Methylbutanoic acid;
pentanoic acid

[9,32,37,39]

[1,9,37]
[1,9]

Ketones
Alcohols

1-Penten-3-one
3-Penten-2-ol;
2-methyl-3-buten-2-ol
2-Methylbutanal;
3-methylbutanal; pentanal
3-Pentanone
Ethyl propionate

[1,9]

[37,40]
[1,9]
[9,39]

[1]

[9]
[9,32,39]

[30,38]

[9,37]

[28,36]
[28]

[1,9]
[32]

[9]
[31,32]

[30]

[27,28]

Reference

Aldehydes

Others
Esters
Carboxylic
acids

Ketones
Carboxylic
acids
Esters

Carboxylic
acids
Others

Aldehydes
Ketones

Aldehydes
Carboxylic
acids
Alcohols
Aldehydes

Esters

Alcohols

Type

trans-2-Pentenal;
trans-2-methyl-2-butenal

Dimethyl sulfoxide
Ethyl acetate
Butanoic acid

Methyl acetate

Butan-2-one
Propanoic acid

Dimethyl sulﬁde

Acetic acid

Propanal
Acetone

Acetaldehyde
Formic acid

C2 H5
CH3 O2 +

45.034
47.012

O+

Methanol

CH5 O+

33.033

Measured Protonated Protonated Chemical Tentative Identiﬁcation
Mass m/z
Formula

Green, apple, bitter
almond; green fruity,
aromatic
Green, pungent, mustard
Perfumery, woody;
grassy, earth, oily
Malty; malty; woody,
bitter, oily
Sweet, green
Strawberry, apple, fruity,
sweet
Sweaty; unpleasant,
pungent

Unpleasant
Sticky, sweet, ethereal
Rancid, cheese

Ethereal, sweet

Wet earth, organic,
beetroot, sulfury
Ethereal, fruity
Pungent, sour, mold

Sour, vinegary

Apple, sweet, alcohol
Unpleasant odor,
irritating
Pungent, sweet
Sweet, pungent

Ester, green, pungent,
sweet, fruity
Pungent, sweet
Pungent, penetrating

Sweet

Odor Notes

[9,39]

[30]
[1]

[9]

[1,9]
[1,9]

[1,9]

[37]
[1,9]
[9,39]

[1]

[9]
[9,39]

[30,38]

[9]

[36]
[29]

[1,9]
[34,35]

[9]
[33]

[30]

[29]

Reference

19; 9

2 × 103

11 C

437 B

561 ×
103
1
1 × 103
1

10 × 103
33

1

419
100 ×
103
162

10 × 103
210

210
28 × 103

100 ×
103

OT

208 ± 98 a

(13 ± 8) × 103 a

(7 ± 6) × 103 a

711 ± 810 a
(4 ± 4) × 103 a

(4 ± 3) × 103 a
(22 ± 21) × 103 a

(1 ± 2) ×

103 a

(33 ± 33) × 103 a

(16 ± 12) × 103 a

(45 ± 55) × 103 a
(39 ± 33) × 103 a

(64 ± 39) ×
(3 ± 3) × 103 b
103 a

(44 ± 40) × 103 a

(348 ± 98) × 103 a

EVOO

69 ± 77 b

(1 ± 1) × 103 b

284 ± 204 b

197 ± 183 b
(1 ± 1) × 103 b

(3 ± 2) × 103 a
(3 ± 3) × 103 b

45 ± 54

b

(20 ± 24) × 103 ab

(12 ± 9) × 103 b

(18 ± 25) × 103 b
(11 ± 12) × 103 b

(41 ± 28) ×
(12 ± 11) × 103 a

103 b

(16 ± 18) × 103 b

(106 ± 93) × 103 b

ROO

Average ± SD (ppbv)

91 ± 252 b

319 ± 208 b

105 ± 109 b

68 ± 51 b
143 ± 236 b

(3 ± 2) × 103 b
391 ± 471 b

16 ± 11 b

(7 ± 5) × 103 b

(10 ± 7) × 103 b

(4 ± 8) × 103 b
(4 ± 5) × 103 b

(39 ± 34) × 103 ab
(17 ± 16) × 103 a

(6 ± 4) × 103 b

(18 ± 37) × 103 b

POO

Table 1. Tentatively identiﬁed volatile organic compounds of extra virgin olive oil (EVOO, n = 140), reﬁned olive oil (ROO, n = 45), and pomace olive oil (POO, n = 15),
their odor notes, odor thresholds (OT, ppbv) in air, average headspace concentrations (ppbv), standard deviation (SD), and statistical comparisons (Kruskal–Wallis
tests and Mann–Whitney U-tests, p < 0.05). ppbv: parts per billion by volume.
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C7–C15

C6

Ketones

4-Methylpentan-2-one

100

123.080

121.099

C7 H15 O+

115.111

C9 H13
C8 H9 O+
C8 H11 O+

+

C7 H9 +
C8 H9 +
C8 H11 +
C8 H13 +
C7 H11 O+
C7 H13 O+

93.070
105.090
107.086
109.101
111.080
113.096

Heptanal
Heptan-2-one
1,2,4-Trimethylbenzene
Acetophenone
2-Phenylethanol

Toluene
Ethenyl benzene
Ethyl benzene
Methyl norbornene
2,4-Heptadienal
trans-2-Heptenal

Hexanoic acid

C6 H13 O2 +

Aldehydes

Hexanal; 3-methyl pentanal

Aldehydes
Ketones
Others
Ketones
Alcohols

Others
Others
Others
Others
Aldehydes
Aldehydes

Carboxylic
acids

Carboxylic
acids
Ketones
Esters

Alcohols

Aldehydes
Others
Aldehydes

Others
Others

Others

Type

cis-3-Hexen-1-ol;
trans-3-hexen-1-ol;
cis-2-hexen-1-ol;
trans-2-hexen-1-ol

117.091

C6 H13 O+

101.095

5-Ethyl-2-(5H)-furanone
Butyl acetate; ethyl
butyrate; ethyl isobutyrate

C6 H11 O+

99.081

2,4-Hexadienal
Ethyl furan
trans-2-Hexenal;
cis-3-hexenal

Sorbic acid

C6 H9 O+

97.064

C6 H9 O2 +

C6 H11 +
C6 H13 +

83.085
85.101

Terpene fragment or
fragments from
cis-/trans-hexenal
Terpene fragment
Cyclohexane

113.059

C6 H9 +

81.070

Measured Protonated Protonated Chemical Tentative Identiﬁcation
Mass m/z
Formula

[9,10,39]
[1,9]
[1,10]
[40]
[10,40]

[30,37,40]
[1,30]
[1]
[18]
[9,39]
[9]

[9,39]

[40]
[1,9,37]

[18]

[1,43]

[1,9,37]

[1,9,10,37]

[1]
[1,43]
[1,9,37]

[41]
[43]

[41,42]

Reference

Gasoline vapors
Gasoline vapors
Strong
Fatty, rancid, nutty
Oxidized, tallowy,
pungent
Oily, fatty, woody, rancid
Sweet, fruity, cinnamon
-

Green, fruity, pungent;
sweet, fruity, cheesy;
fruity
Pungent, rancid, sour,
sharp

Fresh, green, ﬂoral, citric
Sweet, ethereal
Green, apple, bitter
almonds, astringent;
green, leaf-like
Green; green grassy,
sweet; almond, grassy,
astringent; green grassy,
leaves, fruity, astringent,
bitter
Green-sweet,
green-apple, grassy;
Strawberry, fruity, sweet,
ethereal
-

Sweet, aromatic

-

Odor Notes

Table 1. Cont.

[9,39]
[1,9]
-

[30,37]
[30]
[1]
[9,39]
[9]

[9,39]

[1,9]

-

[1,43]

[9]

[1,9]

[1]
[1,43]
[1,9]

[33]

-

Reference

0.19
1
25 × 103

8
19

2 × 103
47
39 × 103

127

29; 8; 5

470

0.27 E

1D

728 ×
103

OT

4±2a

78 ± 59

a

51 ± 31 b

254 ± 223 a
324 ± 247 a
338 ± 275 a
50 ± 24 a
86 ± 62 a
131 ± 125 a

657 ± 488 a

171 ± 308 a

154 ± 78 a

(13 ± 11) × 103 a

277 ± 159 a

(8 ± 3) × 103 a
(3 ± 2) × 103 a

(12 ± 12) × 103 a

EVOO

1±2b

7 ± 13

b

81 ± 65 a

33 ± 51 b
48 ± 49 b
75 ± 131 b
29 ± 24 b
38 ± 32 b
30 ± 22 b

66 ± 69 b

10 ± 7 b

57 ± 35 b

243 ± 240 b

25 ± 14 b

(1 ± 1) × 103 b
259 ± 220 b

337 ± 280 b

ROO

Average ± SD (ppbv)

1±1b

2±5b

77 ± 63 ab

7 ± 12 b
18 ± 13 b
17 ± 27 b
33 ± 20 ab
27 ± 34 b
26 ± 30 b

110 ± 358 b

5±4b

35 ± 31 b

66 ± 125 b

20 ± 17 b

(1 ± 1) × 103 b
110 ± 89 b

74 ± 68 b

POO
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C8 H15 O+

C7 H13 O2 +
C8 H17 O+

C7 H15 O2 +

127.111

129.091
129.127

131.106

101

C9 H15 O+

139.112

C8 H15 O2 +

C9 H19 O+

143.107

143.142

C8 H17 O2

C10 H17 O+

145.122

153.125

+

C10 H19
C9 H17 O+

139.147
141.127

+

C10 H17

137.132

+

C8 H13 O+

125.096

3-Ethyl-1,5-octadiene
Others
tran-2-Nonenal;
Aldehydes
cis-2-nonenal
cis-3-Hexenyl acetate;
Esters
trans-3-hexenyl acetate;
3-methyl-4-penten-1-ol-acetate
Nonanal
Aldehydes
Nonan-2-one
Ketones
Hexyl acetate;
Esters
2-methylpropyl butanoate;
ethyl hexanoate
Octanoic acid
Carboxylic
acids
2,4-Decadienal; trans,
Aldehydes
trans-2,4-decadienal; trans,
cis-2,4-decadienal
2,3-Dehydro-1,8-cineole
Others

Aldehydes

Strong, fatty; deep-fried;
deep-fried
-

[10]

Soapy, penetrating,
deep-fried
Paper-like, fatty; green,
fatty
Green, banana-like;
green, banana, green
leaves, fruity
Fatty, waxy, pungent
Fruity, ﬂoral
Green, fruity, sweet,
apple; unpleasant, winey,
fusty
Oily, fatty

-

Rancid, fatty

Geranium-like; mold,
overripe
Herbaceous, spicy
Pungent, green fruity,
grassy; mushroom, mold,
pungent; rose
Pungent
Fatty, sharp, citrus-like,
rancid
Perfumery, nutty,
perfumery, nutty; mold,
earthy
Mold, green
Pineapple, sharp; fruity;
fruity, green, banana

Odor Notes

[9,37]

[9,39]

[9,10,37]
[1]
[1,9,10]

[1,9,10,37]

[40]
[9,36,37]

[9,37]

[10,32]

[9,39]

Carboxylic
acids
Others

Terpene fragments
(α-pinene; β-pinene;
limonene; tricyclene;
camphene; sabinene;
myrcene; β-ocimene)
trans,trans-2,4-Nonadienal

[9]
[1,9,37]

Ketones
Esters

Octan-2-one
Propyl butyrate; ethyl
2-methylbutyrate; ethyl
3-methylbutyrate
Heptanoic acid

[9,39]

Alcohols

[1]
[9,37,39]

[10]
[1,9]
[1,9,10,37]

Aldehydes
Aldehydes
Ketones

Esters
Aldehydes

[1,9,37]

Reference

Ketones

Type

6-Methyl-5-hepten-3-ol;
1-octen-3-ol

cis-1,5-Octadien-3-one;
octan-2-one
trans,trans-2,4-Octadienal
trans-2-Octenal
6-Methyl-5-hepten-2-one;
1-octen-3-one;
3-octen-2-one
3-Methyl-2-butenyl acetate
Octanal

Measured Protonated Protonated Chemical Tentative Identiﬁcation
Mass m/z
Formula

Table 1. Cont.

-

[9]

[9,39]

[9]
[1]
[1,9]

[1,9]

[9,36]

[9]

-

[9,39]

[9]
[1,9]

[9,39]

[1]
[9,39]

[1,9]
[1,9,44]

[1,9]

Reference

0.37 L

0.45
5
307 K

0.02 J

0.04

3 × 103 ;
6 × 103 ;
130 I

27
2 × 103 H

1G

0.08

1
1F

OT

8±3a

58 ± 36

a

44 ± 23 a

49 ± 25 a

82 ± 50
8±8a

a

19 ± 12 a

89 ± 68 a

72 ± 52 a

16 ± 8 a
27 ± 15

37 ± 17 a

34 ± 26 a

EVOO

3±3b

8±9

b

17 ± 11 b

8±7b

6±5
3±3b
b

3±1b

37 ± 70 b

21 ± 28 b

5±4b
41 ± 36

17 ± 12 b

13 ± 11 b

ROO

Average ± SD (ppbv)
POO

3±3b

4±3b

14 ± 12 b

3±3b

4±3b
5±4a

5±3b

12 ± 18 b

6±6b

5±5b
59 ± 81

19 ± 13 b

5±5b
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C9 H17 O2 +

C10 H21 O+

157.124

157.158

C11 H23 O+
C10 H21 O2 +

C13 H11 O+
C15 H25 +

171.174
173.154

183.082
205.194

trans-4,5-Epoxy-trans2-decenal
Undecanal
Ethyl octanoate; methyl
nonanoate
Benzophenone
β-Caryophyllene; copaene;
β-selinene; α-farnesene;
eremophilene

trans-2-Decenal
3,7-Dimethylocta-1,6dien-3-ol;
cis-p-menth-2-en-1-ol
Ethyl
cyclohexanecarboxylate
Decanal

Others
Others

Aldehydes
Esters

Aldehydes

Aldehydes

Esters

Aldehydes
Alcohols

Type

[40]
[10,32,40]

[43]
[32,36,37]

[9,10,37]

[9,10,43]

[9,37]

[9]
[10]

Reference

-

Fatty, tallowy
Green, fruity; -

Penetrating, sweet, waxy,
painty
Metallic

Aromatic, fruity

Painty, ﬁshy, fatty
-

Odor Notes

-

[43]
[36]

[9]

[9,43]

[9]

[9]
-

Reference

0.41

0.43

OT

2±2a
23 ± 22 a

3±1a
11 ± 24 a

2±2
a

5±3a

11 ± 6 a

EVOO
6±3a

b

0.8 ± 0.4 b
4±7b

0.4 ± 0.4 b
1±1b

0.5 ± 0.4

3±3b

1±1b

ROO
3±3b

Average ± SD (ppbv)

0.6 ± 0.3 b
0.4 ± 0.7 b

0.3 ± 0.4 b
0.8 ± 0.9 b

0.3 ± 0.3 b

4 ± 6 ab

1±1b

POO
2±4b

Superscript letters a and b in a row indicate signiﬁcant diﬀerences (p < 0.05). A C1–C7 indicate that the VOCs with 1–7 carbon atoms in the molecule, respectively. B The OT of
trans-2-pentenal. C The OT of pentanal. D The OT of trans-2-hexenal. E The OT of hexanal. F The OT of 3-octen-2-one. G The OT of 1-octen-3-ol. H The OT of propyl butyrate. I 2981,
5465, 119 refer to the OTs of α-pinene, β-pinene, limonene, respectively. J The OT of tran-2-nonenal. K The OT of hexyl acetate. L 2,4-Decadienal. Green indicates that the odor activity
value (OAV, the average concentration of the volatile compound of the oils divided by its OT) is more than 2. Yellow indicates that the OAV is between 1 and 2. Red indicates that the
OAV is less than 1. Rows without color indicate that no OT was found for this compound.

C10 H17 O2

169.123

+

C10 H19

155.141

O+

Measured Protonated Protonated Chemical Tentative Identiﬁcation
Mass m/z
Formula

Table 1. Cont.
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Figure 1. 10 Log averaged spectral proﬁles of volatile organic compounds of three olive oil grades (extra
virgin olive oil, EVOO; reﬁned olive oil, ROO; pomace olive oil, POO). The four highlighted mass peaks
(m/z 47.012, m/z 49.016, m/z 49.027, and m/z 115.111) were present in signiﬁcantly higher abundance in
the headspace of ROO and POO compared to EVOO.

2.2.1. VOCs with Higher Concentrations in the EVOO Headspace
Among the 295 mass peaks, 287 mass peaks were present in signiﬁcantly higher concentrations in
the headspace of the EVOO samples than for the other OOs. It conﬁrms that most of the VOCs are
removed during the reﬁning process [11]. Similarly, for 51 out of the 54 tentatively identiﬁed VOCs,
signiﬁcantly higher concentrations were observed for EVOO than for the other oils (Table 1).
Except for the mass peak m/z 47.012 (formic acid), signiﬁcantly higher headspace concentrations
were determined for all identiﬁed C1–C4 compounds in EVOO compared to ROO/POO. Mass peak
m/z 33.033 (methanol) was the most abundant compound in the EVOO headspace, followed by mass
peaks m/z 45.034 (acetaldehyde), m/z 47.049 (ethanol), m/z 43.018 (esters), m/z 57.033 (2-propenal),
and m/z 61.028 (acetic acid). However, the detection of methanol is rarely reported, and/or methanol is
often found to be present at low concentrations using gas chromatography-mass spectroscopy-based
techniques. There are several possible reasons for the detection of high concentrations of the VOCs with
low molecular mass in the headspace of OOs using PTR-QiToF-MS. One of the possible reasons is that
this mass may be a mixture of a small amount of methanol and a large amount of fragments from higher
molecular masses. It may also be due to diﬀerences in the set-up between the current method and gas
chromatography approaches. For instance, the way of sampling and injection diﬀer considerably.
Signiﬁcantly higher concentrations were determined for all identiﬁed C5 and C6 compounds
in the EVOO headspace compared to the lower grades of OOs. Regarding C5 compounds,
the headspace concentration in EVOO of mass peak m/z 87.081 (13 ± 8 ppmv, 3-penten-2ol/2-methyl-3-buten-2-ol/2-methylbutanal/3-methylbutanal/pentanal/3-pentanone) was higher than
m/z 85.064 (7 ± 6 ppmv, trans-2-pentenal/1-penten-3-one/trans-2-methyl-2-butenal) and m/z 103.075
(208 ± 98 parts per billion by volume (ppbv), ethyl propionate/3-methylbutanoic acid/pentanoic
acid). This may be due to the malaxation step, which involves temperatures that favor amino
acid conversion. This conversion results in an elevated production of 2-methylbutanal and
3-methylbutanal [8]. Among the eight identiﬁed C6 compounds, mass peak m/z 99.081 (13 ± 11 ppmv,
trans-2-hexenal/cis-3-hexenal) were present in highest abundance in the EVOO headspace. Two isomers
were tentatively identiﬁed in mass peak m/z 99.081, which are trans-2-hexenal and cis-3-hexenal.
Furthermore, signiﬁcantly higher concentrations of 28 out of 30 identiﬁed C7–C15 compounds
were determined in the headspace of EVOO than for the other OO counterparts. Among these
28 identiﬁed compounds, the concentrations of mass peaks m/z 93.070 (254 ± 223 ppbv, toluene,
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C1-benzene), m/z 105.09 (324 ± 247 ppbv, ethenyl benzene, C2-benzene) and m/z 107.086 (338 ± 275 ppbv,
ethyl benzene, C2-benzene) found in the headspace of EVOO were higher than the other compounds.
It is reported that oils can be easily contaminated by these potentially harmful VOCs because of their
lipophilic nature and widely distribution [45]. The presence of these compounds in OOs is likely due
to the contamination by gasoline vapors in the oil mill [46,47]. These compounds could also originate
from the packaging materials [48]. The contamination of these compounds in OOs deserves a special
consideration in the future due to their potential harm to human body [49]. Furthermore, signiﬁcantly
higher concentrations of those three compounds in the EVOO headspace compared to the other OOs is
likely due to removal during the reﬁning process [48].
2.2.2. VOCs with Higher Concentrations in the ROO/POO Headspace
It is interesting to note that four mass peaks (m/z 47.012, m/z 49.012, m/z 49.027, and m/z 115.111)
were present in signiﬁcantly higher headspace concentrations in ROO and POO compared to EVOO
(Figure 1 and Table 1).
Mass peak m/z 47.012 was tentatively identiﬁed as formic acid [31,32]. The headspace concentration
of formic acid in EVOO (3 ± 3 ppmv) was signiﬁcantly lower than in ROO (12 ± 11 ppmv) and POO
(17 ± 16 ppmv). One of the possible pathways contributing to the formation of formic acid (m/z
47.012) in the lower grades of OOs is oxidation during storage [31], such as the decomposition of
unstable volatiles (2,4-(E-E)-decadienal) [31,50]. Another possible pathway is microbial metabolism
during storage [51]. The other two mass peaks m/z 49.012 and m/z 49.027 (non-identiﬁed) were also
present in signiﬁcantly lower concentrations for EVOO compared to ROO and POO. They are most
likely fragments of higher molecular masses. In addition, the concentration of mass peak m/z 115.111
(51 ± 31 ppbv, heptanal/heptan-2-one) for EVOO was signiﬁcantly lower than that for ROO (81 ± 65
ppbv) and POO (77 ± 63 ppbv). This mass peak was tentatively identiﬁed as heptanal or heptan-2-one
(Table 1) [9,39], which originates from the decomposition of linoleic acid [43]. The formation of this
compound in ROO and POO most likely occurs during storage, because the steam deodorization step
before storage would have removed such organic compounds [12,52].
Taken together, the concentrations of most VOCs were signiﬁcantly lower in the headspace of
OOs that have been subjected to a reﬁning step, whereas the concentrations of four mass peaks,
i.e. m/z 47.012 (formic acid), m/z 49.016 (non-identiﬁed), m/z 49.027 (non-identiﬁed) and m/z 115.111
(heptanal/heptan-2-one), presented a reversed trend.
2.3. Odor Implications
Some groups of scientists relate the odor contribution of a certain VOC to the human perceivable
odor not only to be related to its concentration, but also to its OT [8,9,36,39]. This approach allows
some ranking of the VOCs in terms of their relevance to the odor. When the odor activity value
(OAV, the average concentration of the volatile compound of the oils divided by its OT) of the volatile
compound is greater than one, the odor of this compound is expected to contribute to the odor of the
oils according to this theory [53]. In this study, we looked into the odor relevance of compounds using
the OTs.
Considering the average concentrations of the identiﬁed C1–C4 compounds in OOs and their OTs
in Table 1, the odor of those compounds (acetaldehyde, OAV = 185; 2-propenal, OAV = 19; propanal,
OAV = 24; acetic acid, OAV = 43; dimethyl sulﬁde, OAV = 16; propanoic acid, OAV = 12; dimethyl
sulfoxide, OAV = 68; butanoic acid, OAV = 143. OAV is calculated based on the average concentration
for the OO grade with lowest intensity and its OT in Table 1) are considered to contribute strongly to
the odor of the oils due to their high OAVs. Surprisingly, most of those compounds are associated with
odor defects.
Regarding the identiﬁed C5 compounds, trans-2-pentenal (m/z 85.064), associated with green-fruity
odor note [1,9], was present with an OAV of 16 for EVOO. Regarding the identiﬁed C6 compounds,
trans-2-hexenal (m/z 99.081), associated with a green-fruity odor note [1,9], was present with an OAV
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of 13000 for EVOO. Hexanal (m/z 101.095), associated with a green-sweet odor note [9], was present
with an OAV of 570 for EVOO. Butyl acetate, ethyl butyrate, and ethyl isobutyrate (m/z 117.091),
associated with a green-sweet-fruity note [1,9], were present with OAVs of 23, 82, and 131 for EVOO,
respectively. Therefore, trans-2-pentenal, trans-2-hexenal, hexanal, butyl acetate, ethyl butyrate,
and ethyl isobutyrate might be the relevant contributors to the green odor notes of EVOO. This is
in agreement with previous studies [9,10] reported that the C5-C6 compounds were described as
the most important VOCs in terms of the contribution to the green odor notes for EVOO. Moreover,
trans-2-hexenal and hexanal are most likely the most important contributors to the green odor notes of
the EVOO due to the highest OAV (13000 and 570, respectively) compared to the other compounds.
These results agree with those in a previous study, which reported that the identiﬁed C6 aldehydes
(especially trans-2-hexenal and hexanal) contribute to the green odor notes in European EVOO [37].
In addition, the OAVs of those compounds mentioned above for EVOO were higher than its lower
grade counterparts. Furthermore, it is reported that a great amount of the VOCs associated with
the green odor notes have been found in high-quality/grade OO (EVOO) [3,54]. Therefore, the odor
of those compounds most likely contributes to the diﬀerences in perception of the green odor notes
between the premium grade EVOO and the lower grades of OOs.
Although the identiﬁed C7–C15 compounds have relatively low concentrations in OOs compared
to the identiﬁed C1–C6 compounds, they were also components of the volatile odor fraction in OOs,
especially the identiﬁed C7–C10 compounds [10]. The OAVs of some of these compounds were over one
in OOs (2,4 heptadienal, OAV = 3; trans-2-heptenal, OAV = 1.37; heptanal, OAV = 268; heptan-2-one,
OAV = 51; trans-2-octenal, OAV = 17; 3-octen-2-one, OAV = 17; octanal, OAV = 338; 1-octen-3-ol,
OAV = 27; octan-2-one, OAV = 1.00; trans,trans-2,4-nonadienal, OAV = 75; trans-2-nonenal, OAV = 150;
nonanal, OAV = 31; nonan-2-one, OAV = 3; trans,trans-2,4-decadienal, OAV = 8; trans-2-decenal,
OAV = 5; decanal, OAV = 7). However, most of those compounds are associated with odor defects.
Hexyl acetate (m/z 145.122), associated with a green-fruity note, was present with an OAV less than
one in OOs, which support previous research [55]. This indicates that this compound might not be a
relevant contributor to the green odor notes of OOs. Thus, those minor compounds are more likely
related to odor defects of OOs due to their high OAV value and related odor notes.
Summarizing, the identiﬁed C5–C6 compounds mainly possess the green odor notes, while the
identiﬁed C1–C4 and C7–C15 compounds are mainly associated with odor defects. EVOO has 31
volatile compounds exceeding an OAV of one, which is more than ROO (30 volatile compounds) and
POO (26 volatile compounds). EVOO is also present with higher OAV values for 29 out of these 31
compounds compared to ROO and POO. Thus, most likely, these VOCs contribute to the richer and
more complex odor of EVOO compared to ROO and POO. This is similar to the result in Section 2.2 that
EVOO were present with signiﬁcantly higher headspace concentrations of the VOCs in comparison to
ROO and POO.
Consumers’ preference in OOs is mainly related to the odor descriptors qualiﬁed with the ‘green’
note [56]. Therefore, the green notes are fairly important sensory traits. In Table 1, trans-2-hexenal
(m/z 99.081), hexanal (m/z 101.095), butyl acetate, ethyl butyrate, and ethyl isobutyrate (m/z 117.091) are
expected to contribute to the green odor notes of OOs, since their OAVs are greater than one. In order to
compare the full sets of samples, the scatter plots of the 10 log transformed concentrations of m/z 99.081,
m/z 101.095, and m/z 117.091 are presented for all samples in Figure 2. The plots show distinct clustering
of the three grades of OOs. EVOO (located in the upper right corner in Figure 2) grouped separately
from the lower grades of OOs (widely spread in the lower left corner). This indicates that EVOO was
present with consistently higher concentrations of these compounds with green notes, and with OAV
values >1, in the headspace of EVOO, which is in agreement with previous studies [3,54].
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Figure 2. Scatter plots of the 10 log transformed concentrations (ppbv) of (A) m/z 99.081 versus m/z
101.095; (B) m/z 99.081 versus m/z 117.091; (C) m/z 101.095 versus m/z 117.091; (D) m/z 99.081, m/z 101.095
and m/z 143.107 of three olive oil grades, including extra virgin olive oil (EVOO, n = 140), reﬁned olive
oil (ROO, n = 45), and pomace olive oil (POO, n = 15).

2.4. Relative Concentration Diﬀerences of the VOCs
To explore the VOCs proportions of OO grades, the relative average concentrations and standard
deviation of 54 tentatively identiﬁed VOCs in the headspace of each grade (EVOO, ROO, and POO)
are shown in Table 2.
Table 2. Tentative identiﬁcation volatile organic compounds (VOCs), average relative concentrations,
standard deviation (SD), and statistical comparisons (Kruskal–Wallis tests and Mann–Whitney U-tests,
p < 0.05) of the VOCs in the headspace of extra virgin olive oil (EVOO), reﬁned olive oil (ROO),
and pomace olive oil (POO). The relative concentration of each mass per sample was expressed as the
ratio (%, w/w) of the single mass peak intensity per sample to the total mass intensity per sample.
Measured Protonated
Mass m/z

Average ± SD (%)
Tentative Identiﬁcation

EVOO (n = 140)

ROO (n = 45)

POO (n = 15)

46 ± 9 a
5±3b
8±3b
(4 ± 5) × 10−1 b
5±5
6±5
2±2b
4±3b
(1 ± 2) × 10−1 a
1±1b
3±2 a
(8 ± 7) × 10−2
(4 ± 3) × 10−1 a

33 ± 14 b
6±3a
16 ± 6 a
5±4a
5±4
6±8
5±3a
7±3a
(2 ± 2) × 10−2 b
2±1a
1±0 b
(1 ± 1) × 10−1
(2 ± 2) × 10−1 b

10 ± 10 c
5 ± 1 ab
30 ± 17 a
14 ± 7 a
3±2
3±3
9±3a
6±3a
(1 ± 0) × 10−2 b
3±2a
(3 ± 3) × 10−1 c
(6 ± 2) × 10−2
(2 ± 5) × 10−1 c

C1–C4 A
33.033
43.018
45.034
47.012
47.049
57.033
59.049
61.028
63.026
73.064
75.044
79.021
89.059

Methanol
Esters
Acetaldehyde
Formic acid
Ethanol
2-Propenal
Propanal; acetone
Acetic acid
Dimethyl sulﬁde
Butan-2-one
Propanoic acid; methyl acetate
Dimethyl sulfoxide
Ethyl acetate; butanoic acid
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Table 2. Cont.
Measured Protonated
Mass m/z

Average ± SD (%)
Tentative Identiﬁcation

EVOO (n = 140)

ROO (n = 45)

POO (n = 15)

Terpene fragment or fragments from cis-/trans-hexenal
Terpene fragment
trans-2-Pentenal; trans-2-methyl-2-butenal;
1-penten-3-one
Cyclohexane
3-Penten-2-ol; 2-methyl-3-buten-2-ol; 2-methylbutanal;
3-methylbutanal; pentanal; 3-pentanone
2,4-Hexadienal; ethyl furan
trans-2-Hexenal; cis-3-hexenal
cis-3-Hexen-1-ol; trans-3-hexen-1-ol; cis-2-hexen-1-ol;
trans-2-hexen-1-ol; hexanal; 3-methyl pentanal;
4-methylpentan-2-one
Ethyl propionate; 3-methylbutanoic acid; pentanoic
acid
Sorbic acid; 5-ethyl-2-(5H)-furanone
Butyl acetate; ethyl butyrate; ethyl isobutyrate;
hexanoic acid

2±2a
1±0a
1±1a

(2 ± 1) × 10−1 b
1±0b
(1 ± 1) × 10−1 b

(7 ± 5) × 10−2 b
1±0b
(1 ± 0) × 10−1 b

(4 ± 3) × 10−1 a
2±1a

(9 ± 4) × 10−2 b
(4 ± 2) × 10−1 b

(9 ± 4) × 10−2 b
(3 ± 1) × 10−1 b

(4 ± 2) × 10−2 a
2±2a
(5 ± 2) × 10−2 b

(1 ± 1) × 10−2 b
(1 ± 1) × 10−1 b
(6 ± 7) × 10−2 b

(2 ± 1) × 10−2 b
(1 ± 2) × 10−1 b
(1 ± 1) × 10−1 a

(3 ± 1) × 10−2 b

(2 ± 2) × 10−2 b

(2 ± 6) × 10−1 a

10−2 a

(2 ± 4) ×
(9 ± 7) × 10−2 a

10−3 b

(4 ± 3) ×
(2 ± 1) × 10−2 b

(4 ± 5) × 10−3 b
(2 ± 9) × 10−1 b

(3 ± 4) × 10−2 a
(4 ± 2) × 10−2 a
(4 ± 3) × 10−2 a
(1 ± 0) × 10−2 c
(1 ± 1) × 10−2 b
(2 ± 1) × 10−2 ab
(1 ± 0) × 10−2 b
(9 ± 6) × 10−3 a
(6 ± 2) × 10−4 a
(5 ± 3) × 10−3

(1 ± 1) × 10−2 b
(2 ± 2) × 10−2 b
(2 ± 2) × 10−2 b
(1 ± 1) × 10−2 b
(2 ± 1) × 10−2 a
(1 ± 1) × 10−2 b
(6 ± 1) × 10−2 a
(2 ± 3) × 10−3 b
(5 ± 6) × 10−4 b
(6 ± 5) × 10−3

(1 ± 1) × 10−2 b
(2 ± 1) × 10−2 b
(2 ± 5) × 10−2 b
(3 ± 2) × 10−2 a
(2 ± 1) × 10−2 ab
(2 ± 1) × 10−2 a
(1 ± 1) × 10−1 a
(3 ± 11) × 10−3 b
(9 ± 8) × 10−4 a
(4 ± 2) × 10−3

(5 ± 3) × 10−3 c

(9 ± 7) × 10−3 b

(2 ± 1) × 10−2 a

(2 ± 1) × 10−3 ab
(4 ± 2) × 10−3 b

(3 ± 5) × 10−3 b
(3 ± 6) × 10−2 a

(6 ± 9) × 10−3 a
(9 ± 15) × 10−2 a

(9 ± 5) × 10−3 a

(7 ± 4) × 10−3 b

(7 ± 12) × 10−3 b

(1 ± 1) × 10−2 b

(2 ± 8) × 10−2 a

(1 ± 2) × 10−2 ab

10−3 b

(3 ± 2) ×
(1 ± 1) × 10−2 a
(1 ± 1) × 10−3 b
(7 ± 5) × 10−3 a

10−3 c

(1 ± 2) ×
(2 ± 1) × 10−3 b
(1 ± 1) × 10−3 b
(3 ± 3) × 10−3 b

(6 ± 4) × 10−3 a
(5 ± 3) × 10−3 b
(5 ± 2) × 10−3 a
(2 ± 1) × 10−3 b

(6 ± 4) × 10−3 b
(8 ± 4) × 10−3 a

(1 ± 1) × 10−2 ab
(3 ± 1) × 10−3 b

(1 ± 1) × 10−2 a
(4 ± 5) × 10−3 b

(1 ± 0) × 10−3 ab

(1 ± 1) × 10−3 b

(2 ± 3) × 10−3 a

(1 ± 0) × 10−3 ab

(1 ± 1) × 10−3 b

(2 ± 2) × 10−3 a

10−3 a

10−4 b

(1 ± 1) × 10−3 a
(6 ± 10) × 10−3 a
(3 ± 3) × 10−4 ab
(4 ± 6) × 10−4 b
(6 ± 5) × 10−4 b
(7 ± 6) × 10−4 a
(3 ± 3) × 10−4 c

C5–C6
81.070
83.085
85.064
85.099
87.081
97.064
99.081
101.095

103.075
113.059
117.091
C7–C15
93.070
105.090
107.086
109.101
111.080
113.096
115.111
121.099
123.080
125.096
127.111
129.091
129.127
131.106
137.132
139.112
139.147
141.127
143.107
143.142
145.122
153.125
155.141
157.124
157.158
169.123
171.174
173.154
183.082
205.194

Toluene
Ethenyl benzene
Ethyl benzene
Methyl norbornene
2,4-Heptadienal
trans-2-Heptenal
Heptanal; heptan-2-one
1,2,4-Trimethylbenzene; acetophenone
2-Phenylethanol
cis-1,5-Octadien-3-one; octan-2-one; trans,
trans-2,4-octadienal
trans-2-Octenal; 6-methyl-5-hepten-2-one;
1-octen-3-one; 3-octen-2-one
3-Methyl-2-butenyl acetate
Octanal; 6-methyl-5-hepten-3-ol; 1-octen-3-ol;
octan-2-one
Propyl butyrate; ethyl 2-methylbutyrate; ethyl
3-methylbutyrate; heptanoic acid
Terpene fragments (α-pinene; β-pinene; limonene;
tricyclene; camphene; sabinene; myrcene; β-ocimene)
trans,trans-2,4-Nonadienal
3-Ethyl-1,5-octadiene
tran-2-Nonenal; cis-2-nonenal; cis-3-nonenal
cis-3-Hexenyl acetate; trans-3-hexenyl acetate;
3-methyl-4-penten-1-ol-acetate
Nonanal; nonan-2-one
Hexyl acetate; 2-methylpropyl butanoate; ethyl
hexanoate; octanoic acid
2,4-Decadienal; trans, trans-2,4-decadienal; trans,
cis-2,4-decadienal; 2,3-dehydro-1,8-cineole
trans-2-Decenal; 3,7-dimethylocta-1,6- dien-3-ol;
cis-p-menth-2-en-1-ol
Ethyl cyclohexanecarboxylate
Decanal
trans-4,5-Epoxy-trans-2-decenal
Undecanal
Ethyl octanoate; methyl nonanoate
Benzophenone
β-Caryophyllene; copaene; β-selinene; α-farnesene;
eremophilene

(2 ± 1) ×
(7 ± 5) × 10−4 b
(3 ± 2) × 10−4 a
(4 ± 3) × 10−4 a
(1 ± 3) × 10−3 a
(4 ± 7) × 10−4 b
(3 ± 3) × 10−3 a

Superscript letters a, b, and c indicate the signiﬁcant diﬀerences (p < 0.05).
atoms in the molecule.

A

(7 ± 8) ×
(2 ± 4) × 10−3 b
(2 ± 4) × 10−4 b
(1 ± 2) × 10−4 b
(4 ± 3) × 10−4 b
(4 ± 3) × 10−4 a
(1 ± 1) × 10−3 b

C1–C7 are the VOCs with 1–7 carbon

Signiﬁcant diﬀerences in the relative concentrations (proportions) in OOs headspace were observed
in 50 out of 54 tentatively identiﬁed VOCs in Table 2. The major constituents of the VOCs obtained from
the headspace of EVOO were identiﬁed as methanol (m/z 33.033), acetaldehyde (m/z 45.034), 2-propenal
(m/z 57.033), esters (m/z 43.018), and ethanol (m/z 47.049) in descending order. The VOCs proportions
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were diﬀerent in the headspace of the lower grades of OOs. The proportions of the top ﬁve major
compounds in the ROO headspace were the same as those in the EVOO headspace, except that ethanol
changes to acetic acid. However, the top ﬁve major compounds in the POO headspace in descending
order are acetaldehyde (m/z 45.034), formic acid (m/z 47.012), methanol (m/z 33.033), propanal/acetone
(m/z 59.049), and acetic acid (m/z 61.028).
The relative concentrations of ﬁve identiﬁed C1–C4 compounds (esters, acetaldehyde, ethanol,
acetone, and butan-2-one) in the headspace of ROO/POO were signiﬁcantly higher than for
EVOO (Table 2). Whereas the relative concentrations of the other compounds (2-propenal,
acetic acid, dimethyl sulﬁde, propanoic acid, dimethyl sulfoxide, ethyl acetate, and butanoic
acid) in the headspace of ROO/POO were lower than for EVOO (Table 2). Furthermore, 9 out
of 11 identiﬁed C5–C6 compounds were present in signiﬁcantly higher relative concentrations
for EVOO than for ROO/POO. However, signiﬁcantly lower proportions were presented in two
mass peaks m/z 101.095 and m/z 103.075 (non-identiﬁed) for POO compared to EVOO and ROO.
Regarding the identiﬁed C7–C15 compounds, 29 out of 30 compounds were present in signiﬁcant
diﬀerences in OOs in Table 2. Only 11 out of 29 compounds were present in signiﬁcantly
higher proportions in the EVOO headspace than for the ROO/POO headspace. The relative
concentrations of ﬁve mass peaks m/z 109.101 (methyl norbornene), m/z 115.111 (heptanal/heptan-2-one),
m/z 127.111 (trans-2-octenal/6-methyl-5-hepten-2-one/1-octen-3-one/3-octen-2-one), m/z 129.127
(octanal/6-methyl-5-hepten-3-ol/1-octen-3-ol/octan-2-one), and m/z 183.082 (benzophenone) in the
headspace of ROO and POO were signiﬁcantly higher than for EVOO. This is diﬀerent from the
concentration results observed in Section 2.2.2 that the other four mass peaks (m/z 47.012, m/z 49.012,
m/z 49.027 and m/z 115.111) were present in signiﬁcantly higher concentrations in the headspace of
ROO/POO compared to EVOO.
In total, the VOCs proportions were diﬀerent in the headspace of diﬀerent OO grades, which is
most likely due to the diﬀerent processing methods. It is known from the literature that absolute
concentrations of the VOCs are important for the odor traits of products, but the balance of the VOCs
is just as important [57].
3. Materials and Methods
3.1. Samples Preparation
For this study, 240 OOs were gathered from producers, traders, and retailers across Europe in
2016 and 2017. The authenticity of the 180 EVOO samples was veriﬁed by fatty acid ﬁngerprints
combined with chemometrics [58], ultraviolet-visible spectra analysis [59], and evaluated by
2/3-monochloropropane-1,2-diol and glycidyl esters analysis [60]. A total of 40 EVOO samples
did not meet the requirements for one or more of these methods and were therefore removed from
the sample set. In total, 200 OOs were used in this study, which consisted of 140 EVOO, 45 ROO,
and 15 POO. Prior to analysis, all the oils were sealed and stored in the dry and dark environment at
18 ± 1 ◦ C. Sampling was completed within 6 months. To avoid long-term storage, the analyses were
carried out within two weeks after sampling of each sample.
The sample preparation method was similar to our previous study [25] with minor modiﬁcations.
Firstly, 5 mL of oil was transferred into a 250 mL ﬂask. Then, the closed ﬂask was kept in a water bath
at 30 ◦ C for 30 min to equilibrate the headspace before instrumental analysis.
3.2. PTR-QiToF-MS Analysis
PTR-QiToF-MS (Ionicon Analytik GmbH, Innsbruck, Austria) was operated with a drift voltage
of 999 V, a drift temperature of 61 ± 1 ◦ C, a drift pressure of 3.803 mbar, and an E/N value of 134 ± 1
Townsend. The laboratory air was measured for the ﬁrst 10 s as a blank before each sample. Then,
the VOCs in the headspace of the ﬂask were transported to the PTR-QiToF-MS through a peek inlet
tube with a temperature of 60 ± 0.5 ◦ C. The ﬂow rate of the air in the tube was 61 ± 2 mL min−1 .
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The measurement time was 30 s. The acquisition rate was 1 spectrum per second. On each of two
diﬀerent days, one independent replicates per sample was measured. Samples were analyzed in a
random sequence to avoid any order bias. Results were stored in the system automatically.
3.3. VOCs Data Pre-Processing
All the raw data obtained from the PTR-QiToF-MS machine were integrated by PTRwid software
(Utrecht University, Utrecht, the Netherlands; http://www.staﬀ.science.uu.nl/~{}holzi101/ptrwid/) [61].
The uniﬁed mass list with the ion count per second (cps) of each sample were provided after the
autonomous mass scale calibration, as described by Holzinger [61]. The average of the 30 sample scans
and the average of the 10 blank scans were calculated separately. The VOC concentrations (molecules
per cm3 ) were calculated from cps according to Equation (1) [62]:


(m/z)H3 O+
[VOC·H + ]measured
1
[VOC] =
× 
×
+
kt [H3 O ]measured × 487
(m/z)VOC·H+

(1)

where t is the residence time of the primary ions in the drift tube, k is the coeﬃcient of the reaction
rate with a value of 2 × 10−9 cm3 /s, [VOC·H+ ]measured is the ion count rate of the protonated VOC,
[H3 O+ ]measured is the ion count rate of the protonated water at m/z 21.022, 487 is the intensity ratio of the
protonated water at m/z 19.018 (100%) to the protonated water at m/z 21.022 (0.2055%) [63], (m/z)H3O+
and (m/z)VOC·H+ are the molecular weight of protonated water and protonated VOC.
Subsequently, the unit of molecules per cm3 was converted to ppbv, on the basis of ideal gas using
Equation (2) [64]:
PV = nRT
(2)
where P (Pa) is the pressure, V (cm3 ) is the volume, n (mol) is the number of moles, R (J K−1 /mol) is the
gas constant, and T (K) is the temperature.
After unit conversion, the average of each sample’s 10 blank cycles were subtracted from the
sample’s averaged scan. The replicates of each sample were checked using autocorrelation [65], and the
sample will be removed when the correlation value was below 0.9. In this study, the correlation
values of all the samples were over 0.9. Finally, sample averages were calculated from the data of two
replicate measurements.
Sample independent ions, such as N2 + , NO+ , O2 + , H2 O+ , H3 18 O+ , (H2 O)2 ·H+ , H2 O·H2 18 O·H+
and (H2 O)3 ·H+ ] signals at mass peaks m/z 28.005, m/z 29.997, m/z 31.989, m/z 18.010, m/z 21.022, m/z 37.028,
m/z 39.032, and m/z 55.039, respectively, were removed. After the data pre-processing, 295 mass peaks
in the range of m/z 18.033 to 207.204 remained.
3.4. Relative Concentration
The relative concentration (C, %) of each mass of each sample was calculated by the intensity of
the single mass (Is , ppbv) per sample and the total mass intensity (It , ppbv) per sample using Equation
(3):
Is
× 100%.
(3)
C =
It
3.5. Data Analysis
Signiﬁcant diﬀerences of the (relative) concentrations of tentatively identiﬁed VOCs for diﬀerent
grades of OOs were assessed using non-parametric Kruskal–Wallis tests (p < 0.05). Mann–Whitney
U-tests were used to perform pairwise comparisons between OO grades. These analyses methods
were performed using SPSS (version 23, IBM, Chicago, IL, USA).
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3.6. Odor Threshold in Air
The OTs of the identiﬁed compounds were collected from several publications [29,39,66–69].
Firstly, the OT in oil were converted into the OT in air using Equation (4):
Ca1 = KCo ρ

(4)

where Ca1 (μg/L) is the OT in air, Co (μg/kg) is the OT in oil, K is the air/liquid partition coeﬃcient of
compound [67], and ρ is the density of olive oil (0.916 kg/L).
Then, the unit of the OT in air was converted using Equation (5) [64]:
Ca2 = Vm

Ca1
× 1000
M

(5)

where Ca2 (ppbv) is the OT in air, Vm is the standard molar volume of ideal gas at 1 bar and 298 K with
a value of 24.77 L/mol [70], and M (g/mol) is the molecular weight of the compound.
Subsequently, the lowest OT of each compound was used in this study. The calculated OTs in
air from various literature sources are provided in the Supplementary Material (Table S1). The OAV
was calculated using the average concentration of the volatile compound for each of the type of OO
divided by the corresponding OT.
4. Conclusions
Signiﬁcant diﬀerences in VOC headspace concentrations were determined for the diﬀerent grades of
OOs. Most of the VOCs were present in signiﬁcantly higher concentrations for EVOO than for ROO/POO.
However, signiﬁcantly higher concentrations of mass peaks m/z 47.012 (formic acid), m/z 49.016, m/z
49.027, and m/z 115.111 (heptanal/heptanone) were found for the lower grades of OOs (ROO/POO)
compared to EVOO. Furthermore, signiﬁcant diﬀerences of the VOCs proportions were observed
indicating a distinct change in the balance of the VOCs across OO grades. Thus, EVOO and ROO/POO
not only diﬀer quantitatively (concentrations of compounds) but also qualitatively (proportions of
compounds). Comparison with OAVs of the compounds revealed the expected change in contribution
to the odor of the OOs. Our results underpin the well-known richer and more complex odor of EVOO
by the elevated contribution of the VOCs with green notes exceeding the minimal OAV. Furthermore,
the consistent diﬀerences in VOCs concentrations between EVOO and other grades of OO may provide
potential for veriﬁcation of the identity of OOs.
Supplementary Materials: The following are available online, Table S1: List of the air/liquid partition coeﬃcients
(K) and the calculated odor thresholds (OTs) in air (ppbv) of volatile organic compounds.
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Abstract: Air- and sun-dried raisins from Thompson Seedless (TS) grapes were analyzed under
GC/MS to evaluate fatty acids (FAs) and their derived volatile compounds, coming from unsaturated
fatty acids oxidation. A total of 16 FAs were identiﬁed in TS raisins, including 10 saturated fatty acids
(SFAs) and 6 unsaturated fatty acids (USFAs). The contents of C18:0, C15:0, and C16:0 among SFAs
and C18:3, C18:2 and C18:1 in USFAs were signiﬁcantly higher. Furthermore, USFAs such as C16:1 and
C20:1 were only identiﬁed in air-dried raisins. The principal component analysis showed the increased
content of FAs and FA-derived compounds were in air-dried and sun-dried raisins, respectively.
Among FA-derived compounds, 2-pentyl furan, 3-octen-2-one, 1-hexanol and heptanoic acid were
more potent. This study shows that air-drying is more favorable for the production of fatty acids
(SFAs and USFAs), whereas sun-drying is more advantageous in terms of fatty acid-derived volatiles.
Keywords: fatty acids; UFAO-derived compounds; air- and sun-drying; raisins; GC/MS

1. Introduction
Raisin is a dried grape blessed with a particularly appealing sweet taste, and nutritional and
energy value. A wide variety of raisins are being used around the world either as fruits, brewing or
in cultural cuisines as dessert. According to the United States Department of Agriculture [1], China
is a major producer of raisins (1.90 million tons per year), and raisins have an important role in the
economy. The global raisin production is about 1.25 million metric tons, with China ranked third
following America and Turkey in the year 2016–17 [2]. About 20 kinds of grape varieties are cultivated
for raisin production. Among these, TS is a leading grape variety and is consumed as fresh grapes,
raisins, and wines. The ‘TS’ is a versatile variety because it can be used as a green raisin (sun-dried) or
golden raisin (commercial dehydrator). The relatively high sugar content is the dominant feature of
‘TS’ variety, which accounts for 85–90% of the acreage in the populated raisin-growing region ‘Turpan’,
in China [2].
Molecules 2020, 25, 608; doi:10.3390/molecules25030608
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Traditionally, raisins have been produced from fully ripened grapes by air- or sun-drying methods,
or by using prevailing technologies such as microwave, freezing, and oven drying [3]. Various drying
methods have been introduced for raisin production, but air-drying has gained more popularity than
others in Turpan (China). The ultimate purpose of any drying technique is to produce top-quality
raisins at a low price. The air-drying method may signiﬁcantly aﬀect fatty acids and their volatile
compounds in comparison with the sun-drying process. The direct comparison of both drying methods
with respect to fatty acid composition and their derived compounds has generally been overlooked
so far.
The aroma is the most striking feature of consumer preferences. Raisin ﬂavor generally increased
and changed, when they are being used as an ingredient of processed food. In recent years, a large
number of volatiles aﬀecting the aroma of raisins have been identiﬁed. It has already been reported
that raisin volatile compounds are produced due to fresh grapes, glycosidic binding, Maillard reaction,
unsaturated fatty acids, and carotenoids [4]. FA-derived volatile compounds were the major contributor
to raisin aroma [4–6], which mainly consists of six-carbon (C6 ) and nine-carbon (C9 ) compounds of
aldehydes, alcohols, and esters. These volatiles have also been known as a major source of aroma in
grapes and wine [7], and are produced by the oxidative breakdown of USFAs. This process takes place
through the autoxidation of USFAs [8] or the lipoxygenase (LOX) hydroperoxide lyase (HPL) pathway,
in which the major enzyme such as alcohol dehydrogenases (ADHs), LOX and HPL play an important
role in volatile production [9,10].
The oxidative degradation of USFAs produces the volatile compounds, and is also a key concern of
food scientists and consumers because it signiﬁcantly inﬂuences sensory quality, nutritional value, and
the shelf life of the product. The production of a large number of compounds, such as (E)-2-nonenal,
(E,E)-2,4-nonadienal, (E)-2-octenal, heptanal, (E)-2-heptenal and (E)-2-hexenal, has already been
reported by the oxidation of linoleic acid whereas decanal and octanal are produced by the oxidation
of oleic acid. Pentanoic acid may originate from the degradation of SFAs [11,12]. In addition,
the compounds derived from USFAs include ester, alcohol, and aldehydes, and these compounds play
a pivotal role in the generation of fruity, ﬂoral and green leafy aroma in raisins.
Storage causes a deterioration in the quality, freshness, and aroma of foodstuﬀs, which can easily
be recognized by the consumer [13]. During storage, the autoxidation of fatty acids, in addition
to the formation of volatile compounds, also causes rancidity. Packaging materials fulﬁll several
purposes, including reduction of rancidity [14], protection against adulteration, and maintenance of
the anticipated quality, aroma and ﬂavor of the product [15]. Likewise, for consumer acceptance,
the aroma and ﬂavor should be maintained during raisin storage. The concentration and composition
of FAs and their derived volatile compounds produced in the air-drying raisins may diﬀer from those
of sun-drying. Therefore, the aim of our research work was to investigate the generation and change
the regularity of FA and volatile compounds in TS raisin during storage.
2. Results
FAs are an essential component of our body that we usually take from our foods. Raisin is one of
the main sources of FAs. Furthermore, their derived compounds produce diﬀerent kinds of aromas
(fatty, roasted, fruity, etc.). FAs and their derived compounds can be released or generated under the
inﬂuence of air- and sun-drying methods during storage.
2.1. Fatty Acid Composition
The compositions of 16 FAs were obtained from TS raisins (air- and sun-dried) during storage
as depicted in Table 1. The USFAs mainly composed of erucic acid (C22:1), paullinic acid (C20:1),
linolenic acid (C18:3), linoleic acid (C18:2), oleic acid (C18:1), and palmitoleic acid (C16:1). Among
USFAs, linoleic acid (C18:2) was the most dominant compound. Furthermore, the SFAs consisted of
10 major compounds, including; lignoceric acid (C24:0), tricosylic acid (C23:0), behenic acid (C22:0),
arachidic acid (C20:0), stearic acid (C18:0), margaric acid (C17:0), palmitic acid (C16:0), pentadecylic
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acid (C15:0), myristic acid (C14:0) and lauric acid (C12:0). The C16:0 and C18:0 were the most highly
signiﬁcant compounds of the SFAs. Overall, the concentrations of C18:3, C18:2, C18:1, and C16:0 were
higher in raisin. Both drying methods had a diﬀerent eﬀect on the FA proﬁle during storage. There
were 14 FAs that were present in both air-dried and sun-dried raisins. In addition to this, two FAs
(C16:1; C20:1) were only identiﬁed in air-dried raisins.
The total concentration of SFAs, USFAs, and total FAs was comparatively higher in those raisins
dried by the air as compared to those dried by the sun (Figure 1). The most striking result emerging
from the data is that the concentrations of all FAs (SFAs and USFAs) were signiﬁcantly higher in
air-dried raisins than sun-dried raisins (Table 1). The results showed that the concentrations of C16:0,
C18:0, and C18:2 were higher in air-dried raisins at the start of storage and then decreased with the
time duration, while the C15:0 content increased with storage duration. In contrast, the concentrations
of other FAs did not change in storage with respect to drying methods.

Figure 1. Eﬀect of drying method on total saturated fatty acids (TSFAs), total unsaturated fatty acids
(TUSFAs) and total fatty acids (TFAs) of raisins. Diﬀerent lettering indicates a signiﬁcance level p < 0.005;
n = 3.
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Palmitic acid
Margaric acid
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Tricosylic acid
Lignoceric acid

Saturated Fatty Acid

Common Name

y = 0.1042x + 0.7286
y = 0.1283x + 1.5322
y = 0.0883x + 1.3784
y = 0.1006x + 0.5955
y = 0.053x + 0.2264

y = 0.1282x + 0.4898
y = 0.1344x + 0.919
y = 0.1395x + 1.8572
y = 0.0148x + 0.8343
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y = 0.1428x + 0.5216
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y = 0.1511x + 0.2175
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Linear Equation
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0.995
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1.89b
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0.28ab
0.26a

0-M

0.74a
1.51b
2.78b
1.93ab
0.24a
1.10b
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1.07b
1.90b
1.37b
0.62a
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0.99c
1.88c
0.97d
0.55b
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0.66d
1.47d
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0.49b
0.95d
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0.53b
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0.27b
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NF
0.64d
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1.57c
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0.67c

8-M

0.50b
0.95d
1.87d
0.91e
0.54b
1.04d
0.67b
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8-M

Sun-Dried
4-M

RT: retention time. ID (identiﬁcation method): 1, identiﬁed, mass spectrum and RI were in accordance with standards; 2, tentatively identiﬁed, mass spectrum matched in the standard
NIST 2008 library and RI matched with NIST Standard Reference Database (NIST Chemistry WebBook). Linear equation: concentration in mg/L; x, peak area ratio of a compound into
the internal standard (4-methyl-2-pentanol). R: Regression coeﬃcient.

RT

S/No

Table 1. Identiﬁcation of diﬀerent fatty acids (saturated and unsaturated) in air-dried and sun-dried raisins during storage.
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2.2. Fatty Acid-Derived Volatile Compounds
Twenty-six aroma compounds, including 7 aldehydes, 9 alcohols, 4 esters, 4 acids, 1 ketone, and
1 furan, were identiﬁed in raisins during storage. Acids were noticed to have the highest content in
raisins dried by both methods, followed by alcohol, aldehyde, ketone, furan, and ester. Overall, higher
contents were observed in sun-dried raisins (Figure 2).

Figure 2. Eﬀect of sun- and air-drying methods on the diﬀerent classes of fatty acid-derived compounds.

During storage, in sun-dried raisins, the aldehydes, alcohol and furan compound contents
decreased as time went by, but the ester and ketone contents increased. The concentrations of main
class (acids) were less at the fresh stage compared to at 4, 8 and 12 months of storage, but similar results
were found during storage (Figure 3). Furthermore, during storage, as time passed in the air-dried
raisins, the concentration of ester and aldehydes increased, but the alcohol and furan concentration
decreased. The compounds belonging to the acid and the ketone groups exhibited asymmetrical eﬀects
during storage (Figure 4).
A total number of 26 FA-derived volatile compounds in raisins were listed, among which 20
compounds were identiﬁed in both drying methods. Of the remainder, 5 compounds were only
detected in sun-dried raisins and 1 compound was only identiﬁed in air-dried raisins (Supplementary
Table S1). Ethyl octanoate, methyl octanoate, 2-ethyl-1-hexanol, (E)-2-heptenal, and (E)-2-octen-1-ol
were not found in air-dried raisins, while 2-nonanol was not recognized in those raisins that were
dried under the sun. A few volatile compounds such as (Z)-3-hexen-1-ol and methyl octanoate in
sun-dried raisins, and (E,E)-2,4-heptadienal and decanal in air-dried raisins, were not found in the fresh
sample, but were quantiﬁed during storage. Furthermore, compounds such as decanal, 1-hexanol,
3-octen-2-one and 2-pentyl furan were the leading compounds on the basis of concentration, and their
contents decreased with the passage of storage. On the other hand, the concentrations of heptanoic
acid and octanoic acid were directly proportional to storage intervals (Supplementary Table S1).

Figure 3. Post-storage changes of diﬀerent classes of fatty acid-derived compounds in sun-dried raisins.
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Figure 4. Post-storage changes of diﬀerent classes of fatty acid-derived compounds in air-dried raisins.

2.3. Eﬀect of Drying Method on Fatty Acids and UFAO-Derived Volatile Compounds
During storage, the FA composition and intensity of UFAO-derived volatiles of TS raisins were
analyzed using principal component and K-means analysis to determine the eﬀect of the sun- and
air-drying methods on raisin FAs and their volatiles. With respect to the drying method (air and
sun), the ﬁrst two principal components (PCs) represented 88.36% of the total variance (Figure 5A).
The sun-dried raisins were well separated from the air-dried raisins by PC1. The PC1, which
accounted for 77.09% of the total variance, was characterized by all SFAs and USFAs, as well as three
VOCs, including pentanol, 2-nonanol and (Z)-3-hexen-1-ol (Figure 5B). The remaining UFAO-derived
compounds were considered to be the part of belonging to sun-drying methods.

Figure 5. PCA (A) score plot for samples and (B) loadings plot based on fatty acids and their derived
volatile compounds during storage.

2.4. Hierarchical Cluster Analysis
With respect to air- and sun-drying methods, Figure 6 shows the accumulation pattern of diﬀerent
FA-derived volatile compounds in TS raisins. The cluster of volatile compounds was drawn using
hierarchical cluster analysis. The volatile compounds with a similar eﬀect were mainly classiﬁed into
two main clusters on the basis of the calculated distance. In the air-drying and sun-drying method,
higher amounts of volatile compounds were noted in clusters 1 and 2, respectively. Due to the changing
trend of volatile compounds during storage, cluster 2 was further divided into two sub-clusters, 3 and 4.
Cluster 3 represents those compounds whose concentration decreased during storage, while increasing
trends are shown in 4.
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Figure 6. Heatmap visualization of fatty acid-derived volatile compounds of Thompson Seedless raisins.

3. Discussion
From a nutritional point of view, FAs play a key role in human life. In particular, USFAs have
a signiﬁcant importance for human health, and are responsible for decreasing the cholesterol level,
as well as preventing diﬀerent diseases such as cancer, heart disease, atherosclerosis, and diabetes [16].
Among USFAs, linoleic acid (C18:2) was the most dominant compound, as mentioned in the previous
studies with respect to diﬀerent raisins varieties [17]. As per the results, the number of USFAs,
as well as the concentrations of SFAs and USFAs, was signiﬁcantly higher in the air-dried raisins.
The temperature and heat are signiﬁcantly higher during the sun-drying of raisins as compared to
air-drying, and this has been found to be more favorable for the autoxidation reaction [8], and is
responsible for the conversion of FAs into their volatile compounds. Regardless of C16:0, C18:0, and
C18:2, the concentration of other FAs compounds did not change during the storage of raisins.
With respect to the aroma, FAs are key precursors for the formation of ﬂavor in diﬀerent fruits [18].
Autoxidation plays a dynamic role in catalyzing USFAs into C6 and C9 volatiles (aldehydes and
alcohol), which develop a distinct aroma [19]. Overall, 26 FA-derived compounds were quantiﬁed in
this study that had already been described in our previous work [4,6,20]. The compounds generated by
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sun-drying had higher concentration compared to those generated by air-drying. This is due to higher
temperature and heat, which can be considered to be favorable for producing a higher concentration of
FA-derived volatile compounds [6].
The descriptions, precursors of identified compounds [11,12,21–24], and aroma descriptors [20,25–27]
are presented in Table 2. The fruity, green and sweet aromas [25,26] producing compounds such as decanal,
1-hexanol, 3-octen-2-one and 2-pentyl furan were the leading compounds in terms of concentration,
and their contents decreased with storage time. In addition, the fatty and cheesy aroma [26]-producing
compounds (heptanoic acid and octanoic acid) were considered, and these had a direct relationship
with storage. Overall the concentration of fruity, floral and herbaceous aroma-producing compounds
was higher throughout the study. Only the amount of (Z)-3-hexen-1-ol was higher in air-dried raisins
and increased gradually as the storage period progressed, and their precursor had not been reported
in the literature. The compounds (E)-2-heptenal, (E,E)-2,4-nonadienal and nonanal were derived from
linoleic acids [11,12], while decanal and 1-heptanol came from oleic acids [22,23], and showed higher
concentration at fresh stage, with volatility decreasing with the extension of storage duration, which might
be due to the loss of their high proportion of volatilization by evaporation [28] in storage. The derivates
of oleic acid (1-octanol), linoleic acids (1-octen-3-ol, heptanoic acid, and ethyl octanoate), linolenic acid
(E,E)-2,4-heptadienal) and arachidonic acid (3-octen-2-one) showed lower content in fresh raisins, with
their concentration being increased as the storage time increased. In sun-dried raisin, all acidic compounds
octanoic acid, heptanoic acid, pentanoic acid, and hexanoic acid showed higher concentrations when
specifically stored for 8 and 12 months, but in air-dried raisin, these showed irregular trends during
storage. The acid compounds were derived from the autoxidation of methyl linoleic acid [24]. Some
volatile compounds are specific to the drying method, such as 2-nonanol and methyl octanoate, which
were only present in air-dried and sun-dried raisins, respectively. These showed higher concentration
at 12 months of storage. The only furan compound, ‘2-pentyl furan’, came from linoleic acid [11,23]
and had a higher concentration in fresh raisin as compared to storage for both drying methods. These
results coincided with our previous report on changes of volatile compounds in pre-treated raisins during
storage [4].
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1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Ethyl hexanoate
Ethyl octanoate
Methyl octanoate
γ-Nonalactone
Pentanal
Heptanal
(E)-2-Heptenal
Nonanal
Decanal
(E,E)-2,4-Heptadienal
(E,E)-2,4-Nonadienal
1-Hexanol
(Z)-3-Hexen-1-ol
1-Octen-3-ol
1-Heptanol
2-Ethyl-1-hexanol
1-Octanol
(E)-2-Octen-1-ol
1-Nonanol
2-Nonanol
Pentanoic acid
Hexanoic acid
Heptanoic acid
Octanoic acid
3-Octen-2-one
2-Pentyl furan

Volatile Compounds
Ester
Ester
Ester
Ester
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Aldehyde
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Alcohol
Acid
Acid
Acid
Acid
Ketone
Furan

Source
1
2
2
2
2
2
2
1
1
2
2
2
2
1
2
1
1
2
1
2
2
1
1
1
2
2

ID-M
88
74
88
85
44
44
41
57
43
81
81
56
67
57
70
57
56
57
56
45
60
60
60
60
55
81

Ion (m/z)

Formula
C8 H16 O2
C10 H20 O2
C9 H18 O2
C9 H16 O2
C5 H10 O
C7 H14 O
C7 H12 O
C9 H18 O
C10 H20 O
C7 H10 O
C9 H14 O
C6 H14 O
C6 H12 O
C8 H16 O
C7 H16 O
C8 H18 O
C8 H18 O
C8 H16 O
C9 H20 O
C9 H20 O
C5 H10 O2
C6 H12 O2
C7 H14 O2
C8 H16 O2
C8 H14 O
C9 H14 O

Aroma Descriptor
Fruity, apple-like e
Apple, fruity, sweet e
Fruity, citrus like e
Coconut, peach e
Fat, Green e
Dry ﬁsh, solvent, smoky e
Fatty, soapy, tallow e
Green, Fruity e
Sweet, citrus, green c
Fatty, hay a
Fatty, oily a
green a
Fruity, green a
Mushroom, fruity e
Grape, sweet b
Floral, sweet fruity b
Citrus, rose c
Fatty, rancid a
Floral a
NF
Sweet a
Rancid, Cheese, Fatty e
Sweety, cheesy d
Rancid, Cheese, Fatty e
Green, fruity a
Fruity, green, sweet e

Precursor
Linoleic acid F
Linoleic acid, Linolenic acid F
Oleic acid A
Linoleic acid F
Linoleic acid, Arachidonic acid E
Linoleic acid D,E , Oleic acid E
Linoleic acid D,E
Linoleic acid B
Oleic acid D,E
Linolenic acid E
Linoleic acid D,E
NF
NF
Arachidonic acid D , Linoleic acid A
Oleic acid A
NF
Methyl Oleate B
Oleic acid A
NF
NF
Methyl Linoleic acid C
Methyl Linoleic acid C
Methyl Linoleic acid C
Methyl Linoleic acid C
Arachidonic acid E
Linoleic acid B,E

Reported the precursor (fatty acids) of their respected volatile compounds (A Frankel 1980; B Frankel, Neﬀ, and Edward S. 1981; C Horvat et al. 1968; D Meeting, Ho, and Hartman 1994;
E Whitﬁeld and Mottram 1992; F Belitz, Garcia and Wayne, 2004); NF = not found; Retention Indices (RI): Kovats RI was calculated based on the n-alkane series (C6–C24) on the poly
(ethylene glycol) (PEG) column under the same chromatographic conditions. Aroma descriptors were obtained from “Flavornet and human odor space” the LRI and odor database
(a http://www.odour.org.uk/odour/index.html) and from reported literature (b Jiang & Zhang, 2010; c Wang et al., 2017; d Welke et al., 2014; e Wu et al., 2016). Identiﬁcation method
(ID-M): 1, identiﬁed, mass spectrum and RI were in accordance with standards; 2, tentatively identiﬁed, mass spectrum matched in the standard NIST 2008 library and RI matched with
NIST Standard Reference Database (NIST Chemistry WebBook). Ion (m/z): The characteristic ion (m/z) was used for choosing the corresponding compound and evaluating the peak areas
of them in order to avoid possible interference by other compounds.

RI

1227
1432
1378
2035
975
1178
1325
1393
1501
1497
1705
1349
1395
1449
1453
1487
1555
1614
1657
1488
1740
1847
1953
2060
1416
1224

S/No

Table 2. The description of identiﬁed UFAO-derived compounds in Thompson seedless raisins.
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4. Materials and Methods
TS grapevine was planted in a commercial orchard located in Turpan (at northern hemisphere
with latitude 42.948 and longitude 89.179 coordinates) Xinjiang province, China. The speciﬁc air-drying
method reported by our lab [6] and common sun-drying methods were used for dehydrating the
fully ripe grapes (TSS > 20 ◦ Brix), which required 42 and 28 days, respectively. The drying process
continued until the weight of TS raisins remained unchangeable, up to a maximum of 3 days, and
the moisture contents were less than 15%. Then, 1 kg raisins samples from each drying method (sun
and air) were packed into plastic bags and preserved at room temperature (24 ± 2 ◦ C) for 12 months
(October 2014 to September 2015). The post-storage changes of TSS (◦ Brix), pH, and moisture content
(%) of the sun- and air-dried raisins are shown in Supplementary Figure S1. The FAs and their derived
volatile compounds were detected and identiﬁed after 4-month intervals of storage (i.e., at 0, 4, 8
and 12 months). All of the samples were kept in the freezer (at −40 ◦ C) until use, and each one was
analyzed in triplicate.
4.1. Analysis of Fatty Acids
4.1.1. Sample Preparation
The extraction of FA was conducted as in our earlier study [29], with minor modiﬁcations. Firstly,
raisins were deep-frozen using liquid nitrogen with added quartz sand (1:1), and then immediately
pulverized by an electronic shaker.
4.1.2. Extraction and Methylation
A two-gram raisin sample was added to a 50 mL glass ﬂask with 25 mL n-hexane and 8 mL
methanol as the extraction solvent. Prior to extraction, the solvent was shaken by an electronic oscillator
for 30 min at 28 ◦ C and the residue was collected in a trice using the same procedure. The collected
organic layers were immediately put into a vacuum rotary evaporator (30 ◦ C) for drying. After
evaporation of the solvent, 5 mL of 1% H2 SO4 /methanol (w/v) solution was added to methylate the
lipid extracts for 2 h at 65 ◦ C and then cooled down on room temperature. Afterward, n-hexane (3 mL)
and distilled water (3 mL) were added to separate the methyl ester of FA from this two-phase mixture,
and this was repeated in triplicate. The hexane layer was collected and dried under a gentle stream of
nitrogen. Finally, 990 μL n-hexane and 10 μL methyl nonadecanoate (0.04 mg/mL) were added, and
ﬁltered through the organic phase microﬁltration membrane (0.22 μm) and then immediately analyzed
by gas chromatography (GC) coupled with a 5975 mass spectrum (MS).
4.1.3. GC-MS Condition
The FA methyl esters were detected by an Agilent GC (7890, (J&W Scientiﬁc, Folsom, CA, USA))
equipped with MS (5975) (J&W Scientiﬁc, Folsom, CA, USA). A capillary column 0.25 μm in thickness
(60 m × 0.25 mm id HP-INNOWAX) (J&W Scientiﬁc, Folsom, CA, USA) was used to determine the
FA. In this experiment, the temperature condition of GC-MS was quite diﬀerent from our previous
work [29]. Initially, the ﬂow rate of helium (carrier gas) was 1 mL/min, and the oven temperature was
40 ◦ C for 1 min, elevated to 220 ◦ C at 25 ◦ C/min, and then changed to 250 ◦ C at 5 ◦ C/min. In the end,
the temperature was held for 20 min at 250 ◦ C. The temperatures of the injector and transfer line were
maintained at 250 ◦ C and 280 ◦ C, respectively.
4.2. Fatty Acid-Derived Volatile Compounds
4.2.1. Sample Preparation
The raisin samples for the extraction of FA-derived volatile compounds were prepared according
to precedent [6]. The slurries were prepared by soaking frozen raisins in an equal weight of distilled
water and stored overnight at 4 ◦ C. On the very next day, the samples were thoroughly homogenized
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and macerated (4 h). The pulp was immediately centrifuged (at 8000 rpm; 15 min; 4 ◦ C) and the
whole supernatant was obtained thereafter. The clear supernatant was used for the identiﬁcation of
free-form VOCs.
4.2.2. SPME Condition
For extraction, the clear supernatant (5 mL) and 4-methyl-2-pentanol (10 μL; 1.0018 mg/L;
as an internal standard) were blended with a magnetic stirrer in a vial (15 mL). NaCl (1.3 g) was mixed in,
and the vial was tightly capped with a stopper (PTFE-silicon) (CNW Technologies, Dusseldorf, Germany).
The sample-containing vial was then equilibrated (40 min; 60 ◦ C) on a heating stand. The extraction
was executed by inserting solid-phase micro-extraction fiber (CAR/PDMS/DVB) (Supleco, Darmstadt,
Germany) into the headspace over a period of 40 min, with constant heating and agitation. At the end
of the extraction of volatiles, the fiber was instantly desorbed for 8 min into the GC injection port.
4.2.3. GC-MS Condition
The detection of FA-derived compounds was accomplished on the same GC-MS (mentioned
earlier), but the oven temperature was changed, and was automated as follows: temperature and
time: 50 ◦ C for 1 min, and increased to 220 ◦ C at a rate of 3 ◦ C/min and then maintained at 220 ◦ C
for 5 min. Mass spectra were accomplished using the electron impact (EI) approach by obtaining the
ionization energy (IE, 70 eV) and source temperature (230 ◦ C). The full-scan approach was applied
along with mass range (m/z; 20–450), and then further action took place in a selective ion manner under
auto-tune conditions.
ChemStation software (Agilent Technologies, Santa Clara, CA, USA) was used for managing and
investigating the data. The identiﬁcation of compounds was carried out using retention indices (RI)
of reference standards, while the mass spectra were matched with the NIST 08 (National Institute of
Standards and Technologies, Gaithersburg, MD, USA) library. Wherever the reference standard was
not available, tentative identiﬁcation was performed by comparing the mass spectrum of the NIST
library and RI that was cited in the literature.
4.2.4. Quantiﬁcation Method
The quantiﬁcation method was standardized in our previous work [6], with minor modiﬁcations.
A simulated solution was prepared by taking the average concentration of the sugar and acids in the
raisin supernatant. Then, the solution was prepared in distilled water containing glucose (400 g/L) and
tartaric acid (5 g/L). The pH of the solution was acclimatized to 4.2 with 1 M solution of NaOH. Now,
the known concentrations of standard compounds were mixed in ethanol (HPLC-grade) and diluted
up to the ﬁfteenth level using the simulated raisin solution. Each level was extracted and analyzed
in a similar manner as that of the raisin supernatant. Furthermore, the volatile compounds that did
not fulﬁll chemical standards were juxtaposed with those standards that had identical functional
groups/similar numbers of C-atoms. In the end, the content of identiﬁed volatile compounds was
computed by the characteristic ion peak area with regards to the IS.
4.3. Statistical Analysis
Heatmap cluster analysis (HCA)and principal component analysis (PCA) were performed based
on the concentration of identiﬁed volatile compounds and FAs by the Metabo-Analyst 3.0 software
(http://www.metaboanalyst.ca/) through time series analysis. Auto-scaling (mean-centered and divided
by the standard deviation of each variable) was used to normalize the data. A two-way statistical
analysis of variance was utilized to calculate the inﬂuence of drying techniques during the storage
time on diﬀerent classes of volatile compounds employing a signiﬁcance level p < 0.005.
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5. Conclusions
Raisins were prepared from TS grapes using air- and sun-drying techniques. The dried raisins
were stored for 0, 4, 8 and 12 months at room temperature and the FAs were then identified and
quantified along with their derived compounds under GC/MS. A total of 16 and 14 FAs were identified
in air-dried and sun-dried raisins, respectively. Paullinic acid (C20:1) and palmitoleic acid (C16:1) were
only identified in air-dried raisins. Overall, a higher content was seen in air-dried raisins than sun-dried
raisins, specifically at the fresh stage. Generally, non-significant changing effects of FAs were seen during
storage. The concentrations of FA-derived raisin compounds were significantly higher in sun-dried
raisins. The compounds (E)-2-heptenal, (E,E)-2,4-nonadienal, nonanal, 1-hexanol, 2-ethyl-1-hexanol,
decanal, 1-heptanol were higher in fresh raisins, while ester compounds (ethyl hexanoate, ethyl octanoate,
and methyl octanoate) and ketone compound (3-octen-2-one) were higher after a storage period of
12 months. The outcomes of this research indicate that the air-drying method improves the nutritional
quality in terms of FA, and the sun-dried method enhances the flavor of TS raisins.
Supplementary Materials: The following are available online: Figure S1: Eﬀect of drying method on TSS, pH and
moisture content of stored raisins, Table S1: Eﬀect of drying methods on UFAO-derived compounds of Thompson
Seedless raisins during storage.
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Abstract: The aim of this study was to evaluate the inﬂuence of clariﬁcation treatments on volatile
composition and aromatic attributes of wine samples. ‘Italian Riesling’ icewines from the Hexi
Corridor Region of China were clariﬁed by ﬁning agents (bentonite (BT) and soybean protein (SP)),
membrane ﬁltration (MF), and centrifugation (CF) methods. The clarity, physicochemical indexes,
volatile components, and aromatic attributes of treated wines were investigated. Both the ﬁning agents
and mechanical clariﬁcation treatments increased the transmittance and decreased the color intensity
of icewine samples. Bentonite ﬁning signiﬁcantly inﬂuenced the total sugar content, total acidity and
volatile acidity. Total acidity decreased 2–3.5% and volatile acidity 2–12%. MF showed the greatest
inﬂuence on total phenol content, decreasing the initial content by 12%, while other treatments by less
than 8%. Volatile analysis indicated that both the categories and contents of volatile compounds of
wine samples decreased. MF treatment showed the most signiﬁcant inﬂuence, while SP ﬁning showed
much lower impact. Odor activity values indicated the compound with the highest odor activity in
Italian Riesling icewines was β-damascenone. For this compound, BT and SP did not show signiﬁcant
diﬀerences, however, in MF and CF it decreased by 20% and 63%, respectively. Furthermore, with
high impact on aroma were: ethyl hexanoate which reduced by 20–80% especially in MF; rose oxide
which extremely reduced in MF and undetected in BT, SP, and CF; isoamyl acetate which reduced
by 3–33% and linalool decreased by 10–20% and undetected for BT. Principle component analysis
indicated that icewine clariﬁed by diﬀerent methods could be distinguished and positively correlated
with odor-active compounds. Floral and fruity were the dominant aroma series in icewine samples
followed by fatty, earthy, spicy, vegetative and pungent ﬂavor. The total odor active value of these
series signiﬁcantly (p < 0.5) decreased in diﬀerent clariﬁcation treatments. Sensory evaluation showed
similar results, but the SP and CF wine samples achieved better sensory quality. This study provides
information that could help to optimize the clariﬁcation of ice wines.
Keywords: ﬁning; ﬁltration; icewine; volatile compounds; aroma series; sensory analysis

1. Introduction
Clarity is an essential quality attribute of wine and is recognized and valued by consumers
together with the taste and aroma properties. Nowadays, wine stabilization and limpidity can be
enhanced by centrifugation, ﬁltration, ﬁning or other clariﬁcation technologies [1]. The aim of this
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process is to decrease turbidity by removing suspended and colloidal particles in wine, meanwhile,
macromolecules such as unstable proteins, which can later be denatured or aggregated and cause
stability problems can also be removed [2,3].
The simplest and most economical way of clariﬁcation is natural settling or spontaneous
sedimentation, where particles causing the turbidity settles to the bottom of wine by gravity. However,
this method is time consuming and there are some particles with poor settling characteristics that
cannot settle [3]. The aim of centrifugation is to accelerate the settling process by rotating it very
fast around an axis. It is a rapid method for removing sediments and obtaining clean, stable and
ready-to-drink wines, however, this system is restricted by the volume capacity or the enormous
investment cost [3]. Filtration could eliminate solids or particles by passing wines through a ﬁlter
medium, however, this separation technique was sometimes restricted by the clogging of ﬁlter surfaces,
the throughput, the eﬃciency, the cost, and the practicability [3,4]. Clarifying agent addition (ﬁning) is
a process used to modulate and protect the organoleptic properties of the wines and to ensure their
physicochemical stability by preventing the formation of hazes and deposits [5–7]. Unlike ﬁltration
and sedimentation that remove mainly particulates, ﬁning could also remove some soluble substances
including aroma components, coloring matter, and polymerized tannins in wines [8].
Bentonite, polyvinylpolypyrrolidone (PVPP), and protein-based ﬁning agents are widely used in
wine clariﬁcation. Among them, bentonite was the most eﬃcient ﬁning agent to obtain wine protein
stability, however, its non-selectiveness may reduce both wine quality and quantity [9]. Horvat et al.
found that bentonite added during fermentation positively aﬀected wine quality by enhancing the
preservation of key fermentation volatiles in relation to the control and exhibited positive sensory
eﬀects [9]. Other ﬁning agents also inﬂuence wine aroma compounds, as Gil et al. found that thiol
compounds in rose wine ﬁning were PVPP dose-dependent, and a possible explanation was that PVPP
would adsorb glutathione-S-conjugates aroma precursors, thus reducing the aroma content of the
ﬁnished wine [7]. Proteins used for ﬁning could come from animal origin (including egg albumin,
casein, serum albumin, gelatin and isinglass) or plant origin (obtained from wheat, rice, pea, lupin
and maize). However, the issues involved with animal diseases and their possible transmission to
human beings have led the restriction on the use of animal products in wine ﬁning, which increased the
viable possibility use of plant-derived proteins [8,10,11]. As liquid chromatography-mass spectrometry
analysis has detected the residual egg and wheat protein in wines, the use of these proteins was
restricted by their potential allergenic features [12,13]. As a consequence, the plant-based products with
lower allergenic potential such as soybean protein, were in response to winemakers’ interest [8,10,12].
Recently, vegetable protein ﬁning was studied by numerous researchers in wine clariﬁcation. Granato
et al. found that lentil proteins and gluten ﬁning showed a signiﬁcant inﬂuence on the total content of
fermentative aroma compounds (esters and alcohols), while soybean protein showed less impact on
wine aroma components [8]. Although the inﬂuence of clariﬁcation on wine volatile compounds have
been identiﬁed, further study should be considered because only a limited number of volatile fractions
can be perceived and contribute to wine aroma.
Icewine is a kind of sweet wine produced by naturally frozen grapes [14]. The contents of sugar,
acids, and aroma compounds are concentrated in the ice-grape must which results in icewine having a
rich, balanced, and intense ﬂavor proﬁle [15]. To ensure that top quality in icewines, aroma proﬁling
tends to be an important priority [16]. Quality and odor proﬁle of icewines were aﬀected by many
aspects from grape growing, winemaking, and aging technology. Among them, clariﬁcation tends to
be an important technology because the high soluble solids levels of icewines make the clariﬁcation
more diﬃcult than dry wines, while a strength clariﬁcation treatment could signiﬁcantly impact the
ﬁnal ﬂavor and sensory quality of bottled wines. In this study, the eﬀect of diﬀerent clariﬁcation
methods: membrane ﬁltration (MF), centrifugation (CF), bentonite (BT) and soybean protein (SP) on
clarity, physicochemical indexes, aroma quality and sensory characteristics of ‘Italian Riesling’ icewine
were investigated, thus to provide useful insight and technical support in icewine clariﬁcation.
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2. Results and Discussion
2.1. Chemical Composition and Transmittance of Wines
The ﬁrst requirement for wine ﬁning is to decrease turbidity or increase transmittance, thus,
to get a crystal clear and translucent wine with good stability, whiles minimizing the inﬂuence on
other parameters of the wine [2]. As can be seen from Figure 1A, both ﬁning agents and mechanical
clariﬁcation caused a signiﬁcant increase in wine transmittance. All the treated wine samples showed
a transmittance higher than 90%. Among them, MF treatment showed higher eﬃciency in wine
clariﬁcation, which exhibited a signiﬁcantly higher transmittance value (97.98%) compared to the
other treatments. On the contrary, color intensity (CI) showed a signiﬁcant decrease in treated wines
(Figure 1B). The MF treatment showed the lowest CI value with a 35.44% decrease while SP ﬁning
only decreased by 9.54%. In conclusion, the eﬀectiveness of the clariﬁcation would depend on the
diﬀerent treatments, both mechanical clariﬁcation and ﬁning agent could increase wine transmittance,
but decrease the wine color, among them, SP ﬁning could clarify the wine and minimize the decrease
in wine color intensity. This is in agreement with what other studies have found [8].
The chemical composition of the wines after clariﬁcation are shown in Table 1. Most parameters
of the wine showed a decrease after clariﬁcation treatments, but the major diﬀerences revealed at total
acidity, volatile acidity, and total phenolic content. BT ﬁning showed the most signiﬁcant decrease in
total sugar and total acidity content, which may change the ﬂavor, sweetness, and acidity of the wine,
and was conﬁrmed in sensory analysis. Total acidity was decreased by 2–3.5% and volatile acidity by
2–12%. BT and CF treatments decreased the protein content while wine treated by SP ﬁning showed
an increase. However, the change was not signiﬁcant. Other researchers have reported that plant
protein ﬁning did not inﬂuence wine protein stability [8], and it could be settled together with wine
suspended solids during the ﬁning process [16]. Total phenol content showed a signiﬁcant decrease
in BT, SP, and MF treatments, which may delay or reduce the browning of the wine as Cosme and
Laborde et al. reported [17,18]. MF showed the greatest inﬂuence on total phenol content decreasing
the initial content by 12%, while other treatments by less than 8%.

(B)

(A)

Figure 1. Change of (A) light transmittance and (B) color intensity in wine samples with diﬀerent
treatments. Diﬀerent letters represent signiﬁcant diﬀerences at a signiﬁcant level of 0.05.
Table 1. Basic physicochemical indexes of wine samples processed under diﬀerent clariﬁcation process.
Treatment

Total Sugar
(g/L)

Total Acidity
(g/L)

Volatile Acidity
(g/L)

Protein
(g/L)

Total Phenol
(g/L)

C
BT
SP
CF
MF

190.00 ± 1.00 a
171.33 ± 3.21 b
188.67 ± 0.58 a
189.33 ± 1.53 a
190.00 ± 1.00 a

9.74 ± 0.01 a
9.41 ± 0.05 d
9.50 ± 0.03 bc
9.45 ± 0.05 cd
9.55 ± 0.03 b

0.51 ± 0.02 a
0.45 ± 0.02 c
0.50 ± 0.01 ab
0.48 ± 0.01 b
0.49 ± 0.01 ab

0.115 ± 0.001 a
0.114 ± 0.001 ab
0.116 ± 0.000 a
0.113 ± 0.001 ab
0.115 ± 0.001 a

0.477 ± 0.000 a
0.454 ± 0.011 b
0.441 ± 0.006 b
0.470 ± 0.006 a
0.392 ± 0.011 c

Data are means ± SD (n = 3). Diﬀerent letters represent signiﬁcant diﬀerences at a signiﬁcant level of 0.05.

131

Molecules 2020, 25, 2657

2.2. Volatile Compounds Analysis
It was reported that over 1000 volatile compounds were identiﬁed in wine. The chemical
classes and character of volatile compounds, the contents, and sensory impacts inﬂuenced wine ﬂavor
complexity and was pursued by the consumers [18–20]. The interaction between clariﬁcation treatments
on aroma compounds depended on chemical features of the target compounds, the membrane materials,
the physical-chemical characteristics of the ﬁning agent, and the possible interactions between volatiles
and other macromolecules previously linked to the ﬁning agent [1,8,21,22]. In order to evaluate
the impact of the ﬁning agent or mechanical clariﬁcation on wine aroma components, solid-phase
microextraction (SPME) coupled with a gas-chromatography-mass spectrometer (GC/MS) were used
for the identiﬁcation of volatile compounds.
As can be seen from Table 2, 57 volatile compounds were identiﬁed, including 20 esters, 14 alcohols,
9 fatty acids, 9 terpenes and norisoprenoids, 3 carbonyls, and 2 volatile phenol compounds. Compared
to the control wine, the categories, and contents of volatile compounds changed signiﬁcantly. However,
SP ﬁning showed lower inﬂuence compared to the other treatments, which has been found to be in
agreement with Granato [8,12].
Table 2. Volatile compounds and concentration (mg/L) with standard deviation (SD) of ‘Italian Riesling’
icewine samples.
Compounds
Esters
Ethyl acetate
Isobutyl acetate
Ethyl butyrate
Isoamyl acetate
Ethyl hexanoate
Ethyl (E)-hex-2-enoate
Ethyl heptanoate
Ethyl octanoate
Ethyl nonanoate
Ethyl decanoate
Ethyl benzoate
Diethyl succinate
Ethyl phenylacetate
Phenethyl acetate
Ethyl dodecanoate
Ethyl 3-phenylpropionate
Ethyl myristate
Diethyl malate
Ethyl hexadecanoate
δ-Dodecalactone
Alcohols
Isobutanol
n-Butanol
1-Pentanol
3-Methyl-1-pentanol
1-Hexanol
cis-3-Hexen-1-ol
1-Octen-3-ol
Heptanol
1-Octanol
2,3-Butanediol
Nonanol
Decanol
Phenethyl alcohol
Dodecanol

RI
DB-WAX

C
mg/L ± SD

BT
mg/L ± SD

SP
mg/L ± SD

CF
mg/L ± SD

MF
mg/L ± SD

883
1006
1044
1120
1232
1245
1332
1434
1530
1638
1644
1687
1776
1825
1847
1914
2043
2060
2243
2438
Subtotal

4.498 ± 0.065 a
0.002 ± 0.000 a
0.049 ± 0.002 a
0.493 ± 0.012 a
2.697 ± 0.085 a
0.040 ± 0.001 a
0.045 ± 0.001 a
2.870 ± 0.080 a
0.005 ± 0.000 a
1.737 ± 0.026 a
0.028 ± 0.001 a
0.773 ± 0.009 a
0.019 ± 0.002 a
0.092 ± 0.001 a
0.727 ± 0.026 a
0.010 ± 0.001 a
0.216 ± 0.018 a
0.029 ± 0.001 a
0.134 ± 0.005 a
0.044 ± 0.001 a
14.508 ± 0.162 a

3.453 ± 0.144 c
0.001 ± 0.000 d
0.027 ± 0.001 e
0.353 ± 0.006 c
1.356 ± 0.074 c
0.021 ± 0.001 c
0.016 ± 0.001 d
0.768 ± 0.022 c
ND
0.758 ± 0.013 d
0.021 ± 0.001 c
0.653 ± 0.023 c
0.014 ± 0.001 b
0.090 ± 0.003 a
0.444 ± 0.023 c
0.007 ± 0.001 b
0.126 ± 0.015 b
ND
0.13 ± 0.009 ab
0.039 ± 0.002 bc
8.274 ± 0.176 d

4.465 ± 0.115 a
0.002 ± 0.000 b
0.042 ± 0.001 c
0.463 ± 0.007 b
2.142 ± 0.120 b
0.038 ± 0.001 b
0.034 ± 0.001 b
1.706 ± 0.086 b
0.002 ± 0.000 b
1.249 ± 0.039 b
0.028 ± 0.002 ab
0.726 ± 0.017 b
0.015 ± 0.001 b
0.089 ± 0.004 a
0.655 ± 0.033 b
0.010 ± 0.001 a
0.205 ± 0.007 a
0.028 ± 0.001 ab
0.123 ± 0.001 b
0.037 ± 0.001 c
12.058 ± 0.235 b

4.052 ± 0.116 b
0.001 ± 0.000 c
0.046 ± 0.001 b
0.449 ± 0.028 b
2.158 ± 0.061 b
0.036 ± 0.004 b
0.029 ± 0.002 c
1.790 ± 0.140 b
ND
1.023 ± 0.05 c
0.027 ± 0.001 b
0.717 ± 0.030 b
0.018 ± 0.001 a
0.088 ± 0.003 a
0.377 ± 0.017 d
0.010 ± 0.002 a
0.142 ± 0.012 b
0.026 ± 0.003 bc
0.109 ± 0.006 c
0.042 ± 0.003 ab
11.141 ± 0.420 c

3.141 ± 0.064 d
ND
0.034 ± 0.002 d
0.330 ± 0.007 c
0.568 ± 0.023 d
ND
0.003 ± 0.001 e
0.574 ± 0.027 d
ND
0.27 ± 0.034 e
ND
0.695 ± 0.036 bc
ND
0.034 ± 0.001 b
0.075 ± 0.007 e
ND
0.032 ± 0.002 c
0.024 ± 0.001 c
0.040 ± 0.001 d
ND
5.821 ± 0.162 e

1077
1150
1255
1318
1353
1366
1447
1449
1554
1556
1666
1769
1912
1970
Subtotal

0.109 ± 0.001 a
0.018 ± 0.001 a
5.989 ± 0.008 a
0.006 ± 0.001 a
1.098 ± 0.011 a
0.067 ± 0.001 a
0.147 ± 0.012 a
0.064 ± 0.001 a
0.052 ± 0.001 a
0.047 ± 0.002 a
0.019 ± 0.001 a
0.022 ± 0.001 a
2.740 ± 0.010 a
0.016 ± 0.001 a
10.393 ± 0.031 a

0.091 ± 0.002 b
0.010 ± 0.001 bc
5.558 ± 0.181 c
0.005 ± 0.000 b
1.117 ± 0.038 a
0.059 ± 0.002 b
0.141 ± 0.012 a
0.053 ± 0.003 c
0.052 ± 0.004 a
0.042 ± 0.002 b
0.014 ± 0.001 b
ND
2.719 ± 0.099 a
0.016 ± 0.001 a
9.876 ± 0.312 b

0.109 ± 0.003 a
0.011 ± 0.001 b
5.980 ± 0.105 a
0.005 ± 0.000 b
1.081 ± 0.035 a
0.066 ± 0.001 a
ND
ND
0.047 ± 0.001 a
ND
0.015 ± 0.001 b
0.021 ± 0.001 a
2.685 ± 0.111 a
0.014 ± 0.001 b
10.033 ± 0.211 ab

0.104 ± 0.004 a
0.009 ± 0.001 c
5.778 ± 0.023 b
0.006 ± 0.000 a
1.064 ± 0.033 a
0.065 ± 0.005 a
0.146 ± 0.006 a
0.064 ± 0.002 a
0.050 ± 0.006 a
0.046 ± 0.004 a
0.019 ± 0.001 a
0.021 ± 0.001 a
2.569 ± 0.219 a
0.016 ± 0.001 a
9.956 ± 0.235 b

0.084 ± 0.005 c
0.010 ± 0.001 bc
4.910 ± 0.124 d
0.004 ± 0.000 c
0.819 ± 0.018 b
0.035 ± 0.002 c
0.067 ± 0.007 b
0.058 ± 0.003 b
0.045 ± 0.003 a
ND
ND
0.020 ± 0.001 b
2.312 ± 0.085 b
0.015 ± 0.001 a
8.379 ± 0.240 c
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Table 2. Cont.
Compounds
Acids
Acetic acid ∗
Isobutanoic acid
2-Methyl butanoic acid
Hexanoic acid
Heptoic acid
Octanoic acid
Nonanoic acid
Decanoic acid
Dodecanoic acid
Terpenes
Rose oxide
Linalool
α-Terpineol
Citronellol
Nerol
Hydroxycitronellol
β-Damascenone
Geranyl acetone
Geranic acid
carbonyls
6-Methyl-5-hepten-2-one
Oct-2-enal
Furfural
Volatile phenols
Eugenol
Guaiacol

RI
DB-WAX

C
mg/L ± SD

BT
mg/L ± SD

SP
mg/L ± SD

CF
mg/L ± SD

MF
mg/L ± SD

1452
1581
1655
1851
1960
2050
2169
2279
2502
Subtotal

0.621 ± 0.018 a
0.012 ± 0.001 a
0.056 ± 0.001 a
0.652 ± 0.024 a
0.029 ± 0.002 a
1.237 ± 0.037 a
0.036 ± 0.001 a
0.757 ± 0.011 a
0.072 ± 0.001 a
3.399 ± 0.049 a

0.593 ± 0.013 a
ND
0.054 ± 0.001 ab
0.617 ± 0.024 abc
0.027 ± 0.001 bc
1.091 ± 0.086 b
0.016 ± 0.001 c
0.596 ± 0.016 b
ND
2.994 ± 0.107 c

0.606 ± 0.016 a
0.012 ± 0.001 a
0.052 ± 0.001 b
0.598 ± 0.029 bc
0.026 ± 0.001 bc
1.060 ± 0.052 b
ND
0.506 ± 0.019 c
0.035 ± 0.003 c
2.860 ± 0.068 c

0.603 ± 0.078 a
0.011 ± 0.001 ab
0.056 ± 0.002 a
0.640 ± 0.024 ab
0.028 ± 0.002 ab
1.122 ± 0.034 b
0.036 ± 0.002 a
0.745 ± 0.013 a
0.069 ± 0.002 a
3.241 ± 0.074 b

0.451 ± 0.022 b
0.010 ± 0.000 b
0.052 ± 0.002 b
0.591 ± 0.017 c
0.025 ± 0.001 c
0.797 ± 0.021 c
0.025 ± 0.001 b
0.109 ± 0.006 d
0.064 ± 0.001 b
2.061 ± 0.054 d

1337
1552
1680
1750
1806
1822
1831
1865
2334
Subtotal

0.020 ± 0.001 a
0.501 ± 0.009 a
0.049 ± 0.002 a
0.401 ± 0.009 a
0.018 ± 0.000 a
0.008 ± 0.001 a
0.125 ± 0.006 a
0.100 ± 0.002 a
0.007 ± 0.001 a
1.227 ± 0.022 a

ND
ND
0.049 ± 0.001 ab
0.378 ± 0.025 a
0.013 ± 0.001 b
ND
0.119 ± 0.009 a
0.018 ± 0.000 c
0.003 ± 0.000 c
0.582 ± 0.023 d

ND
0.489 ± 0.003 ab
0.045 ± 0.002 ab
0.372 ± 0.015 a
0.013 ± 0.000 b
0.008 ± 0.001 ab
0.112 ± 0.005 a
0.038 ± 0.007 b
0.006 ± 0.001 b
1.083 ± 0.022 b

ND
0.402 ± 0.013 c
0.045 ± 0.003 ab
0.387 ± 0.013 a
0.017 ± 0.001 a
0.007 ± 0.001 bc
0.080 ± 0.009 b
0.098 ± 0.019 a
0.006 ± 0.001 b
1.041 ± 0.038 b

0.005 ± 0.001 b
0.477 ± 0.021 b
0.045 ± 0.003 b
0.147 ± 0.009 b
0.004 ± 0.001 c
0.007 ± 0.001 c
0.046 ± 0.004 c
0.091 ± 0.002 a
ND
0.823 ± 0.022 c

1341
1434
1468
Subtotal

0.023 ± 0.001 a
0.025 ± 0.001 b
0.031 ± 0.001 ab
0.078 ± 0.001 a

ND
0.025 ± 0.001 b
0.033 ± 0.001 a
0.058 ± 0.001 b

ND
0.027 ± 0.001 a
0.029 ± 0.001 b
0.056 ± 0.001 b

0.021 ± 0.001 b
0.017 ± 0.001 c
0.008 ± 0.002 c
0.046 ± 0.002 c

0.021 ± 0.001 b
ND
ND
0.021 ± 0.001 d

2141
2203
Subtotal

0.022 ± 0.001 a
0.043 ± 0.001 a
0.065 ± 0.001 a

ND
0.031 ± 0.001 d
0.031 ± 0.001 d

ND
0.038 ± 0.002 c
0.038 ± 0.001 c

0.015 ± 0.004 b
0.041 ± 0.001 b
0.056 ± 0.004 b

ND
0.011 ± 0.001 e
0.011 ± 0.001 e

Data are means ± SD (n = 3). Retention indices (RI) were reported in the NIST standard reference database. Diﬀerent
letters represent signiﬁcant diﬀerences at a signiﬁcant level of 0.05. “ND” means that the aroma component is not
detected or in trace amount. * The concentration of Acetic acid was presented with g/L.

2.2.1. Esters
Ester is one of the most important volatile species in wine aroma. It could be processed through
the chemical interactions between alcohols and acids or released by yeast strains during alcohol
fermentation [19,20,23]. The esters could mainly be categorized as acetate esters, ethyl esters, and
other esters, which could contribute to wine fruity aroma [20,23]. A total of 20 esters were found in the
experiment wine samples (Table 2) and among them, the control wine showed the highest level in both
the quantities and contents of volatile compounds. MF treatment showed the most signiﬁcant inﬂuence
in ester compounds, however, 9 of them were not detected and the total contents reduced by 59.87%,
followed by BT ﬁning with a 47.74% decrease, while SP ﬁning wine showed only a 16.97% decrease in
total ester content and without the absence in quantities. This is in agreement with what Vincenzi
et al. found. Bentonite treatment resulted in signiﬁcant removal of ethyl esters and fatty acids [24].
Ethyl hexanoate, ethyl octanoate, ethyl decanoate and ethyl dodecanoate were the dominant ethyl
esters present in wine in appreciable concentrations, while ethyl acetate and isoamyl acetate were the
most abundant acetate esters. Most of the esters followed the same decrease tendency in treated wines.
MF wine showed the lowest concentration, whereas the contents of ethyl butyrate, diethyl succinate
and diethyl malate were lower in BT ﬁning wine.
2.2.2. Alcohols
Alcohol is another important volatile compound in wine which is mainly produced through
yeast metabolism during wine fermentation and could contribute pungent scents to wine aroma.
The aromatic contribution of alcohol depends on its concentration in wines. They could provide a
pleasant aroma when their concentration bellows at 300 mg/L, on the contrary, a pungent aroma would
be perceived [23,25]. A total of 14 alcohols were found in the experimental wine samples (Table 2).
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There was no signiﬁcant diﬀerence between control wine and SP ﬁning wine samples in total alcohol
content, however, other clariﬁcation treatments showed a signiﬁcant decrease, especially the wine
treated by the MF. There was no obvious inﬂuence between BT and CF treated wines. Pentanol,
1-hexanol, and phenethyl alcohol showed relatively higher concentration among alcohols, however,
unlike pentanol, the concentration of 1-hexanol and phenethyl alcohol only showed a signiﬁcant
decrease in MF treated wines.
2.2.3. Acids
Acids were formed enzymatically during fermentation through yeast metabolism and were
reported to contribute fruity, cheese, fatty, and rancid notes to wine aroma complexity at low
concentrations. However, a negative ﬂavor would occur if the concentration is too high [23,25]. A total
of 9 acids were detected (Table 2). Among them, acetic acid, hexanoic acid, octanoic acid, and decanoic
acid were recognized as the dominant acids. Compared to the control wine, clariﬁcation treatments
reduced the acid concentration signiﬁcantly, especially wine treated with the MF method, reduced by
38.81%, while CF wine only showed a 4.65% decrease. However, there was no obvious diﬀerence in
the concentration of acid compounds between the control and the CF wines except for octanoic acid.
2.2.4. Terpenes and C13 Nor-Isoprenoids
Terpenes and C13 nor-isoprenoids which are derived mainly from the grapes could be from the
free aromas or the glycosidic aroma precursors and are known to be varietal aroma compounds [23,26].
As can be seen from Table 2, a total of 9 compounds were identiﬁed in this experiment. Compared to the
control wine, clariﬁcation treatments signiﬁcantly inﬂuenced the total concentration of terpenes and C13
nor-isoprenoids compounds, and among them, BT ﬁning showed the greatest inﬂuence with a 32.36%
decrease. This ﬁnding was in contrast with Vincenzi et al. [24], who found bentonite showed a low
eﬀect on the loss of terpenes, but the doses of bentonite were much lower than this experiment. On the
contrary, wines treated by SP and CF showed a lower decrease with 10.34% and 13.36%, respectively.
linalool, α-terpineol, and citronellol were the dominant terpenes identiﬁed. The concentration of
linalool was signiﬁcantly inﬂuenced by CF and BT treatments, while the concentration of α-terpineol
and citronellol only showed signiﬁcant decrease in MF wine. However, there was no observed diﬀerence
in other treatments. β-damascenone and geranyl acetone belonged to C13 nor-isoprenoids, surprisingly,
the inﬂuence of clariﬁcation treatments on these compounds was in controversy. Fining agents, both
BT and SP treatment inﬂuenced geranyl acetone signiﬁcantly, while mechanical clariﬁcation CF and
MF treatments showed a signiﬁcant impact on β-damascenone concentration.
2.2.5. Carbonyls and Phenols
Three carbonyl compounds (two aldehydes and 1 ketone) were detected in wine samples (Table 2).
Although the concentration of carbonyl compounds was relatively low in wine, they could contribute to
the overall aroma through a synergetic eﬀect [20,23]. 6-Methyl-5-hepten-2-one was not detected in wine
samples treated with both ﬁning agents, while oct-2-enal and furfural were not identiﬁed in MF wine
samples. The total content of carbonyl compounds signiﬁcantly decreased in MF wine while BT and SP
wines showed much less impact. Volatile phenols, which formed by the action of hydroxycinnamate
carboxylase, originated by the hydrolysis of precursors known as phenolic acids or hydroxycinnamic
acids in grapes [27,28]. Clariﬁcation treatments decreased the concentration of volatile phenols
signiﬁcantly, especially the MF treatment, while CF treatment showed the least inﬂuence.
As has been discussed, MF treatment showed the most signiﬁcant decrease in the total content of
diﬀerent volatile compounds, except for terpenes, which showed the maximum decrease in BT ﬁning
wine samples. Vincenzi et al. [24] suggested that the mechanism of aroma losses after bentonite ﬁning
may be due to the direct adsorption of the clay. In this experiment, we also conﬁrmed this. On the
contrary, SP ﬁning showed the least inﬂuence on esters, alcohols, and terpene compounds, while CF
and BT wines showed the least inﬂuence on fatty acids, phenol, and carbonyl compounds respectively.
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There was no signiﬁcant diﬀerence between SP and CF wine in total terpenes. Additionally, the total
carbonyls in BT and SP wines also showed no observed diﬀerence. The inﬂuence of membrane ﬁltration
on wine aroma quality could be inﬂuenced by the types of ﬁltration, diﬀerent ﬁlter media, ﬁltration
parameters and the membrane itself [3,4]. Recently, researchers have found that cross-ﬂow ﬁltration,
a relatively new technique, produced the highest decreases in both total phenol index (TPI) and color
intensity (CI) values and removed highly polymerized phenols that are related to astringency in red
wines, therefore, could be used in the same way as ﬁning [1,29]. In this study, MF treatment showed
the most signiﬁcant diﬀerence in volatile compounds of ‘Italian Riesling’ Icewine, but the mechanism
still remains to be further studied.
2.3. Odor Activity Values
The odor activity value (OAV) was frequently used to indicate the contribution of the volatile
compounds to the overall aroma in the wine [25,26]. Generally, a volatile with OAV (>1) was
suggested to exhibit contributions to the overall aroma, however, it is also reported that a compound
with 0.1 < OAV < 1 should also be considered in agreement with the acknowledged theory that
sub-threshold compounds may also contribute to wine aroma through additive eﬀects of compounds
with similar structure or odor [30]. According to OAV, the volatile compounds that could signiﬁcantly
contribute their ﬂavor notes to the overall aroma of icewines are listed in Table 3. A total of 16 compounds
with an OAV above 1 were identiﬁed, among them, β-damascenone showed the highest OAV value,
followed by ethyl hexanoate. For β-damascenone, BT and SP did not show signiﬁcant diﬀerences,
however, in MF and CF it decreased by 20% and 63%, respectively. Furthermore, ethyl hexanoate
reduced by 20–80% especially in MF. Other compounds with high OAVs were isoamyl acetate (reduced
by 3–33%) and linalool (decreased by 10–20%), but both with OAVs >10. Rose oxide also showed
relatively high OAV but was only detected in the control and MF wine samples.
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Pineapple, fruity, balsamic
Fruity, apple
Floral, fruity
Banana
Fruity, green apple
Pineapple, fruity
Ripe fruits, pear, sweety
Pleasant fruity
Fruity, cheese
Floral, honey
Floral
Oily, fatty, fruity
Coconut fruity
Mild waxy, soapy
Mild waxy
Balsamic, bitter almond
Herbaceous, grass, woody
Plant, fruity, aromatic
Mushroom
Oily
Jasmine, lemon
Waxy, fatty
Flowery, rose, Honey
Fatty, rancid, cheesy
Cheese, fatty
Fatty
Rancid, cheese, fattyacid
Fatty acid, dry, woody
Fatty acid, dry, woody
Laurel oil
Lychee
Flowery, Muscat
Floral
Rose
Rose, sweet, ﬂowers
Floral
Citric, geranium
Clove
Clove, curry

Ethyl acetate
Isobutyl acetate
Ethyl butyrate
Isoamyl acetate
Ethyl hexanoate
Ethyl heptanoate
Ethyl octanoate
Ethyl decanoate
Diethyl succinate
Ethyl phenylacetate
Phenethyl acetate
Ethyl dodecanoate
δ-Dodecalactone
Ethyl myristate
Ethyl hexadecanoate
1-Pentanol
1-Hexanol
cis-3-Hexen-1-ol
1-Octen-3-ol
Heptanol
1-Octanol
Decanol
Phenethyl alcohol
2-Methyl butanoic acid
Hexanoic acid
Heptoic acid
Octanoic acid
Nonanoic acid
Decanoic acid
Dodecanoic acid
Rose oxide
Linalool
α-Terpineol
Citronellol
β-Damascenone
Geranyl acetone
Geranic acid
Eugenol
Guaiacol

7500
20
20
30
14
220
240
200
6000
73
250
1500
500
500
1000
64,000
1100
400
20
200
800
400
10,000
250
420
300
500
1400
1400
1000
0.2
25
250
100
0.14
60
20
6
20

Odor Threshold
(μg/L)
c
a
a
a
a
c
a
b
c
c
a
b
c
d
d
b
b
a
d
b
b
b
a
a
b
d
b
a
a
c
b
b
a
b
b
c
b
c
d

Reference
0.60
0.12
2.47
16.45
192.62
0.21
11.96
8.68
0.13
0.25
0.37
0.48
0.09
0.43
0.13
0.09
1.00
0.17
7.37
0.32
0.06
0.05
0.27
0.22
1.55
0.10
2.47
0.07
0.54
0.07
97.89
20.03
0.19
4.01
889.98
1.67
0.33
3.64
2.14

C
0.46
0.07
1.34
11.76
96.85
<0.1
3.20
3.79
0.11
0.19
0.36
0.30
0.08
0.25
0.13
0.09
1.02
0.15
7.05
0.27
0.06
0.00
0.27
0.22
1.47
0.09
2.18
0.03
0.43
0.00
ND
ND
0.20
3.79
852.97
0.30
0.17
ND
1.53

BT
0.60
0.11
2.08
15.44
153.02
0.16
7.11
6.25
0.12
0.20
0.36
0.44
0.07
0.41
0.12
0.09
0.98
0.16
ND
ND
0.06
0.05
0.27
0.21
1.42
0.09
2.12
0.00
0.36
0.03
ND
20.35
0.18
3.52
802.89
0.63
0.29
ND
1.90

SP

Odor Activity Value

0.54
0.07
2.30
14.97
154.18
0.13
7.46
5.11
0.12
0.24
0.35
0.25
0.08
0.28
0.11
0.09
0.97
0.16
7.30
0.32
0.06
0.05
0.26
0.22
1.52
0.09
2.24
0.07
0.53
0.07
ND
16.07
0.18
3.87
569.67
1.63
0.30
2.50
2.05

CF
0.42
0.00
1.72
11.01
40.59
<0.1
2.39
1.35
0.12
0.00
0.14
0.05
0.00
0.06
0.04
0.08
0.74
0.09
3.34
0.29
0.06
0.05
0.23
0.21
1.41
0.08
1.59
0.05
0.08
0.06
26.41
19.08
0.18
1.47
330.58
1.52
0.00
ND
0.54

MF
2,7
2
1,2
2
2
2
2
2
2,3
1
1
2,3
2
3
3
7
6
6,2
4
3
3,1
3
1
3
3
3
3
3
3
3
1
1
1
1
1
1
1
5
5

Aroma Classes

Data are mean values. ND means that the aroma component is not detected, or it is in trace amount. Odor description (ODE) and odor threshold (OTH) as reported in the literature
references a-[30]; b-[31]; c-[32]; d-[33]. Odor activity value (OAV): deﬁned as the ratio between odor concentration and OTH. Aroma classes: each compound was attributed to one or
more classes depending on odor descriptors: 1, ﬂoral; 2, fruity; 3, fatty; 4, earthy; 5, spicy; 6, vegetative; 7, pungent.

Odor
Description

Compounds

Table 3. Odor activity values (OAV > 0.1) and odor description of the would-be impact odorants of diﬀerent clariﬁed ice-wine samples.
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2.4. Principal Component Analysis
In order to explore possible diﬀerentiation among wine samples clariﬁed by diﬀerent technologies,
principal component analysis (PCA) was applied to the data matrix containing the volatile compounds
with OAV > 1 [20,34]. Although the interaction between compounds may be partially lost, these
volatiles are the major compounds that contributed to the overall aroma of the wine samples.
As principal components 1 and 2 (PC1 and PC2) represented 53.51% and 25.1% of the total variance
respectively, approximately 80% of the total variance has been represented (Supplement Figure S1).
The relationships/correlations between wine samples and compounds could be observed from Figure 2,
where the control wine was positioned on the positive side of PC1, while SP and BT wine samples were
located on the negative side. Nevertheless, the CF and MF wines were located on the positive and
negative sides of PC2, respectively. In addition, rose oxide and eugenol were located on the positive
side of PC1 while β-damascenone, citronellol, guaiacol, ethyl hexanoate, ethyl decanoate, octanoic acid,
1-hexnol, isoamyl acetate, ethyl butyrate, and hexanoic acid were located on the negative side (Figure 2
and Supplement Figure S2). In addition, these compounds played an important role in aromatic
feature which distinguished the control wine from SP and BT wines. As for PC2, ethyl decanoate,
ethyl hexanoate, eugenol, and guaiacol were located on the positive side, while octanoic acid, 1-hexnol,
isoamyl acetate, ethyl butyrate, hexanoic acid, rose oxide, and geranyl acetone were located on the
negative side (Figure 2 and Supplement Figure S2) which indicated that CF and MF wines could be
separated by these compounds. Crandles et al. also found that most odor-active compounds were
positively correlated with icewine cultivar and vintage combinations by PCA analysis [34].

Figure 2. Principal component analysis of volatile compounds (OAV > 1) in wine samples with diﬀerent
clariﬁcation treatments.

2.5. Aroma Series
According to Simonetta et al. [30], wine aroma could be categorized into diﬀerent series by the
aroma wheel. Volatile compounds with OAV values higher than 0.1 were used to evaluate each
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aroma series in wine samples. In this experiment, icewine aroma was found to consist of ﬂoral, fruity,
fatty, earthy, spicy, vegetative, and pungent ﬂavor. The ﬂoral and fruity aromas were the dominant
aromatic categories of ‘Italian Riesling’ icewine, which were mainly contributed by some terpenes
(including rose oxide, linalool, citronellol, β-damascenone, and geranyl acetone) or esters (including
ethyl butyrate, isoamyl acetate, ethyl hexanoate, ethyl octanoate, and ethyl decanoate compounds)
(Table 3). Another study also showed that the compounds with the highest odor activity for icewines
were β-damascenone, 1-octen-3-ol, ethyl octanoate, cis-rose oxide and ethyl hexanoate [35], which is
similar to the results of this study. Although all tested wine samples exhibited a similar aroma series
order, the content of aroma series was diﬀerent which indicated that clariﬁcation treatments played an
important role in altering the aromatic quality of the tested wines.
As can be seen from Figure 3, the ﬂoral was mainly inﬂuenced by mechanical clariﬁcation, where
MF showed the greatest decrease followed by CF treatment. There were no observed diﬀerences
between BT and SP ﬁning wines. Fruity was the second largest category of icewine samples, in which
MF treatment showed the largest decrease, followed by BT ﬁning, while there was no signiﬁcant
diﬀerence between SP and CF wine samples. Fatty, earthy, spicy, vegetative, and pungent ﬂavors could
also improve wine complexity. These ﬂavors may be contributed by fatty acids, 1-Octen-3-ol, volatile
phenols, C6, and alcohol compounds, however, high levels of these ﬂavors could also negatively
inﬂuence wine aroma features [33,35,36]. A signiﬁcant diﬀerence in these ﬂavors was found between
the control and clariﬁed wines with the exception of earthy (not found in SP wine). MF wine showed
the greatest decrease in these ﬂavors, while CF treatment showed the most fatty, earthy, spicy and
pungent ﬂavors. Another interesting phenomenon is that clariﬁcation treatments showed the least
inﬂuence in vegetative ﬂavor, where only MF treatment showed a signiﬁcant diﬀerence, but the
mechanism still remains to be further studied.

Figure 3. Total OAV of the aroma series after diﬀerent clariﬁcation treatments. Data are means ± SD
(n = 3). Diﬀerent letters represent signiﬁcant diﬀerences at a signiﬁcant level of 0.05.

2.6. Sensory Evaluation
The icewines treated with diﬀerent clariﬁcation treatments was assessed by sensory analysis to
evaluate whether there were any perceivable diﬀerences among clariﬁcation treatments. As can be
seen from Figure 4, clariﬁcation treatments could increase limpidity and decrease the color intensity of
wine samples. Some researchers suggested that phenol compounds could be absorbed by ﬁning or
ﬁltration, thus inﬂuence the color intensity of wine samples [17,37], which was in agreement with this
study. For balance and persistence, there was no observed diﬀerences in the wine samples. Among
all treated wines, BT showed the most signiﬁcant inﬂuence on acidity, sweetness and complicacy.
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Moreover, the aroma intensity, fruity and ﬂoral for BT and MF wines were lower than other treatments,
indicated that these treatments may have a negative eﬀect on the aroma quality of the wine samples.
However, there was no observed diﬀerence between BT and MF (Figure 4). In contrast, SP and CF
treatments showed little impacts on wine aroma quality (the inﬂuence was not signiﬁcant) which could
be alternative method in icewine clariﬁcation.

Figure 4. Radar map of sensory analysis. Diﬀerent letters represent signiﬁcant diﬀerences at a signiﬁcant
level of 0.05.

3. Materials and Methods
3.1. Icewine Samples
The Italian Riesling vines were planted in Gansu Qilian Winery Co., Ltd, Gaotai, Gansu Province,
China (latitude 39◦ 18 N, altitude 99◦ 40 E). The vines were 22 years old and with a plant density of
1 m × 3 m and the yield was around 4500 kg/ha. Italian Riesling grapes were harvested in November
3–6, 2016 after the ﬁrst snow and the temperature reduced to −7~−8 ◦ C during the night. The grapes
were picked up in the morning when they were frozen and transported to the winery immediately.
After bunch sorting, the stems were removed and the grape berries were pressed in a pneumatic press
(PADOVAN, Conegliano, Italy). The pressing was done in 3 stages. At the ﬁrst stage, the pressure
was raised to 400 mbar (low pressure) in 10 min and kept for 3 min; at the second stage, the pressure
was raised to 800 mbar (middle pressure) in 10 min and kept for another 3 min; ﬁnally, the pressure
was raised to 1200 mbar (high pressure) and kept for 4 min. Eighty milligram per Liter (80 mg/L) of
sulfur dioxide and 35 mg/L of pectinolytic enzyme (Expresser, DSM, Cassano Spinola, Italy) were
added during pressing. In this experiment, the free run must and the ﬁrst pressed must were collected
and transferred to a 20 m3 stainless steel tank and allowed to settle for 14 h before clariﬁcation. Then
clean must was obtained by removal of particles and cooled at 0 ◦ C in an insulated tank after which
750 mg/L of bentonite was added and mixed thoroughly. After 8 days of settling, the clean must
was further separated/clariﬁed. The chemical variables of the ﬁnal must were as follows: soluble
solids 37.6 ◦ Brix, total sugar content 385.12 g/L, titratable acidity 8.72 g/L, and pH 3.5. A commercial
Saccharomyces cerevisiae strain (Aroma White, Enartis, San Martino Trecate NO, Italy) was inoculated to
induce alcoholic fermentation with a 30 g/hL doses. The fermentation temperature was controlled
at 10–12 ◦ C. When the alcohol degree reached 11%/vol, 70 mg/L of sulfur dioxide was added, and
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the wine was cooled at a temperature of 0 ◦ C to stop alcoholic fermentation. After natural settling,
the dead yeast cells were separated from the wine and 40 L of clariﬁed wine was transported to the
laboratory and kept at 0–4 ◦ C.
3.2. Chemicals and Standards
The standards of volatile compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA),
including isobutanol, 3-methyl-1-butanol, cis-3-hexen-1-ol, 1-hexanol, heptanol, octanol, phenethyl
alcohol, 2,6-nonadien-1-ol, dodecanol, ethyl acetate, isoamyl acetate, ethyl lactate, ethyl hexanoate, ethyl
octanoate, diethyl succinate, phenethyl acetate, ethyl decanoate, butanoic acid, hexanoic acid, octanoic
acid, dodecanoic acid, octanal, (2e,6z)-2,6-nonadienal, benzaldehyde, furfural, citronellol, linalool, rose
oxide, geraniol, nerol, β-damascenone, β-ionone, nerolidol, hexanal, guaiacol, 4-Ethylphenol, and
2-octanol which were used as the internal standard.
Folin–Ciocalteu reagent and sodium chloride were purchased from Beijing Chemical Works
(Beijing, China). Potassium hydrogen tartrate were purchased at Kemiou Chemical Reagent Co.
(Tianjin, China). Bovine serum albumin was obtained from Asahi Kasei Corporation (Tokyo, Japan).
Deionized water (<18 MW resistance) was puriﬁed by using a Milli-Q puriﬁcation system (Molecular,
Chongqing, China). Bentonite, soybean protein and potassium metabisulﬁte were purchased from
Lallemand Company (Lallemand, Toulouse, France).
3.3. Viniﬁcations and Samples
The diﬀerent clariﬁcation processes were applied as follows: (The diagram of experiment can be
found in Supplement Figure S3)
8 L of wine without any treatment was kept at 0–4 ◦ C and employed as control © wine;
8 L of wine was clariﬁed with bentonite (BT) and another 8 L of wine was treated with soybean
protein (SP) respectively. Diﬀerent amounts of ﬁning agents were used in preliminary experiment
and the stability of wine was tested by heat test. Finally, 1000 mg/L of bentonite and 500 mg/L of
soybean protein were used, and the wine was recognized as protein stable. In the ﬁning process,
the wine was thoroughly mixed with ﬁning agent solution and held at 0–4 ◦ C for 14 days until
the sediments were separated;
(iii) Another 8 L of wine was subjected to a plate filter with GS-100 cellulose filter sheets (FLOM-men-0015,
Fumei, Xiamen, China) and with a membrane diameter of 0.2 μm. When the ﬁltration was
ﬁnished, the wine was kept at 0–4 ◦ C in a refrigerator;
(iv) Another 8 L of wine was clariﬁed by using a high-speed refrigerated centrifuge (H2050R, Xiangqi,
Changsha, China) at 8000 r/min with controlled temperature at 5 ◦ C. The sediments were separated,
and the treated wine was kept at 0–4 ◦ C for parameters analysis.
(i)
(ii)

In the clariﬁcation processes, a total of 40 L of wine samples were distributed into 2.5 L brown
glass tanks, each treatment was performed in triplicate. Samples for analysis were taken from control
w©(C), wines clariﬁed with bentonite (BT) and soybean protein (SP), as well as wines submitted to
membrane ﬁltration (MF) and centrifugation (CF). Wine samples from each treatment were kept at
0–4 ◦ C in a refrigerator and physical-chemical parameters were measured immediately when the
clariﬁcation was ﬁnished.
3.4. Oenological Parameters Analysis
Physico-chemical parameters of the wine samples such as the content of total sugar, total acidity,
and volatile acid were measured according to the analytical methods of wine and fruit wine (National
Standard of the People’s Republic of China) [38]. The total sugar was measured by Fehling regent
titration method whiles the total acidity and volatile acid were measured by acid–alkali titration
method, and phenolphthalein was used as the indicator. The transmittance was measured by a

140

Molecules 2020, 25, 2657

Genesis 10S ultraviolet-visible spectrophotometer (Thermo Fisher Scientiﬁc, Waltham, MA, USA) at
680 nm. The color intensity and total phenol content were measured according to the Compendium of
International Methods of Wine and Must Analysis methods by measuring absorbance at 420 nm and
750 nm (10 mm cell) respectively using the UV-VIS spectrophotometer [39]. The content of protein was
measured by Bradford assay [40].
3.5. Volatile Analysis
Volatile compounds extraction and analysis were proposed by Duan et al [20]. Five milliliters
of icewine, 1.5 g sodium chloride (NaCl), and ten microliter (10 μL) of 2-octanol (internal standard,
with the concertation of 88.2 mg/L) were loaded together in a ﬁfteen milliliter vial, and a septum
made by polytetraﬂuoroethylene–silicon was immediately capped. The vial was equilibrated at 40 ◦ C
under agitation condition for 30 min, and the volatile components in headspace were adsorbed by a
DVB/carboxen/PDMS ﬁber (50/30 μm, ﬁber length 1 cm, Supelco, Bellefonte, PA, USA) coupled with
a manual holder at above condition [20]. A gas chromatography and a mass spectrometer system
(TRACE 1310- ISQ, Thermo Fisher Scientiﬁc, San Jose, CA, USA) coupled with a DB-WAX column
(60 m × 0.25 mm × 0.25 μm, Agilent Technology, Santa Clara, CA, USA) were used for volatile analysis.
The injection port of GC was 250 ◦ C and the volatile compounds were released from the ﬁber in ten
minutes with splitless mode. Helium (99.9% purity) was used as the carrier gas and the ﬂow rate
was 1.0 mL/min. Oven temperature was programed as: isothermal at 40 ◦ C for 5 min, heating at
4 ◦ C /min until 200 ◦ C, and kept for 20 min. Mass spectra conditions: electron impact mode (EI)
with a 70 eV ionization energy, the ion source and transfer line temperature were set at 250 ◦ C and
200 ◦ C, respectively; mass range was 50–350 and operated with full scan mode (3 scans/s). Volatile
identiﬁcation was conﬁrmed by comparing GC retention time and mass spectra with pure standards.
Volatiles without standards were identiﬁed by comparing the mass spectra with NIST 11 library
(p > 90%). The retention indices calculated with C7–C24 n-alkane series (Supelco, Bellefonte, PA, USA)
were also compared to the NIST standard reference database. Volatile concentration with standards
(reported in Section 3.2) which were calculated by standard curve. Other compounds concentrations
were calculated as μg/L of internal standard 2-octanol.
3.6. Odour Activity Values and Aroma Series
The odor activity value (OAV) was used to indicate the contribution of diﬀerent volatile compounds
to the overall aroma in the wine. Generally, it is deﬁned as the ratio of concentration over its perception
threshold of a volatile compound [30]. According to Simonetta et al., the overall aroma in wine can be
categorized into thirteen aroma series including chemical, pungent, oxidized, microbiologic, ﬂoral,
spicy, fruity, vegetative, nutty, caramelized, woody, earthy and fatty [30]. Aroma series was calculated
by summing the OAVs of volatile compounds (OAV > 0.1) in diﬀerent aromatic categories.
3.7. Sensory Analysis
The icewines were evaluated by a panel of 8 judges, comprising members of the staﬀ in viticulture
and enology department (age range from 29 to 57 years old, 6 men and 2 women), certiﬁcated in
wine tasting. The tasting was conducted from 10:00 a.m. to 12:00 p.m. in a standard sensory analysis
laboratory (wine tasting room of the College of Food Science and Engineering, Gansu Agricultural
University, Lanzhou City, Gansu Province, China) with an individual booth. The samples were
served in a random order according to standardized procedures. Twenty milliliters (20 mL) of icewine
samples were served into an odor-free tasting glass and the serving temperature was set at 8 ± 2 ◦ C.
Prior to the sensory analysis, ten attributes were selected: visual (limpidity and color intensity), aroma
(aroma intensity, complicacy, fruity, and ﬂoral) and taste (sweetness, acidity, persistence, and balance).
The attributes were quantiﬁed using a ten-point intensity scale. Low values were “attributed not
perceptible” and on the contrast, high values were “attributed strongly perceptible”. The ﬁnal score
was calculated for each wine as the sum of an average score of visual, aroma, and taste attributes [41].
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3.8. Statistical Analysis
Data were analyzed by using SPSS 19.0 (IBM SPSS, Inc., Chicago, IL, USA). Signiﬁcance was
judged at p < 0.05 by analysis of variance (ANOVA) and followed by Duncan’s range test. Furthermore,
a principal component analysis (PCA) was carried out on the detected volatile compounds with
OAV > 1 by MetaboAnalyst 4.0 after normalization (normalization by median) of data.
4. Conclusions
All treatments improved the limpidity of wines. Microﬁltration and centrifugation achieved
better results, while bentonite and soy protein ﬁning showed higher color intensity. Bentonite ﬁning
showed the most signiﬁcant decrease in total sugar and total acidity content while membrane ﬁltration
showed the biggest inﬂuence in total phenol content.
Volatile analysis indicated that clariﬁcation decreased the concentration of aroma compounds
in wines. Among the various clariﬁcation treatments, MF treatment showed the most signiﬁcant
inﬂuence while SP ﬁning showed much lower impact. Odor activity values evaluation demonstrated
that β-damascenone, ethyl hexanoate, rose oxide, isoamyl acetate and linalool presented higher odor
activity (>10) being active compounds in icewines. The ﬂoral and fruity aromas were found to be the
dominant aromatic series of ‘Italian Riesling’ ice-wine, followed by fatty, earthy, spicy, vegetative and
pungent ﬂavors. These series decreased signiﬁcantly in clariﬁed wines where membrane ﬁltration
showed the most signiﬁcant inﬂuence in ﬂoral, fruity, fatty and spicy aromas while earthy were mainly
inﬂuenced by soybean protein ﬁning.
Sensory evaluation demonstrated that clariﬁcation could improve limpidity and decrease the
color intensity of wine samples. The aroma and taste properties of the wine samples were more
inﬂuenced by bentonite ﬁning, while membrane ﬁltration mainly inﬂuenced color and aroma. SP and
CF treatments achieved better sensory quality. These results suggested that clariﬁcation possessed
signiﬁcant inﬂuence on wine composition, thus soybean protein and centrifugation could be an
alternative method in icewine clariﬁcation to minimize possible negative eﬀects on wine quality.
Moreover, clariﬁcation is a continuous and fast technique that do not produce adjuvant wastes as the
other techniques.
Supplementary Materials: The following are available online, Figure S1: Principal component analysis score plot
of volatile compounds (OAV > 1) in wine samples with diﬀerent clariﬁcation treatments, Figure S2: Principal
component analysis loading plot of volatile compounds (OAV > 1) in wine samples with diﬀerent clariﬁcation
treatments, Figure S3: The diagram of experiment.
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Abstract: Three factors for the extraction of extra virgin olive oil (EVOO) were evaluated: diameter of
the grid holes of the hammer-crusher, malaxation temperature, and malaxation time. A Box–Behnken
design was used to obtain a total of 289 olive oil samples. Twelve responses were analyzed and 204
mathematical models were obtained. Olives from super-intensive rainfed or irrigated crops of the
Arbequina, Koroneiki, and Arbosana cultivars at diﬀerent stages of ripening were used. Malaxation
temperature was found to be the factor with the most inﬂuence on the total content of lipoxygenase
pathway volatile compounds; as the temperature increased, the content of volatile compounds
decreased. On the contrary, pigments increased when the malaxation temperature was increased.
EVOO from irrigated crops and from the Arbequina cultivar had the highest content of volatile
compounds. Olive samples with a lower ripening degree, from the Koroneiki cultivar and from
rainfed crops, had the highest content of pigments.
Keywords: super-high-density orchard; aroma; color; ﬂavor; response surface methodology

1. Introduction
Spain, and particularly, the Spanish province of Jaén, is one of the great world powers in the
production of virgin olive oil (VOO). Spanish olive oil production represents approximately 45% of
the world total. Furthermore, due to its great extension, olive culture represents one of the principal
economic sectors in Jaén. VOO is a fat that is known worldwide for its beneﬁts to human health. Olive
oil consumption in the Mediterranean diet is associated with the prevention of several diseases and
low mortality from cardiovascular disease [1].
Furthermore, consumers greatly appreciate extra virgin olive oil (EVOO) for its aromatic
characteristics and intense color. The speciﬁc ﬂavor of EVOO deﬁnes its quality and uniqueness [2].
Consumers demand EVOO with a balanced composition. To achieve a balanced ﬁnal product, several
studies to optimize the extraction conditions and agronomic factors have been conducted [3–5].
The ﬁrst aspects of olive oil that the consumer detects are its color and smell, which are important
attributes in terms of the perception of food products. Chlorophylls and carotenoids are the main
pigments responsible for the color of green olives and these photosynthetic pigments are present
in olive oil [6]. Therefore, olive oil produced from green olives with a low degree of maturation
will take on a green color, while more mature purple olives impart a golden color. The volatile
compounds present in VOO play an important role in the perception of the odor of VOO. The volatile
C6 and C5 aldehydes, alcohols, and esters in VOO are mainly produced via the lipoxygenase (LOX)
pathway; the formation of these compounds begins due to cell disruption during the crushing of
the olives and continues throughout the extraction process [7,8]. More than 180 diﬀerent aromatic
Molecules 2019, 24, 3587; doi:10.3390/molecules24193587
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compounds have been identiﬁed in olive oils [9] but only a small fraction of the large number of volatile
compounds present in olive oil actually contribute to its overall aroma. In addition, these compounds
are responsible for the positive attributes of olive oils and are indicators of a high-quality EVOO [10].
Phenolic compounds play an important role in the intensity of the release of certain aroma compounds
during the consumption of EVOO. These compounds interact with certain volatile compounds; the
resulting complexes probably reduce their volatility during the organoleptic perception of olive oil [11].
During olive oil production, many factors inﬂuence the extraction process and product quality.
The cultivar of olives used is one of the most important factors and signiﬁcantly inﬂuences the volatile
compound composition. Growing the same olive cultivar in diﬀerent locations results in oils with
diﬀerent volatile proﬁles [9]. In addition to the cultivar, the irrigation management, stage of maturity,
and conditions used in the extraction process are other principal factors. The malaxation time and
temperature are among the main technological variables during the extraction process. Modifying
the EVOO extraction conditions can change the oil composition [12]. Agronomic practices are also a
relevant factor. Traditionally, olive trees have been grown under rainfed conditions. However, new
crops are adapted to irrigation techniques, increasing the total production of VOO [13].
The objective of this work was to determine the optimum extraction conditions in terms of
maximizing the content of volatile compounds and pigments in the oil using a response surface
methodological approach. The obtained mathematical models allow mathematical optimization,
producing virgin olive oil that is desirable to consumers. Mathematical models were developed for
agronomic factors, namely, the use of irrigation or rain-feeding and the ripening time of the olives, for
the Arbequina, Koroneiki, and Arbosana cultivars.
2. Results and Discussion
Table 1 shows the results of the characterization of the samples. The samples had maturity index
(MI) values ranging from 0 to 3. As expected, the oil content increased with an increasing MI of the
olive samples. Samples from rainfed crops produced a higher percentage of olive oil than irrigated
ones, probably due to the higher proportion of moisture present in the irrigated samples. On the other
hand, irregular rainfall that occurred during the olive crop harvest due to climate change was probably
the reason that the moisture and solids content did not follow a linear trend.
Considering the number of olive samples in Table 1 and the runs of each sample, a total of 289
oils were obtained and 12 responses, including volatile compounds and photosynthetic pigments,
were analyzed for each oil. The tables and ﬁgures presented in this paper are only an example of the
results obtained.
As an example, the experimental values corresponding to a sample of the Arbequina cultivar
(irrigated and MI = 1.11) obtained from the twelve responses studied for each olive sample are shown
in Table 2. Seventeen similar tables were produced in this work. These results were processed using
the Design-Expert software and mathematical models were obtained. These mathematical models can
help to predict the optimal values of the technological factors to maximize each response within the
range of factors studied. Table 3 shows the proposed models in terms of the actual factors with the
statistical parameters and optimal values of the technological factors to obtain maximum response
values for a sample of the Arbequina cultivar (irrigated, MI = 1.11). Seventeen tables similar to Table 3
were produced in this work.
Table 4 shows the maximum values for each of the volatile compound and pigment responses
for all samples. Finally, Table 5 shows the optimal values of the technological factors related to the
extraction for two important responses: the total volatile compound and chlorophyll contents.
2.1. LOX Pathway Volatile Compounds
Among the agronomic factors studied, the stage of maturation had only a small eﬀect on the
total volatile compounds, probably because the maturation stages studied were very similar (Table 4).
However, the diﬀerences between the oils obtained from irrigated and rainfed olives were signiﬁcant,
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as were those among the oils derived from diﬀerent cultivars. Similar diﬀerences were reported by
Gómez-Rico et al. [14] in a study involving the Arbequina, Cornicabra, Morisca, Picolimon, Picudo,
and Picual cultivars. Olive oils originating from irrigated crops had a higher content of volatile
compounds than those from rainfed crops for a given cultivar. Comparing the three cultivars, the
irrigated Arbequina (MI = 1.11) sample had the highest content of volatile compounds at 34.94 mg/kg;
the sample with the lowest content was the rainfed Koroneiki sample (MI = 1.68) at 6.77 mg/kg,
which was ﬁve times smaller. According to the results obtained by García et al. [15], the oils from
irrigated orchards had higher contents of (E)-2-hexenal, the major volatile compound, than oils from
rainfed orchards.
According to Fregapane et al. [16], the volatile compounds most aﬀected by irrigation are
(E)-2-hexenal, (Z)-3-hexenol, and hexanol. The increase in the amount of water supplied to the
olive trees signiﬁcantly increases the contents of these volatile compounds. It is noteworthy that
the (E)-2-hexenal content of the Arbequina cultivar samples was very high (29.39 mg/kg for the
irrigated sample with MI = 1.11), compared with that of the Koroneiki samples (4.37 mg/kg for the
irrigated sample with MI = 0.67); these compounds are very important contributors to the delicate
green perception of EVOO. Our results are similar to those obtained by Cherfaoui et al. [17], which
showed that the contents of volatile compounds and (E)-2-hexenal increased with maturity, reaching
a maximum concentration when the color of the olive fruit skin changed from purple to black. As
the MI increased, the contents of linoleic and linolenic FA decreased, whereas the contents of volatile
compounds from the LOX pathway increased. This could be attributed to the consumption of these
two FA, which are used as substrates for the LOX enzyme present in the olive pulp [18].
Table 1. Compositional characteristics and maturity index of the processed olives *.
Variety

Irrigation

Maturity Index (MI)

Moisture (%)

Oil (%)

Rainfed

0.20
1.31
2.56

53.72 ± 1.13
55.88 ± 0.38 b
54.96 ± 0.78 b

15.89 ± 0.49
17.78 ± 0.10 b
20.05 ± 0.59 c

30.39 ± 0.68 a
26.34 ± 0.39 b
24.99 ± 0.81 c

Irrigated

0.16
1.11
2.52

60.93 ± 0.70 c
61.78 ± 0.43 c,d
61.96 ± 0.28 d,e

12.36 ± 0.25 d
15.13 ± 0.19 e
16.19 ± 0.28 a

26.71 ± 0.63 b,d
23.08 ± 0.47 e
21.85 ± 0.23 f

Rainfed

0.16
1.68
2.05

53.11 ± 0.85 a,f
53.45 ± 0.56 a,f
52.60 ± 0.59 f

16.06 ± 0.18 a
21.73 ± 0.15 f
20.41 ± 0.19 c

30.82 ± 0.81 a
24.82 ± 0.59 c
26.99 ± 0.62 b,d

Irrigated

0.07
0.67
2.30

59.91 ± 0.78 g
59.03 ± 0.40 g
53.29 ± 0.56 a,f

11.65 ± 0.29 g
16.25 ± 0.17 a
19.38 ± 0.34 h

28.44 ± 0.83 g
24.71 ± 0.53 c
27.33 ± 0.87 d

Rainfed

0.15
0.95
2.11

55.38 ± 0.87 b
59.89 ± 0.64 g
54.99 ± 0.41 b

17.23 ± 0.38 i
15.92 ± 0.38 a
21.64 ± 0.17 f

27.39 ± 0.65 d
24.19 ± 0.54 c,h
23.38 ± 0.54 e,h

Irrigated

0.07
0.58

63.19 ± 0.32 h
62.8 ± 0.54 e,h

12.67 ± 0.10 d
14.53 ± 0.3 j

24.14 ± 0.38 c,h
22.67 ± 0.58 e,f

0.94

0.42

0.88

Arbequina

Koroneiki

Arbosana

a

Fisher’s LSD

Solids (%)
a

* Means of ﬁve replicates ± SD. The letters represent diﬀerent groups. There were no statistically signiﬁcant
diﬀerences among those groups that share the same letter. The method used to discriminate between the means was
Fisher’s least signiﬁcant diﬀerence (LSD).
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(E)-2-Hexenal

23.27
28.48
23.89
19.82
15.81
26.49
29.16
14.58
19.36
21.14
25.23
24.77
24.88
26.23
23.86
24.13
23.35

Run

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

1.24
2.10
1.82
1.75
0.97
1.84
2.05
0.94
0.80
0.83
0.96
0.96
1.28
1.93
0.91
1.27
1.14

Hexanal

0.73
0.77
0.58
1.10
1.09
0.74
1.19
0.77
0.55
0.78
1.09
0.52
0.71
0.65
0.72
0.71
0.66

(Z)-3-Hexenol
0.34
0.49
0.41
0.78
0.51
0.61
0.30
0.62
0.33
0.46
0.49
0.46
0.43
0.56
0.35
0.32
0.43

Hexanol
0.34
0.32
0.38
0.63
0.67
0.21
0.40
0.53
0.37
0.36
0.41
0.21
0.34
0.21
0.35
0.37
0.36

(E)-2-Hexenol
0.52
0.56
0.64
0.58
0.53
0.53
0.54
0.53
0.52
0.55
0.51
0.56
0.53
0.61
0.52
0.55
0.54

(Z)-2-Pentenol
0.35
0.43
0.45
0.37
0.33
0.38
0.38
0.33
0.35
0.39
0.33
0.40
0.36
0.49
0.35
0.37
0.35

1-Penten-3-ol

Lipoxygenase (LOX) Pathway Volatile Compounds (mg/kg)

0.55
0.62
0.62
0.52
0.47
0.69
0.64
0.45
0.50
0.57
0.58
0.66
0.55
0.73
0.54
0.58
0.56

1-Penten-3-ona
0.52
0.43
0.60
0.47
0.33
0.44
0.29
0.47
0.32
0.48
0.31
0.46
0.50
0.57
0.50
0.45
0.51

(Z)-3-Hexenyl
acetate

Table 2. Experimental results for the irrigated Arbequina cultivar (MI = 1.11).

27.87
34.19
29.39
26.03
20.70
31.93
34.96
19.22
23.10
25.55
29.92
29.01
29.58
31.98
28.11
28.76
27.90

TOTAL
5.07
4.60
5.88
5.02
7.22
2.83
3.36
4.02
8.28
5.39
3.76
5.50
4.20
4.18
4.94
5.90
6.36

4.38
4.61
4.80
4.09
4.58
3.36
3.55
5.01
5.53
4.45
3.44
4.86
4.00
4.26
4.08
4.59
4.86

Carotenoids

Pigments (mg/kg)
Chlorophylls
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+1.825 − 0.5600 D + 0.1709 T + 0.02394 t
+4.960 − 0.4732 D + 0.04738 T + 0.01001 t

−8.407 + 6.601 D + 0.8259 T + 0.3760 T − 0.1622
D T − 0.03773 D t − 7.124E−03 T t
+2.48071 -0.054697 T +8.33412E-003 t
+3.080 − 0.9373 D −0.03426 T + 0.1099 D2 +
5.392E−04 T2
+3.843 − 0.4551 D − 0.07405 T − 0.04065 t +
0.01079 D T + 2.845E−03 D t + 2.366E−04 T t +
1.589E−04 T2
+1.5301 − 0.5926 D − 8.738E−03 T + 1.022E−03 t
+ 2.729E−03 D T + 5.891E−05 T t + 0.0571 D2
+0.5495
+1.978 − 0.4505 D − 0.01744 T + 8.377E−04 t +
2.275E−03 D T + 0.03150 D2
+1.125 − 0.03819 D − 8.740E−03 T − 1.235E−03 t
+0.45091
+1.171 + 5.934 D + 0.6129 T + 0.3793 t − 0.1344
D T − 0.03562 D t − 7.165E−03 T t

Model *

0.895
–
0.978

<0.0001
<0.0001
0.803
0.792

0.988

<0.0001

0.0002
0.0001

–

0.987

-

<0.0001

0.982

<0.0001
0.813

0.841

0.0101

0.967

<0.0001

R2

<0.0001

p-Value

0.70
0.29

0.81

0.03
0.09

0.01

0.03

0.02

0.07

0.03

0.20

0.91

Std. Dev.

8.30
5.54

34.94

0.73
0.45

0.52

0.55

0.71

0.81

1.16

2.11

29.38

Maximum
Value (mg/kg)

4.50
4.50

6.50

4.61
In range

4.50

In range

6.49

6.41

6.50

In range

6.46

Diameter
(mm)

40.00
39.91

20.00

20.34
In range

20.00

In range

37.62

37.65

20.00

20.26

20.01

Temperature
(◦ C)

90.00
81.92

90.00

31.62
In range

90.00

In range

86.61

89.94

In range

88.51

41.34

Time (min)

* According to coeﬃcients of model (Equation (1)), only signiﬁcant values are included (p-value < 0.005); D is the grid hole diameter of the crusher (mm), T is the malaxation temperature
(◦ C), and t is the malaxation time (min); R2 is the determination coeﬃcient, Std. Dev. is standard deviation.

Pigments
Chlorophylls (mg/kg)
Carotenoids (mg/kg)

TOTAL (mg/kg)

1-Penten-3-one (mg/kg)
(Z)-3-Hexenyl acetate (mg/kg)

1-Penten-3-ol (mg/kg)

(Z)-2-Pentenol (mg/kg)

(E)-2-Hexenol (mg/kg)

Hexanol (mg/kg)

(Z)-3-Hexenol (mg/kg)

Hexanal (mg/kg)

(E)-2-Hexenal (mg/kg)

LOX pathway volatile compounds

Response

Table 3. Proposed models in terms of actual factors with statistical parameters (analysis of variance (ANOVA) for the ﬁt of experimental data was used) and optimal
values of the technological factors for the response maximum values. Irrigated Arbequina cultivar sample (MI = 1.11).
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Arbosana

Koroneiki

Arbequina

Cultivar

Hexanal

4.24 ± 0.58
1.56 ± 0.10
1.53 ± 0.08

6.87 ± 0.10
2.10 ± 0.20
2.05 ± 0.05

2.55 ± 0.40
0.47 ± 0.04
0.54 ± 0.01

3.96 ± 0.61
0.62 ± 0.17
0.79 ± 0.04

0.99 ± 0.09
0.56 ± 0.08
0.92 ± 0.04

2.19 ± 0.06
0.80 ± 0.25

(E)-2-Hexenal

9.66 ± 0.85
13.93 ± 0.47
13.23 ± 0.36

18.53 ± 1.09
29.39 ± 0.91
26.52 ± 0.76

2.85 ± 0.09
1.84 ± 0.09
2.17 ± 0.11

4.22 ± 0.46
4.37 ± 0.24
5.44 ± 0.24

11.77 ± 0.29
10.29 ± 0.34
11.21 ± 0.29

17.45 ± 0.62
16.86 ± 0.54

MaturityIndex
(MI)

0.20
1.31
2.56

0.16
1.11
2.52

0.16
1.68
2.05

0.07
0.67
2.30

0.15
0.95
2.11

0.07
0.58

Irrigation

Rainfed

Irrigated

Rainfed

Irrigated

Rainfed

Irrigated

1.14 ± 0.05
1.17 ± 0.05

0.68 ± 0.02
0.63 ± 0.02
0.69 ± 0.08

1.01 ± 0.07
1.17 ± 0.03
0.83 ± 0.04

0.89 ± 0.03
0.57 ± 0.03
0.67 ± 0.03

1.48 ± 0.08
1.16 ± 0.03
0.87 ± 0.02

0.87 ± 0.04
0.87 ± 0.03
0.65 ± 0.05

(Z)-3-Hexenol

0.62 ± 0.01
0.62 ± 0.02

0.33 ± 0.11
0.53 ± 0.02
0.48 ± 0.12

0.82 ± 0.03
0.79 ± 0.03
0.68 ± 0.01

0.63 ± 0.02
0.57 ± 0.03
0.48 ± 0.07

0.59 ± 0.04
0.67 ± 0.02
0.67 ± 0.03

1.18 ± 0.06
0.63 ± 0.04
0.64 ± 0.01

(E)-2-Hexenol

0.57 ± 0.03
0.57 ± 0.01

0.63 ± 0.01
0.55 ± 0.01
0.56 ± 0.06

0.53 ± 0.10
0.62 ± 0.04
0.74 ± 0.05

0.78 ± 0.04
0.85 ± 0.02
0.93 ± 0.02

0.62 ± 0.08
0.55 ± 0.03
0.51 ± 0.01

0.79 ± 0.05
0.64 ± 0.01
0.52 ± 0.03

(Z)-2-Pentenol

0.48 ± 0.02
0.43 ± 0.03

0.53 ± 0.02
0.49 ± 0.03
0.41 ± 0.03

0.47 ± 0.17
0.66 ± 0.03
0.72 ± 0.04

0.64 ± 0.05
0.59 ± 0.08
0.90 ± 0.01

0.52 ± 0.11
0.52 ± 0.01
0.39 ± 0.01

0.76 ± 0.04
0.54 ± 0.02
0.47 ± 0.03

1-Penten-3-ol

LOX Pathway Volatile Compounds (mg/kg)

* Value ± Standard deviation of the model.

0.50 ± 0.14
0.44 ± 0.12

0.47 ± 0.05
0.47 ± 0.10
0.44 ± 0.09

0.47 ± 0.02
0.43 ± 0.07
0.46 ± 0.08

0.27 ± 0.06
0.79 ± 0.05
0.54 ± 0.18

0.31 ± 0.07
0.80 ± 0.07
0.36 ± 0.03

0.33 ± 0.04
0.52 ± 0.16
0.49 ± 0.14

Hexanol

0.64 ± 0.02
0.65 ± 0.02

0.72 ± 0.02
0.76 ± 0.05
0.87 ± 0.05

0.40 ± 0.07
0.70 ± 0.03
0.90 ± 0.04

0.64 ± 0.04
0.90 ± 0.05
0.97 ± 0.03

0.53 ± 0.07
0.74 ± 0.03
0.58 ± 0.02

0.71 ± 0.04
0.71 ± 0.03
0.70 ± 0.03

1-Penten-3-one

Table 4. Maximum value for volatile compounds and pigments response *.

0.48 ± 0.08
0.49 ± 0.06

1.00 ± 0.07
0.41 ± 0.07
1.84 ± 0.24

0.61 ± 0.13
0.49 ± 0.04
0.91 ± 0.11

1.15 ± 0.08
0.59 ± 0.01
0.68 ± 0.02

0.53 ± 0.08
0.45 ± 0.09
0.74 ± 0.09

0.73 ± 0.09
0.51 ± 0.06
0.48 ± 0.07

(Z)-3-Hexenyl
acetate

22.62 ± 0.72
22.73 ± 0.43

16.40 ± 0.33
14.49 ± 0.60
17.11 ± 0.31

10.66 ± 1.35
9.71 ± 0.40
10.24 ± 0.64

10.03 ± 0.52
6.77 ± 0.16
7.53 ± 0.32

27.83 ± 0.98
34.94 ± 0.81
31.80 ± 1.20

17.29 ± 1.66
18.48 ± 0.58
17.90 ± 0.68

TOTAL

12.45 ± 0.85
11.04 ± 0.81

12.08 ± 0.82
10.97 ± 0.83
10.43 ± 0.55

42.83 ± 3.59
46.15 ± 1.58
54.38 ± 1.94

60.13 ± 4.06
50.06 ± 0.91
49.20 ± 1.61

18.42 ± 0.63
8.30 ± 0.70
18.27 ± 0.63

32.24 ± 2.06
11.23 ± 0.54
13.65 ± 1.15

7.10 ± 0.35
6.63 ± 0.28

6.96 ± 0.29
6.65 ± 0.34
6.60 ± 0.32

18.03 ± 1.11
14.38 ± 1.03
18.15 ± 0.61

23.50 ± 1.34
15.95 ± 0.76
18.27 ± 1.62

9.14 ± 0.38
5.56 ± 0.29
9.06 ± 0.39

13.61 ± 0.66
6.91 ± 0.29
5.52 ± 0.30

Carote noids

Pigments (mg/kg)
Chlorophylls
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Arbosana

Koroneiki

Arbequina

Cultivar
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In range
In range
In range
In range
4.50

10.66 ± 1.35
9.71 ± 0.40
10.24 ± 0.64
16.40 ± 0.33
14.49 ± 0.60

0.16
1.68
2.05

0.07
0.67
2.30

0.15
0.95

Rainfed

Irrigated

Irrigated

26.41
20.00
20.00

22.36
20.00

20.00
20.00
21.53

20.00
20.00
20.00

20.00
20.00
20.00

20.00
25.91
25.24

Temperature
(◦ C)

90.00
90.00
90.00

49.77
55.97

In range
30.00
In range

90.00
90.00
In range

90.00
90.00
90.00

In range
50.47
90.00

Time (min)

* Value ± Standard Deviation of the model.

4.50
4.50
4.50

6.50
6.50
6.50

10.03 ± 0.52
6.77 ± 0.16
7.53 ± 0.32

0.16
1.11
2.52

Irrigated

17.11 ± 0.31
22.62 ± 0.72
22.73 ± 0.43

In range
6.50
In range

27.83 ± 0.98
34.94 ± 0.81
31.80 ± 1.20

0.20
1.31
2.56

Rainfed

2.11
0.07
0.58

In range
In range
4.50

17.29 ± 1.66
18.48 ± 0.58
17.90 ± 0.68

Maturity
Index (MI)

Irrigation

Rainfed

Diameter
(mm)

Maximum
Value *
(mg/kg)

Total LOX Pathway Volatile Compounds

10.43 ± 0.55
12.45 ± 0.85
11.04 ± 0.81

12.08 ± 0.82
10.97 ± 0.83

42.83 ± 3.59
46.15 ± 1.58
54.38 ± 1.94

60.13 ± 4.06
50.06 ± 0.91
49.20 ± 1.61

18.42 ± 0.63
8.30 ± 0.70
18.27 ± 0.63

32.24 ± 2.06
11.23 ± 0.54
13.65 ± 1.15

Maximum
Value *
(mg/kg)

Table 5. Optimal values for volatile compound and chlorophylls response.

4.50
4.50
4.50

4.50
4.50

4.50
In range
4.50

4.50
4.50
4.50

4.50
4.50
4.50

4.50
4.50
4.50

Diameter
(mm)

40.00
40.00
40.00

40.00
40.00

40.00
40.00
40.00

40.00
40.00
40.00

40.00
40.00
40.00

40.00
40.00
40.00

Temperature
(◦ C)

Chlorophylls

90.00
90.00
90.00

90.00
89.99

90.00
90.00
90.00

90.00
90.00
88.56

90.00
90.00
90.00

90.00
90.00
90.00

Time (min)

Molecules 2019, 24, 3587

Molecules 2019, 24, 3587

In terms of the technological factors, the malaxation temperature had the greatest inﬂuence on
the total content of LOX pathway volatile compounds; as the temperature increased, the volatile
compound contents decreased. Thus, low temperatures are required to obtain the highest content of
volatile compounds (Figures 1–3). This enzymatic pool is sensitive to its environmental conditions; the
temperature, in particular, can aﬀect the level and the activity of the enzymes involved in the LOX
pathway [19]. According to the mathematical models obtained, 20 ◦ C (the lower limit of the range
studied) was the optimum working temperature for most of the samples (Table 5). However, Ridolﬁ
et al. [20] studied the kinetic constants of the olive LOX enzyme and reported that the maximum
LOX activity was recorded at 30 ◦ C. Also, in agreement with the results of Angerosa et al. [21] and
Kalua et al. [9], we observed that increased malaxing temperature increased the content of hexanol and
(E)-2-hexenol (Table 3), which is considered to impart a highly unpleasant odor.

(a)

(b)

Figure 1. (a) Response surface and (b) perturbation graphic of the eﬀects of temperature and time on
the total LOX volatile content for the Arbequina cultivar (irrigated, MI = 1.11), for a diameter of 5.5 mm.

(a)

(b)

Figure 2. (a) Response surface and (b) perturbation graphic of the eﬀects of temperature and time
on the total LOX volatile content for the Koroneiki cultivar (rainfed, MI = 2.05); time does not have
an inﬂuence.
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(a)

(b)

Figure 3. (a) Response surface and (b) perturbation graphic of the eﬀects of temperature and time on
the total LOX volatile content for the Arbosana cultivar (irrigated, MI = 0.07), for a diameter of 5.5 mm.

Diﬀerent authors have reported widely diﬀerent conclusions regarding the eﬀect of malaxing time
on the volatile compound content, with some saying that the malaxing time should be short, while
others recommend increasing malaxing time. The malaxing time inﬂuences the activity of the enzymes
and the vaporized compounds in the ambient atmosphere [22]. The recommendations for malaxing
time diﬀer because the interactions with malaxing temperature have not been suﬃciently studied. At
low temperatures, the content of volatile compounds increases with increasing time, while at high
temperatures it decreases, as shown in Figures 1 and 3. Thus, to obtain the highest content of volatile
compounds at low temperatures, a long malaxing time of 90 min was required (upper limit of the
range studied), as shown for most of the samples in Table 5. However, the malaxing time was not a
signiﬁcant factor in four mathematical models.
Just as the malaxing time had little inﬂuence on the mathematical models, as seen in the
perturbation graphs of Figures 1–3, the diameter of the crusher holes did not appear in eight of the
models. In the models in which it did appear, the maximum volatile compound content was obtained
using the upper limit size, 6.5 mm, in some cases and the smallest size, 4.5 mm, in others. This would
seem to indicate that the diameter did not have a signiﬁcant inﬂuence on the volatile content of the
olive oils.
According to Cevik et al. [10] to obtain the maximum quantity of (E)-2-hexenal, a lower temperature
and long malaxation time should be used. We do not agree with the results obtained by Lukić
et al. [5], which indicated that (E)-2-hexenal and 1-penten-3-one content increased with higher
malaxation temperatures.
2.2. Photosynthetic Pigments
Table 4 shows the maximum values of the chlorophyll and carotenoid content predicted by the
models. In addition to being responsible for the color of olive oil, these natural pigments also play
an important role in the oxidative stability of the oil [23]. The sample with the highest content of
chlorophylls was the Koroneiki rainfed sample and that with the lowest content was the Arbequina
irrigated sample. The sample with the highest content of carotenoids was the Koroneiki rainfed sample,
while the Arbequina sample had the lowest carotenoid content. García et al. [15] reported that EVOO
produced from rainfed crops exhibited a higher level of photosynthetic pigments than EVOO from
irrigated crops. Samples with lower MIs had a higher content of these photosynthetic compounds.
During the ripening process, the chlorophyll and carotenoid contents decreased, which was similar
to the results observed by Benito et al. [24]. To obtain olive oils with a green color, i.e., with a high
chlorophyll content, green or less mature olives should be used in the extraction. In addition, the
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rainfed samples contained more chlorophylls than the irrigated ones. These results also coincided with
those obtained by Benito et al. [24,25].
The decrease in the chlorophyll and carotenoid content during the ripening process is due to the
involvement of an enzymatic system in the degradation of chlorophylls during the maturation of olive
fruits, as described by Vergara-Domínguez et al. [26]. The ripeness stage of the olives at harvesting
was correlated to the amount of pigments in the resulting EVOOs. Interestingly, a decrease in the ratio
of chlorophyll derivatives to carotenoids in the olive oils was observed with increasing maturity of the
olives at harvesting [25].
In terms of the technological factors, in general, the adjustment of the mathematical models
for both photosynthetic pigments was good and the three factors studied had a great inﬂuence on
the contents of chlorophylls and carotenoids, as can be seen in the perturbation graph in Figure 4.
Essentially, to obtain a high content of photosynthetic compounds, a malaxation temperature of 40 ◦ C,
a malaxation time of 90 min, and a hammer-crusher grid hole diameter of 4.5 mm should be used. The
same conditions were obtained for the Arbequina, Koroneiki, and Arbosana cultivars. The temperature
and malaxation time had a great inﬂuence; when both were increased, the chlorophyll content of the
resulting oil increased. On the contrary, the diameter had less inﬂuence, with increasing diameter
decreasing pigment content.

(a)

(b)

Figure 4. (a) Response surface and (b) perturbation graphic of the eﬀects of temperature and time on
the chlorophyll content for the Koroneiki cultivar (rainfed, MI = 0.16), for a diameter of 5.5 mm.

Our models are diﬀerent from those obtained by Brahim et al. [27] using the same methodology
(RSM); their model did not indicate an inﬂuence of the temperature on the chlorophyll content, probably
due to the fact that they used a diﬀerent cultivar, Chemlali, at a diﬀerent maturity index, 4.7.
3. Materials and Methods
3.1. Raw Material
Olive fruits (Olea europaea L.) were picked by hand from super-intensive crops located in El Carpio
(Córdoba, Spain) between October and December 2015. In total, 17 samples of olives were collected.
Each sample was composed of approximately 10 kg of olives. The olives were harvested at diﬀerent
ripening degrees from olive trees of the Arbequina, Koroneiki, and Arbosana cultivars that had been
either irrigated or rainfed. The maturity index (MI) or ripening degree was determined according to
the method of Uceda and Frías, as described in Espínola et al. [28]. The olives were harvested with
maturity indices between 0 and 3 to prevent the fruits from falling onto the ground. The oil content
was analyzed by the Soxhlet method and the moisture content was determined by drying at 105 ◦ C.
All measurements were carried out quadruplicate; the results are presented in Table 1.
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3.2. Olive Oil Extraction
Olive oils were obtained using an Abencor centrifugal system (Abencor analyser, MC2 Ingeniería
y Sistemas S.L., Seville, Spain) under laboratory-scale conditions, as previously described by
Espínola et al. [29]. The obtained olive oils were decanted in a graduated tube for at least three
hours, ﬁltered using paper, and stored in amber glass bottles at −18 ◦ C under a nitrogen atmosphere
until their analyses.
3.3. Analysis of Photosynthetic Pigments: Chlorophylls and Carotenoids
The composition of the pigments was determined following the procedure proposed by
Minguez-Mosquera et al. [30]. The absorbance was measured using a Shimadzu UV-1800
spectrophotometer (Shimadzu Corp., Kyoto, Japan); a wavelength of 470 nm was used for the
carotenoid pigments and 670 nm for the chlorophyllic pigments. Cyclohexane was used as the solvent.
Equation (1) has been used to obtain the pigments concentration.
Cp =

Aλ ·Vf
×10000
ε· ma

(1)

where Cp is the concentration of the pigment (mg of pigment / kg of oil); Aλ , is the absorbance at 670
nm for chlorophyll and 470 nm for carotenoids; ε is the speciﬁc absorbance, for chlorophyll is 613 and
for carotenoids is 2000; ma is the weight of the sample (g) and Vf is the volume of the solution. The
pigment concentration of the samples is expressed as mg of pigment per kg of oil.
3.4. Analysis of Volatile Compounds
The procedure for the determination of the volatile compounds was similar to that used by
Vidal et al. [31]. The volatile compounds were analyzed by headspace solid-phase microextraction
(HS-SPME) and gas chromatography-ﬂame ionization detection (GC-FID). Two grams of the sample was
placed in a 20 mL amber glass vial tightly capped with a polytetraﬂuoroethylene (PTFE)/silicone septum
and a magnetic cap. The vial was heated to 40 ◦ C for 10 min to allow the volatile compounds to reach
equilibrium in the headspace. Subsequently, the SPME needle was inserted through the septum and the
ﬁber was exposed for 40 min. The SPME ﬁber (2 cm length and 50/30 μm ﬁlm thickness) was purchased
from Supelco (Bellefonte, PA, USA) and was composed of Carboxen/DVB/polydimethylsiloxane
(PDMS). The ﬁber had been previously conditioned following the instructions of the manufacturer.
GC-FID analysis was performed using a gas chromatograph (model 7890B, Agilent Technologies,
CA, USA) equipped with a split/splitless injector and a ﬂame ionization detector. The volatile
compounds adsorbed on the ﬁber were desorbed in the injector port for 1 min in splitless mode. A
DB-WAXetr polyethylene glycol capillary column (30 m length, 0.25 mm internal diameter, 0.25 μm
coating) (Agilent Technologies, USA) was used for the chromatographic separation. The carrier gas
was helium at a ﬂow rate of 1 mL/min. The injector temperature was 260 ◦ C and that of the detector
was 280 ◦ C. The oven temperature was initially set to 40 ◦ C and was held at this temperature for 10 min.
Subsequently, the temperature was increased to 160 ◦ C with a temperature ramp of 3 ◦ C/min, followed
by a ramp of 15 ◦ C/min to 200 ◦ C; the sample was then held at 200 ◦ C for 5 min.
The chromatographic peaks were quantiﬁed using the internal standard method. 4-Methyl-2pentanol was used as the internal standard, and all the compounds were used as external standards.
The internal standard solution was prepared in previously deodorized oil. Then, the standard was
added to each oil sample and stirred so that the mixture is homogeneous. The results are expressed as
mg of standard compound per kg of oil.
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3.5. Experimental Design and Statistical Analysis
The statistical design of experiments (SDE) and response surface methodology (RSM) statistical
tools were used for planning the methodology and data analysis. The optimal experimental strategy
was used to obtain the most information with the minimum cost. RSM facilitates the evaluation of
results and generates reliable conclusions [32]. Diﬀerent experimental designs can be used with RSM;
in this case, a Box−Behnken design was used for the optimization of three factors: the diameter of
the grid holes of the hammer-crusher, the malaxation temperature, and the malaxation time, with 17
runs including ﬁve central points. The extraction conditions were a crusher hole diameter of 4.5, 5.5,
or 6.5 mm; a malaxation temperature of 20, 30, or 40 ◦ C; and a malaxation time of 30, 60, or 90 min.
Table 6 shows the values of the factors.
Table 6. Actual factors of the experimental design (coded factors).
Run

Diameter (mm)

Temperature (◦ C)

Time (min)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

5.5 (0)
5.5 (0)
4.5 (-1)
6.5 (+1)
6.5 (+1)
5.5 (0)
6.5 (+1)
5.5 (0)
4.5 (−1)
5.5 (0)
6.5 (+1)
4.5 (−1)
5.5 (0)
4.5 (−1)
5.5 (0)
5.5 (0)
5.5 (0)

30 (0)
20 (−1)
30 (0)
30 (0)
40 (+1)
20 (−1)
20 (−1)
40 (+1)
40 (+1)
40 (+1)
30 (0)
30 (0)
30 (0)
20 (−1)
30 (0)
30 (0)
30 (0)

60 (0)
90 (+1)
90 (+1)
90 (+1)
60 (0)
30 (−1)
60 (0)
90 (+1)
60 (0)
30 (−1)
30 (−1)
30 (−1)
60 (0)
60 (0)
60 (0)
60 (0)
60 (0)

The response variables studied were: 9 individual volatile compounds, the sum of the compounds
(TOTAL), and 2 pigments (chlorophylls and carotenoids).
The experimental results were analyzed using the software Design-Expert v. 8.0.7.1 (Stat-Ease,
Inc., Minneapolis, MN, USA). The coeﬃcient of determination (R2 ), the lack of ﬁt, and the Fisher
value (F-value) were obtained from the analysis of variance (ANOVA) and were used to determine the
adequacy of the proposed model. Equation (2), a quadratic model, was used for each response studied.
Y = β0 + β1 D + β2 T + β3 t + β12 D T + β13 D t + β23 T t + β11 D2 + β22 T2 + β33 t2 ± SD

(2)

where D is the grid hole diameter of the crusher (mm), T is the malaxation temperature (◦ C), and t is
the malaxation time (min). Y is the predicted response and was correlated with the set of coeﬃcients
(β): the intercept (β0 ), linear (β1 , β2 , β3 ), interaction (β12 , β13 , β23 ), and quadratic (β11 , β22 , β33 ). The
p-value was established as 5% (p-value ≤ 0.05). SD is the standard deviation.
4. Conclusions
The results of this study suggest that the samples harvested from irrigated crops had the highest
total content of LOX pathway volatile compounds. Comparing the three cultivars analyzed, the
Arbequina cultivar had the highest content of these compounds. Samples harvested from rainfed
crops had a higher content of photosynthetic pigments than irrigated samples. The Koroneiki cultivar
had the highest content of chlorophylls and carotenoids. Therefore, it is not possible to optimize the
irrigation management strategy to obtain an olive oil that is both rich in volatile compounds and high
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in photosynthetic pigments. Olive samples with a lower ripening degree had the highest content
of these photosynthetic compounds, as well as of the total LOX pathway volatile compounds. The
maturation stage had only a small inﬂuence, probably because the maturation stages studied were
very similar.
In relation to the optimal conditions of each cultivar, it has been determined that they are practically
the same for the three cultivars. So for maximum volatile compound content, we should work with
irrigated olives at the lowest malaxation temperature, 20 ◦ C, malaxation time, 90 min, and a small grid
hole diameter, 4.5 mm, for a higher chlorophyll content, the same conditions except the temperature
that must be the highest malaxation temperature, 40 ◦ C.
The malaxation temperature was the factor that had the greatest inﬂuence on the total LOX
pathway volatile compounds. Lower malaxation temperature resulted in a higher quantity of volatile
compounds. On the other hand, the chlorophyll content increased with increasing temperature and
malaxation time. Therefore, it is not possible to optimize the malaxing temperature to obtain an olive
oil that is both rich in volatile compounds and high in photosynthetic pigments.
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Abstract: The aromatic proﬁle of apples constitutes important information for the characterization and
description of local products. Apple ﬂavor is determined by perception in mouth and aroma; while the
ﬁrst is mainly deﬁned by sugars and organic acids, aroma is a complex mixture of many volatile
organic compounds (VOCs) whose composition is often speciﬁc to the variety. Headspace-solid phase
microextraction gas chromatography coupled with mass spectrometry (HS-SPME-GC-MS) allows for
the detection of detailed information of volatile constituents. In this study, eleven apple varieties
(Braeburn, Fuji, Gala, Golden Delicious, Coop 39-Crimson Crisp® , Dalinette-Choupette® , Fujion,
CIV323-Isaaq® , Coop43-Juliet® , SQ159-Natyra® , UEB32642-Opal® ) grown in two pedoclimatic
locations at diﬀerent altitudes in South Tyrol (Italy) (ca. 225 m and ca. 650 m a.s.l.) were investigated.
Thirty-eight VOCs were identiﬁed and combined with sensory analysis results (from 11 trained
panelist) to characterize the aroma of new and standard apple varieties with a special focus on
pedoclimatic location diﬀerences. The study shows strong diversiﬁcation of the varieties based on
their VOC proﬁles and sensory attributes, as expected. Moreover, investigating how the pedoclimatic
location at diﬀerent altitudes can inﬂuence the apple aroma proﬁle, we identiﬁed twelve VOCs involved
in these diﬀerences and provided a deeper investigation on how diﬀerent altitudes can inﬂuence the
apple aroma composition and perceptions combining the analytical and sensory parameters.
Keywords: Malus domestica; ﬂavor; sensory analysis; HS-SPME-GC-MS

1. Introduction
South Tyrol is Italy’s northernmost province, located in the heart of the Alps in a very central
position in Europe, and bordering Austria, Switzerland, and the Italian provinces of Sondrio, Trento,
and Belluno. The territory comprises a total area of 7400 km2 . Nevertheless, the region is extremely
mountainous, and only a small portion supports human settlement and farming.
The area used for agricultural purposes in South Tyrol amounts to 2670 km2 , corresponding to
36% of South Tyrol’s total area. The greater part of income in the agricultural sector is earned by fruit
growers [1]. South Tyrol is the largest single apple growing region in Europe; protected in the north
by the Alps and open to the south, the region has the ideal climate for excellent harvests and highest
product quality. The 300 days of sun per year guarantee ripe and succulent fruits of excellent ﬂavor.
Flavor plays a very important role in consumer choice and perception of apple freshness, and a
good relationship between consumer preference and sensory characteristics has been reported [2–4].
Consequently, to improve quality evaluation, sensory attributes assessed by trained panels should
also be considered [5]. Therefore, the apples’ aromatic proﬁle constitutes an important information for
Molecules 2020, 25, 3007; doi:10.3390/molecules25133007
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the characterization and description of local products. Trained sensory judges are able to describe the
perception of product attributes through descriptive sensory analysis; moreover, one notable strength
of descriptive analysis is its ability to allow relationships between descriptive sensory and instrumental
analyses [6]. Flavor is determined by perception in mouth (sweetness, acidity, or bitterness), mainly
deﬁned by sugars and organic acids, and aroma, a complex mixture of many volatile organic compounds
(VOCs) whose composition is speciﬁc to the variety [7,8]. VOCs are low-molecular weight compounds
derived from diﬀerent biosynthetic pathways with fatty acids and amino acids as precursors [7].
In addition, the contribution of each volatile compound is dependent on its particular odor threshold
and the presence of other compounds [9].
It is well known that the apple aroma proﬁle changes during fruit maturation with a general
aldehyde dominance during the ﬁrst stage, moving on to an alcohol compound increase during
maturation, and ﬁnally showing dominance of ester compounds at maturity [10]. Aroma is
inﬂuenced not only by genetic diﬀerences and maturity but also by environmental factors [11–13].
Changing altitude of grow locations has an impact on temperature, humidity, pressure, ultraviolet
radiation, sun exposure, wind, and geology [14]. Due to the complexity of the interactions between
fruit development and environment, little information is available regarding the eﬀects of these factors
on fruit quality. Few works report a deep investigation on fruit quality and fruit aroma at diﬀerent
altitudes; however, this factor can be crucial for selecting orchard location towards improving fruit
quality. Brat et al. showed that bananas at a comparable maturity stage cultivated at a high altitude
may have had diﬀerent sensory characteristics from those cultivated on a plain, particularly for the
Robusta cv. (independent of the maturity stage) grown at a high altitude, which possessed the highest
concentrations of volatile compounds [15]. In grape, Tomasi et al. reported the eﬀect of vineyard
altitude on monoterpenes and norisoprenoids [16]; consequently, diﬀerences have been reported in
wine with a “bell pepper” aroma exalted in wines from higher altitudes, while wines from lower
altitudes were correlated with “red fruit” aromas [17,18]. In apple, the eﬀect of altitude has been focused
on in studies of physical and chemical parameters [19–21], and only very few works concentrated on
sensory evaluation by using consumers or trained panels, such as Charles et al., who studied sensory
attributes at diﬀerent locations on one single apple variety [22]. Altitudes had a reported inﬂuence
on aroma compounds [13,14,23], but there was a lack of information on its inﬂuence on apple VOCs.
Anyway, it seems that compared with environment, year of production, and storage time, the variety
is a more important source of compositional variations [24]. Several works have been published
investigating the apple cultivar aroma proﬁle [25,26]. Compounds believed to be characteristic of
speciﬁc varieties have been reported; ethyl 2-methyl butanoate, 2-methyl butyl acetate, and hexyl
acetate have been attributed to Fuji apples aroma, and ethyl butanoate and ethyl 2-methyl butanoate
are described as active compounds in the Elstar variety [8]; however, most of them involve one or a
limited number of varieties. Interesting works have been done on apple juices, and ciders considering
that the apple variety is an important factor for the aroma proﬁle of the ﬁnal product [27–29].
Analytical chemistry, and particularly gas-chromatography with head space solid-phase
microextraction (HS-SPME-GC), is a suitable approach for the analysis of VOCs in food matrices,
mainly due to its simplicity, reproducibility, selectivity, and sensitivity [30–33].
In the present work we investigated the chemical composition and sensory proﬁle of 11 apple
varieties grown in two diﬀerent altitudes in South Tyrol. The dataset includes standard and new
varieties still poorly investigated. The aim was to highlight the aroma proﬁle results identifying
diﬀerences between the varieties and possible diﬀerences correlated with the pedoclimatic locations.
2. Results and Discussion
2.1. Volatile Organic Compound Identiﬁcation in Samples
The volatile organic compounds (VOCs) of 11 apple varieties grown in two pedoclimatic location
at diﬀerent altitudes (A = 225 m; B = 650 m) were investigated.
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Using a headspace solid phase microextraction gas chromatography mass-spectrometry
(HP-SPME-GC-MS) analysis with identification and integration of the peaks, we identified 38 compounds
expressed as the peak height percentage compared with the total peak heights of identified compounds
in the samples under investigation (Table S1, Supplementary Materials).
The identiﬁcation level for each compound is reported in Table S1 in the Supplementary Materials;
level A refers to the NIST 2017 database match, level B refers to the linear retention index (LRI) match,
and level C refers to a match with the commercial standard.
The main representative class of compounds in our results were esters, with a variation between
72% and 92% of the total peak height percentage. Alcohols varied between 2% and 16% and aldehydes
between 2% and 9% of the total height percentage.
Among the 20 esters reported in our study, the most abundant was hexyl acetate in all samples;
it varied between 24.98% in the “Juliet® -Coop43” site A and 66.12% in the “Gala” site B compared
with the total peak height of identiﬁed VOCs. Hexyl acetate has been mentioned to confer a green,
green apple, fruity, pear, and banana odor characteristic of unripe Antei apples [34,35].
The other two esters mainly represented were butyl acetate and 2-methylbutyl acetate. The ﬁrst
one varied from 3.58% in “Choupette® -Dalinette” site A up to 19.98% in the “CIV323-Isaaq® ” site A.
It is described in the literature as contributing to the ethereal fruity, fruity, and ripe banana notes [35–37];
2-methylbutyl acetate has been described as one of the most important volatile esters contributing to
the characteristic apple, sweet, and banana aroma [36], and it was also reported as the most eﬀective
compound of the sensory attributes for the Royal Gala apples with a red apple perception [25]. It varied
from 2.19% in “Gala” site B up to 33.67% in “Natyra® -SQ 159” site A. Butyl acetate and 2-methylbutyl
acetate appeared to be inversely present in our varieties, suggesting that they can be inversely related
and inﬂuencing a diﬀerent group of apple varieties. Despite both being reported as giving sweet
and banana perception [34], our results indicated that the two compounds could overall contribute
to the typical apple aroma as reported in literature, adding some speciﬁc notes that diversiﬁed the
varieties based on their greater or lesser presence in our samples. These results are understandable
considering that we analyzed complex matrices and knowing that not all detected chemical compounds
can inﬂuence ﬂavor [38]. Moreover, the compound contribution depends on speciﬁc enzyme activity
and substrate availability, odor threshold, and the presence of other compounds [8].
Looking at the other compounds belonging to the group of acids, alcohols, aldehydes, and others,
they represented no more than around 27% of the apple VOC proﬁle. Among them we found hexan-1-ol
as the most abundant with a variation between 1.81% and 15.38% compared with the total height
of identiﬁed VOCs, which was characteristic of the “Juliet® -Coop43” variety site A with 15.38% of
content compared with site B with 7.57% of the same variety.
A very small relative amount of 1-methoxy-4-[(E)-prop-1-enyl]benzene (anethole) was found
in our samples, which can give an aniseed-like typical ﬂavor in food; the same ﬂavor perception
was given by the 1-methoxy-4-prop-2-enylbenzene (estragole) compound present in a higher amount
in our whole dataset (Table S1, Supplementary Materials). It is well known that esters are the
main VOCs in apple; in previous studies, a range of volatiles terpenes was also detected with the
predominance of (3E,6E)-3,7,11-trimethyldodeca-1,3,6,10-tetraene (alpha-farnesene) [39]. In our results,
we found alpha-farnesene inﬂuencing “Fuji”, “Fujion” and “SQ 159” varieties; the biological function
of alpha-farnesene is unclear and probably is not a key odor compound in apple as previously
reported [39,40], even though it has been proposed together with ester compounds as responsible for
cultivar classiﬁcation [36].
2.2. Can the Altitude Inﬂuence the VOC Proﬁle?
Excluding the diﬀerences due to the variety, we investigated the chemical diﬀerences between the
pedoclimatic locations at diﬀerent altitudes using a Wilcoxon signed rank test.
This test was used to order parameters according to their discriminative importance between
A = low, 225 m a.s.l. and B = high, 650 m a.s.l. (Table S2, Supplementary Materials). According to

163

Molecules 2020, 25, 3007

statistical testing we selected the top 12 most discriminative VOCs reporting a p value < 0.05
(Figure 1). These compound results related to the diﬀerent pedoclimatic locations independent of
variety diﬀerences. Samples of the same cultivar have the same dot color connected with lines in
Figure 1 to emphasize the general trend.

Figure 1. Boxplots according to statistical Wilcoxon signed rank test. Values represent the height
percentage and altitude represents the diﬀerent pedoclimatic locations (High = 650 m, Low = 225 m).

Heptyl acetate was the top 12 most signiﬁcant compound reported, taking into account the p value
(p value = 0.001) (Table S2, Supplementary Materials); it was higher in B site samples (650 m) compared
with A site samples (250 m) in all varieties except for “CIV323-Isaaq® ”, in which it seemed stable.
It was reported as giving a green, citrus, waxy, and fatty characteristic [34].
Another compound aﬀected by the geographical location with a p value = 0.0186 was hexyl acetate,
already described as the most abundant esters we found. It was higher in B site (650 m) samples
compared with A site (250 m) samples in almost all varieties except for “Coop 39-Crimson Crisp® ”
(Figure 1); in the literature, this compound is associated with green, fruity, and sweet descriptors [34].
Other compounds that were higher in B site (650 m) samples compared with A site (250 m)
samples included octyl acetate (p value = 0.0029), reportedly giving ﬂoral, herbaceous, and fruity
notes [34], and octan-1-ol (p value = 0.0068), described in the literature as having citrus, ﬂoral, and fatty,
waxy notes [28].
By contrast, 1-hexanol appeared to be decreasing in high altitude sites compared with low altitude
site in almost all varieties studied in this work except for “CIV323-Isaaq® ” and “Choupette® -Dalinette”
(Figure 1). Another compound signiﬁcantly more present in A site samples (225 m) compared to B site
samples (650 m) was acetic acid pentyl ester, which was reported as a compound giving a sensation of
sweet and fruity [11,35].
2.3. Can the Altitude Inﬂuence Sensory Attributes and What are the Relationship between These Attributes
and VOCs?
Results of two-way ANOVA on sensory data indicated signiﬁcant diﬀerences on factor
variety on Overall Odor, Odor-Banana, Odor-Green grass, Odor-Honey, Flavor-Pear, Flavor-Banana,
and Flavor-Lemon (Table 1). Non-signiﬁcant eﬀects of the altitude factor were found on sensory
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attributes. However, signiﬁcant interactions between factor variety and factor altitude were detected
for Odor-Kiwi, Odor-Pear, Odor-Banana, Odor-Vanilla, Flavor-Lemon, Flavor-Kiwi, and Flavor-Green
grass, illustrating signiﬁcant eﬀects for some combinations of altitude and variety. Similarly, Charles et al.
reported honey odor perception as the only sensory attribute to have signiﬁcant diﬀerences at diﬀerent
altitudes on the “Golden Delicious” variety [22].
Table 1. p values from two-way ANOVA on sensory data, considering variety and altitude as factors.
Variety

Altitude

Variety * Altitude

Attribute

F Value

p Value

F Value

p Value

F Value

p Value

Overall Odor
Odor-Apple
Odor-Banana
Odor-Green grass
Odor-Honey
Odor-Kiwi
Odor-Lemon
Odor-Pear
Odor-Pineapple
Odor-Vanilla
Flavor-Apple
Flavor-Banana
Flavor-Green grass
Flavor-Honey
Flavor-Kiwi
Flavor-Lemon
Flavor-Pear
Flavor-Pineapple
Flavor-Vanilla

8.1408
1.1746
1.9456
2.3315
2.1175
1.8719
1.0516
1.5726
1.6284
1.1786
0.4536
3.2078
3.7531
3.7253
1.5298
11.259
2.1496
1.4049
2.4997

1.65 × 10−9
0.3169
0.0475
0.0163
0.0297
0.0579
0.4068
0.1257
0.1093
0.3142
0.9156
0.0013
0.0003
0.0003
0.1398
1.12 × 10−12
0.0271
0.189
0.0101

0.0019
0.0007
0.0142
4.2561
0.3214
0.5908
0.3059
0.3695
0.4685
2.2739
0.0665
1.4151
0.1727
0.6803
0.702
0.3541
0.0523
0.0818
1.4139

0.9657
0.98
0.9074
0.066
0.5833
0.4599
0.5813
0.5568
0.5092
0.1625
0.8018
0.2617
0.6865
0.4287
0.4217
5.65 × 10−1
0.8237
0.7807
0.2619

1.5815
0.9453
2.9763
1.2612
1.1793
1.9911
1.1356
2.4756
1.0795
3.2509
1.388
1.3436
3.1478
0.6625
2.5304
4.9818
1.9076
0.0818
0.5751

0.1214
0.3169
0.0025
0.2627
0.3137
0.042
0.3427
0.0108
0.3851
0.0011
0.1967
0.2181
0.0015
0.7564
0.0093
7.584 × 10−6
0.0526
0.1755
0.8308

Indeed, based on results of the non-parametric paired t-test, diﬀerences in the sensory attributes
proﬁle of the same variety were observed between low and high pedoclimatic locations (A-low 225 m
and B-high 650 m).
Overall odor attribute was signiﬁcantly diﬀerent (p = 0.001) in the “Fuji” variety, showing more
odor in the B site that in the A site.
For speciﬁcs odors attributes, Odor-Kiwi and Odor-Vanilla were signiﬁcant higher (p = 0.034;
p = 0.0215) in A site than in B site in the “UEB32642-Opal® ” variety, while Odor-Banana and Odor-Honey
showed signiﬁcantly higher intensities (p = 0.0091; p = 0.0298) in the B site in the “Fuji” variety. In three
varieties, Odor-Pear showed signiﬁcant diﬀerences depending on the altitude, being higher in A site
for “Gala” (p = 0.0243) and “SQ159-Natyra® ” (p = 0.042) varieties and with higher intensity in high
altitude site B for “Fujion” (p = 0.0108).
The relationships between sensory parameters and VOCs were visualized using PCA (Figure 2
and Table S3 and S4, Supplementary Materials); every arrow corresponded to one parameter in the data
set. the longest arrows in the direction of a particular principal component had the largest impact and
importance for that PC. The same direction of groups of arrows and their lengths indicated correlation
of corresponding parameters in the data set, and the opposite directed arrows indicated a negative
correlation between corresponding parameters.
In addition, Spearman correlations between sensory and VOC parameters were computed. And all
signiﬁcant results were evaluated (Figure 3 and Table S5, Supplementary Materials).
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Figure 2. Principal component analysis reporting VOCs (red) and sensory parameters (blue) together.
Varieties are reported with diﬀerent colors and diﬀerent shapes for low (225 m) and high (650 m)
pedoclimatic locations.

Figure 3. Correlation matrix. Sensory parameters and volatile organic compounds are reported as
results of cross correlation analysis. Red colored squares indicate negative correlations, while blue
colored squares indicate positive correlation. The signiﬁcative correlations with a p value < 0.05 are
reported with asterisks.
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The correlation results are visualized in the correlation matrix ﬁgure (Figure 3) in which VOCs
and sensory parameters are reported. The red color indicates a negative correlation between the two
corresponding parameters of the matrix, while the blue color indicates a positive correlation.
The Overall odor parameter appeared to be positively correlated with butyl hexanoate, (E)-dec3-en-1-ol, (E)-dec-5-en-1-ol, (E)-dodec-6-en-1-ol, 1-propoxydodecane, and ethyl 3-hydroxypent-4-enoate
(Figure 3). It was projected in the PCA with a positive inﬂuence on the ﬁrst PC together with Odor-Honey,
Odor-Apple, and Odor-Pineapple (Table S4, Supplementary Materials). Odor-Vanilla did not show
correlation with any identiﬁed VOCs; looking at the PCA it was reported with a very short arrow in
the same direction of Flavor-Vanilla, which indicates a low inﬂuence of this parameter for the PCs in
our dataset. Odor-Kiwi inﬂuenced negatively the ﬁrst PC (Table S4, Supplementary Materials) with a
projection in PC grouped with Odor-Green grass. Odor-Banana showed only negative correlations
with (E)-hex-2-enal, 2-methylhept-6-en-1-ol, and hexanal (Figure 3); anyhow, it was projected in the
upper right quadrant of the PCA, indicating a strong relation with the other parameters inﬂuencing
the PC1, such as Overall odor, Odor-Pear, and Odor-Honey (Figure 3). Odor-Honey was positively
correlated with hexyl hexanoate, (E)-dec-3-en-1-ol, butyl 3-hydroxybutanoate, (E)-dodec-6-en-1-ol,
1-propoxydodecane, and ethyl 3-hydroxypent-4-enoate; and negatively correlated with pentyl acetate
(fruity), hexyl acetate (described as fruity, green apple, and banana [26] and signiﬁcant in our Wilcoxon
signed rank test (Figure 1)), hex-5-enyl acetate, 2,2,4,4,7,7-hexamethyl-1,3,3a,5,6,7a-hexahydroindene,
and nonanoic acid, which gives a fruity, green apple, banana, and waxy odor [26] (Figure 3). In the
same upper right quadrant of the PCA was also located Odor-Pear, which was positively correlated
with 1-propoxydodecane (Figure 3), as was Odor-Banana, and very close to Odor-Banana in the PCA
(Figure 2).
Regarding speciﬁc ﬂavor attributes, results showed signiﬁcantly greater value of Flavor-Pear
in higher altitude (B) in “Fuji” (p = 0.0243) and “Coop43-Juliet® ” (p = 0.0141); Flavor-Lemon was
signiﬁcantly superior in B site (high altitude) in “Coop39-Crimson Crisp® ” (p = 0.0165) as well as in
“Fujion” (p = 0.008) and contrary to “SQ159-Natyra® ” (p = 0.0089), which showed higher values at the
low altitude location (A) (Table 1).
Flavor-Kiwi and Flavor-Green grass presented signiﬁcantly higher values of intensity at high
altitude (B) in the “Choupette® -Dalinette” (p = 0.0215) and “Fujion” (p = 0.0418) varieties (Table 1).
Both varieties also showed signiﬁcantly larger values of Flavor-Pineapple in low altitudes
(p = 0.0215, p = 0.0421, respectively) (Table 1). For Flavor-Honey, results revealed a bigger signiﬁcant
value in higher altitude locations in the “Golden Delicious” variety. Non-distinguishing signiﬁcant
odor and ﬂavors were found in two varieties, “Braeburn” and “CIV323-Isaaq® ”, in relation to the
pedoclimatic location (Table S6, Supplementary Materials).
Flavor-Lemon and Flavor-Green grass were projected together inﬂuencing the PC 1 in a negative
way, and they were grouped with compounds among which were pentyl acetate, hex-5-enyl acetate,
[(Z)-hex-2-enyl] acetate, hexyl acetate, and others (Figure 2 and Table S4, Supplementary Materials).
Flavor-Lemon and Flavor-Green grass results positively correlated with pentyl acetate, which was
reported as a compound giving a sensation of sweet and fruity [11,27] (Figure 3). According to
the PCA, we found associations between Flavor-Lemon and hex-5-enyl acetate, [(Z)-hex-2-enyl]
acetate and, 2-methylhept-6-en-1-ol, with a signiﬁcant positive correlation with the ﬁrst and last one
(Figures 2 and 3).
Flavor-Honey was positively correlated with butyl 2-methylbutanoate, butyl hexanoate,
4-methylpentyl 2-methylbutanoate, hexyl hexanoate, hexanal, 2-methylbutan-1-ol, pentyl hexanoate,
and [(E)-hex-2-enyl] hexanoate (Figure 3 and Table S5, Supplementary Materials). Looking at
the PCA, we found a correlated group of parameters that included butyl butanoate and butyl
hexanoate; and hexan-1-ol, butyl 2-methylbutanoate, [(E)-hex-2-enyl] hexanoate, pentyl hexanoate,
and hexanal (Figure 2). Flavor-Honey and Flavor-Vanilla were correlated and in the same direction
in the PCA, grouped with 2-methylbutan-1-ol, butyl butanoate, butyl 2-methylbutanoate, hexyl
propanoate, hexan-1-ol, 4-methylpentyl 2-methylbutanoate, 2-methylhept-6-en-1-ol, hexyl hexanoate,
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butyl hexanoate, hexyl butanoate, [(E)-hex-2-enyl] hexanoate, and pentyl hexanoate regarding loadings
(Figure 2 and Table S3, Supplementary Materials). Flavor-Honey was instead negatively correlated
with butyl acetate, one of the main esters found in our results (Figure 3). Butyl acetate appeared
correlated with heptyl acetate, hexyl acetate (also not signiﬁcantly correlated with Flavor-Honey),
and 3-methylsulfanylpropyl acetate; in fact, their arrows were in the same direction of the PCA
inﬂuencing the dimension 2 of our PC (Figure 1 and Table S4, Supplementary Materials).
Flavor-Kiwi and Flavor-Pineapple had a low inﬂuence in the PC (short arrows were reported);
both were signiﬁcantly correlated with 2-methylbutyl acetate, already described in our experiment as
one of the major esters found.
3. Materials and Methods
3.1. Apple Samples
Eleven varieties from commercial apple orchards (Malus × domestica Borkh., ca. 3000–4000 trees ha−1 ,
rootstock M9, planted between 2006 and 2013) located in South Tyrol (Italy), managed according to the
regional guidelines of integrated fruit production, and representing either valley (ca. 225 m a.s.l.) or
hilly areas (ca. 650 m a.s.l.) were sampled during the 2014 growing season. At the valley site at the
Laimburg Research Center, the soil was sandy loam with 1.7% of organic matter. In 2014, the average air
temperature at 2 m was 12.8 ◦ C with a minimum of −7.1 ◦ C and a maximum of 34.5 ◦ C, and 1151.8 mm
yearly rainfall and 1721 yearly sunshine hours were registered [41]. At the hilly site in Vinschgau Valley,
the soil was loamy sand with 5.2% organic matter. In 2014, the average air temperature at 2 m was 9.6 ◦ C
with a minimum of −10.1 ◦ C and a maximum of 30.5 ◦ C, and 593.3 mm yearly rainfall and 1940 yearly
sunshine hours were registered. The new monogenic scab resistant varieties “Coop 39-Crimson
Crisp® ”, “Dalinette-Choupette® ”, “Fujion”, “CIV323-Isaaq® ”, “Coop43-Juliet® ”, “SQ159-Natyra® ”,
and “UEB32642-Opal® ”, which are all promising and being introduced into commercial plantings [42],
and the standard varieties “Braeburn”, “Fuji”, “Gala”, “Golden Delicious” were harvested at optimal
harvest stage (at a starch level between 5 and 7). Fruits were stored under normal atmosphere at 2 ◦ C
and 90% relative humidity (RH) for 60 days. VOC and sensory analysis were performed using 18 apple
fruits from each of the eleven diﬀerent varieties and for each of the two location (A-225 m and B-650 m)
(18 fruits × 11 varieties × 2 altitudes). The eighteen fruits were selected and kept at 20 ◦ C for 1 day
prior to the analysis. Following Corollaro et al.’s method with some modiﬁcation, brieﬂy, each fruit
was cut into three equal equatorial discs using an apple cutter; then, 5 to 7 cylinders (1.8 cm diameter,
1.3 cm height) per slice, depending on fruit size, were cut using a commercial apple corer (Tescoma,
Brescia, Italy) [43]. Each cylinder was immediately treated with an antioxidant solution (0.2% citric
acid, 0.2% ascorbic acid, 0.5% calcium chloride). Each sample was composed of 10 apple cylinders in a
clear plastic cup encoded with a random three-digit code. Cylinders from the same apple fruits were
used for sensory and VOC analyses.
3.2. Volatile Organic Compound Analysis
Volatile compounds were extracted with head space solid phase micro-extraction (HS-SPME)
from the same apples used for sensory analysis. Apple cylinders (see Section 3.1) were ground with an
IKA A11 analytical mill with liquid nitrogen; 2 g of fresh pulp powder were placed in 20 mL glass
vials with 2 mL of milliq water, 0.75 g of NaCl, and 15 μL of 1-heptanol (15 mg/L, hexane solution)
as internal standard. Following the method of Aprea et al. [44], samples were kept in agitation
(250 rpm) at 40 ◦ C for 10 min, and compounds in the headspace were captured for 30 min at 40 ◦ C on a
2-cm DVB/CAR/PDMS 50/30 μm ﬁber from Supelco (Bellefonte, PA, USA). A GCMS-QP2010 SE gas
chromatograph mass spectrometer (Shimadzu, Kyoto, Japan) was used to separate the compounds
with a capillary ZB-WAX column (30 m × 0.25 mm i.d. × 0.25 μm) (Phenomenex, Torrance, CA, USA).
The compounds were desorbed in the GC inlet at 250 ◦ C for 5 min. The GC oven parameters were set
as follow: 40 ◦ C for 3 min, then up to 220 ◦ C at 4 ◦ C/min held for 1 min; then up to 250 ◦ C at 10 ◦ C/min
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held for 1 min. Helium was used as the carrier gas with a ﬂow rate of 1.2 mL/min. The MS detector
was operated in full scan mode (mass range 40–400 m/z) and the transfer line to the MS system was
maintained at 250 ◦ C. Data processing was performed using GC-MS Solution SOFTWARE (Shimadzu,
Kyoto, Japan). Identiﬁcation of volatile compounds was carried out by comparing mass spectra and
retention indexes using the NIST 2017 database and our internal database consisting of MS spectra of
commercial standards. The experimental linear temperature retention index of each compound was
calculated using a series of n-alkanes (C8–C20) in the same experimental conditions as the samples.
Results were expressed as peak height percentage of the individual compound compared with the
total identiﬁed compounds’ height. Analysis was carried out on three technical replicates.
3.3. Sensory Analysis
Sensory proﬁling based on the quantitative descriptive analysis (QDA) method [45] was performed
by a trained panel composed of eleven judges/assessors (six females and ﬁve males). All panelists
were trained over 10 h (ﬁve sessions of two hours), on nineteen selected odor and ﬂavor descriptors
(Table 2). Training consisted of several types of tests of all sensory categories in order to be sure that
the panelists were able to rate attributes using the linear scales anchored at the extremities with the
product references (for more details on panel training and standard references refer to Corollaro et al.
2013 [43]). During sample evaluation, the panel rated odors (orthonasal perceptions by smelling) and
ﬂavors-by-mouth (retronasal perceptions by tasting) on an intensity scale going from 0 (absence) to
100 (100 maximum intensity) with graduation halfway (50). The protocols for sample preparation and
testing procedure were adapted from Corollaro et al. [43]. Samples were evaluated in one session per
week in four consecutive weeks, with six samples per session presented to each panelist monadically
following a William’s Latin square design. Sensory evaluations were performed within 2 h of sample
preparation Tests were carried out within 2 h of sample preparation in the sensory laboratory of the
Laimburg Research Center equipped with individual booths and under artiﬁcial lighting.
Table 2. Sensory vocabulary used by the sensory panel.
Attributes

Deﬁnition

Overall odor

Overall odor sensation perceived via the orthonasal route

Apple

Speciﬁc odor (O) or retronasal ﬂavor (F) apple sensation 1

Banana

Speciﬁc odor (O) or retronasal ﬂavor (F) banana sensation

Green grass

Speciﬁc odor (O) or retronasal ﬂavor (F) green grass sensation

Honey

Speciﬁc odor (O) or retronasal ﬂavor (F) honey sensation

Kiwi

Speciﬁc odor (O) or retronasal ﬂavor (F) kiwi sensation

Lemon

Speciﬁc odor (O) or retronasal ﬂavor (F) lemon sensation

Pear

Speciﬁc odor (O) or retronasal ﬂavor (F) pear sensation

Pineapple

Speciﬁc odor (O) or retronasal ﬂavor (F) pineapple sensation

Vanilla

Speciﬁc odor (O) or retronasal ﬂavor (F) vanilla sensation
1

“O” and “F“ refer to codings in Figure 2.

3.4. Data Analysis
In this analysis, the same apples samples from 11 diﬀerent varieties obtained from two diﬀerent
altitudes were measured in triplicate for VOC analysis, using 11 assessors for sensory analysis; missing
values on one replicate of three were replaced with median values considering the other replicates
for VOC analysis. To evaluate diﬀerences between the aroma proﬁle from two diﬀerent altitudes,
the Wilcoxon signed-rank test was used, which considers the same apple varieties measured in two
diﬀerent locations. To investigate the variabilities in sensory parameters by apple variety, location,
and their interaction simultaneously, a two-way repeated measures ANOVA was applied. This method
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takes into consideration the panelist IDs involved in the sensory panel. To assess the relationships
between VOCs and sensory parameters, and climatic and geographical parameters, exploratory
analysis was performed using principal component analysis (PCA) [46]. Prior to performing PCA,
all parameters were normalized to 0 mean and standard deviation of 1. To evaluate the relationship
between sensory and VOC parameters, Spearman correlation analysis was performed. All statistical
analyses were performed using R software [47] with packages lattice [48] and ggplot2 [49] for the
visualization and ImerTest for performing a two-way repeated measures ANOVA [50].
4. Conclusions
Aroma composition combined with sensory parameters of eleven apple varieties grown in two
diﬀerent pedoclimatic location at diﬀerent altitudes in South Tyrol were investigated. The goal of this
work was to analyze and characterize the aroma of new and standard apple varieties with a special
focus on the diﬀerences due to the pedoclimatic locations at two diﬀerent altitudes (site A = 225 m
and site B = 650 m). As expected, our results show a strong diﬀerentiation on aroma proﬁle due to
the variety.
Anyhow, we were able to distinguish twelve volatile organic compounds that change in relationship
with pedoclimatic locations, independent of the variety. Moreover, signiﬁcant interactions were found
between variety and altitude on sensory parameters. In particular, nine of the eleven varieties presented
signiﬁcant diﬀerences on their sensory proﬁle, including six odors and six ﬂavors, between low and
high pedoclimatic locations. In general, we provided a deeper investigation on how diﬀerent altitudes
can inﬂuence the apple aroma composition and perceptions, ﬁlling the gap of available information.
To the best of the authors’ knowledge, no studies have evaluated the sensory proﬁle at low and high
pedoclimatic locations by using a training panel on several apple varieties, or the relationship between
these diﬀerent sensory attributes and volatile organic compounds with a high number of new and
commercial varieties.
From a practical point of view, this information is useful to help the growers in the site speciﬁc
choice of apple varieties. On one hand, the investigated new varieties are all monogenic scab resistant,
which makes them interesting for more sustainable apple growing. On the other hand, the consumer’s
expectations are strongly related to the inner quality of fruits, including aroma. Anyway, further
experiments would be necessary to better highlight the VOCs’ inﬂuence on aroma diﬀerentiation and
consumer perception.
Supplementary Materials: The following are available online. Table S1. VOC semi quantiﬁcation in 11 apple
varieties grown in two diﬀerent pedoclimatic locations in South Tyrol. Results are expressed as the peak height
percentage compared with the total identiﬁed peaks height. The identiﬁcation level for each compound is reported:
level A refers to the NIST 2017 database match, level B refers to the linear retention index (LRI) match, and level C
refers to a match with an in-house pure standard. Table S2. Wilcoxon signed rank test results on VOCs. Table S3.
PCA loading results. Table S4. PCA results: variable correlations with Dim1 and Dim2. Table S5. Spearman
correlation results. Table S6. Wilcoxon signed rank test results on sensory parameters.
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Abstract: Mead is a not very diﬀused alcoholic beverage and is obtained by fermentation of
honey and water. Despite its very long tradition, little information is available on the relation
between the ingredient used during fermentation and the aromatic characteristics of the fermented
beverage outcome. In order to provide further information, multi-ﬂoral blossom honey and a
forest honeydew honey with and without the addition of black currant during fermentation were
used to prepare four diﬀerent honey wines to be compared for their volatile organic compound
content. Fermentation was monitored, and the total phenolic content (Folin–Ciocalteu), volatile
organic compounds (HS-SPME-GC-MS), together with a sensory evaluation on the overall quality
(44 nontrained panelists) were measured for all products at the end of fermentation. A higher total
phenolic content resulted in honeydew honey meads, as well as the correspondent honey wine
prepared with black currant. A total of 46 volatile organic compounds for pre-fermentation samples
and 62 for post-fermentation samples were identiﬁed belonging to higher alcohols, organic acids,
esters, and terpenes. The sensory analysis showed that the diﬀerence in meads made from blossom
honey and honeydew honey was perceptible by the panelists with a general greater appreciation
for the traditional blossom honey mead. These results demonstrated the inﬂuences of diﬀerent
components in meads, in particular, the inﬂuence of honey quality. However, further studies are
needed to establish the relationship between the chemical proﬁle and mead ﬂavor perception.
Keywords: gas chromatography-mass spectrometry; fermentation; honey; black currant

1. Introduction
Mead, also called honey wine, is traditionally an alcoholic beverage obtained through yeast
fermentation of diluted honey. Mead is found in the history of many countries all around the world,
and it is one of the oldest alcoholic beverages with variable alcohol content (8–18% alcohol v/v),
mostly depending on the honey to water dilution ratio. Besides the traditional mead (the fermented
diluted honey), many variations can be found, containing also herbs and spices (metheglin) or fruit
(melomel) [1].
Fructose and glucose are generally the most abundant simple sugar found in honey, and fructose
is the dominant one (on average from 32% to 42% depending on the honey origin [2]). The mead
fermentation process is usually longer than most alcoholic fermentation, where other sugars are
present and in higher concentrations. In fact, this fermentation often takes several months to complete,
depending on the type of honey, yeast strain, and honey-must composition. Mead contains ethanol and
Molecules 2020, 25, 1818; doi:10.3390/molecules25081818

175

www.mdpi.com/journal/molecules

Molecules 2020, 25, 1818

many other compounds, such as sugars, acids, vitamins, phenolic compounds, and minerals, also in
dependence on the added ingredient beside honey (reviewed [3]).
The three main factors mead ﬂavor depends are the honey, the yeast strain carrying out the
alcoholic fermentation, and the fermentation conditions. Flavor perception may also be inﬂuenced by
the ﬁnal alcohol content, the residual sugars, and the acidic value.
Besides the botanical and the geographical origin, honey can be divided into two main groups:
blossom or ﬂoral honey and honeydew honey. The former is produced starting from nectar from the
ﬂower of blossoming plants, while the latter from the exudates from certain plants (such as Pinus, Abies,
Castanea, and Quercus, among others), usually with the concourse of insects, mainly from the family
Aphididae [4]. Honeydew has a stronger taste than blossom honey and is perceived as less sweet.
It has higher antioxidant activity and a higher concentration of oligosaccharides. Many researchers
have found out that honeydew honey with a darker color has a higher concentration of total phenolic
compounds and a higher antioxidative capacity [5,6]. For honey wine production, wine yeast strains are
usually used because the sugar, pH, and nitrogen characteristics in mead are similar to the ones of grape
must [1]. Yeast produces during fermentation many metabolites, which have a large impact on the
beverage ﬂavor. Most of the unique ﬂavors of mead depend on the type of honey. For every additional
ingredient, additional ﬂavor molecules may be developed [7]. The formation of metabolites during
fermentation not only depends on the raw materials used but also on the yeast strain. Most by-products
are synthesized when there is a high rate of sugar and another nutrient uptake by yeasts, which all join
the catabolizing pathway at the level of pyruvate. Many chemically diﬀerent metabolites in diverse
concentrations contribute to the ﬂavor of alcoholic beverages, such as organic acids, fusel alcohols,
aromatic alcohols, esters, carbonyls, and various sulfur-containing compounds [8,9]. Yeast activity
behavior during fermentation caused by stressful conditions can lead to the production of unwanted
ﬂavors, for example, high volatile acidity or undesired esters [10].
The acids in the mead are coming from the honey, the added fruits, and the acids used for
acidiﬁcation of the must [11]. The acids in honey are usually citric, malic, succinic, formic, proglutamic,
acetic, gluconic, and lactic [12]. Organic acids have a very important function in alcoholic beverages
inﬂuencing organoleptic characteristics and product stability. The addition of organic acids is regulated
by the European legislation for wine and recommended because low pH helps to minimize the risk of
microbial spoilage by preventing bacterial growth. On the other hand, pH values below 3 could make
a stressful environment for the yeast, which leads to the production of undesirable by-products [13].
Volatile organic compounds (VOCs) in mead are present due to raw materials or produced by yeast
during fermentation. VOCs belong to various chemical classes, such as esters, higher alcohols, acids,
aldehydes, ketones, etc. They have an impact on the aroma and odor of mead and especially contribute
to the fruity and ﬂoral nuances [7]. Alcohols, such as n-propanol, iso-butanol, 2-phenylethanol,
amyl alcohol, and others, inﬂuence the ﬂavor of alcoholic beverages. In high concentrations, their ﬂavor
is usually described as a solvent, and they contribute to the intensiﬁcation of an alcoholic taste,
which creates a warm mouth feeling [8,14]. In lower concentrations, they may have a positive eﬀect,
increasing the complexity of fermented beverages [15]. Esters contribute to a ﬂoral and fruity ﬂavor of
mead. Ethyl acetate, for example, is considered as fruity or solvent (depending on concentration and
combination with other volatiles), and isoamyl acetate has a banana or apple ﬂavor. Ethyl esters are
the most present in mead because ethanol is the most available substrate [8]. Terpenic compounds
are mostly produced by plants and some insects but also from yeast [16] and have been found in
remarkable concentrations in mead [7,13,17]. Organic acids have a sour ﬂavor, and additionally,
they can have individual characteristic ﬂavors. Short-chain fatty acids have a mostly negative inﬂuence
on the ﬂavor, depending on the concentration and combination of the product. Furthermore, they aﬀect
foam performance [8]. In the mead fermentation process, acetic acid and succinate acid are formed in
considerable amounts. They reduce the pH, increase the total acidity, and reduce the dissociation of
fatty acids. High amounts of acetic acid, succinic acid, and a high concentration of fatty acids may
cause a slowdown of the fermentation process [18].
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Despite the long tradition of mead making, a limited scientiﬁc background is available in this
ﬁeld, which may be due to the medium and small-scale production. Therefore, systematic information
and knowledge are needed in order to be able to deﬁne those parameters necessary to understand how
to master mead quality, develop adequate formulations, and optimize the fermentation conditions as
reviewed by Iglesias et al. [3].
The present work aimed to contribute to ﬁlling some of the gaps on the inﬂuence of diﬀerent
ingredients used for mead making on the ﬁnal ﬂavor proﬁle. To reach this aim, multi-ﬂoral blossom
honey and a forest honeydew honey, with or without black currant (Ribes nigrum), added before
fermentation, were used to prepare four diﬀerent honey wines to be compared for their volatile organic
compounds content. Due to the high complexity of the Ribes nigrum, its addition was decided to
originate a mead variant rich in polyphenols, minerals, and vitamins, which might have a positive
eﬀect on the fermentation process or the end product quality [19]. Polyphenol content and consumer
acceptance were explored, as well.
2. Results and Discussion
Four diﬀerent meads of honey wine were prepared either with multi-ﬂoral blossom honey
and forest honeydew honey alone (B and H, respectively) or with black currant added (BC and
HC, respectively).
2.1. Fermentation Kinetics
Fermentation kinetics were monitored by measuring the weight loss due to CO2 eﬄuence. HC was
the ﬁrst product reaching the stationary phase in fermentation after approx. 14 days, whereas H and
BC took approx. 20 days. B had the longest fermentation time with approx. 30 days (Figure S1).
According to these results, the products prepared with blossom honey had a longer fermentation time,
and the addition of black currants accelerated the fermentation. Diﬀerences in honey composition [20]
and black currant [19] might provide factors inﬂuencing the yeast rate of sugar depletion.
Total CO2 production in g/L was equal to 86.1 (±0.3), 90.6 (±0.7), 75.5 (±0.2), and 79.2 (±0.5) for
B, BC, H, and HC, respectively, in theory corresponding to 176.3 (±0.7), 185.5 (±1.4), 154.5 (±0.5),
and 162.1 (±0.9) of fermented glucose in g/L. Measurement of sugar content in the original honey
showed 690 ±10 g/L for the blossom honey and 650 ±10 g/L for the honeydew honey, expressed as total
glucose (sum of glucose, fructose, and sucrose contribution). Glucose and fructose measured in the
prepared product before fermentation showed a lower amount of glucose and fructose in H and HC
(177.0 and 177.1 g/L, respectively), compared to B and BC (202.5 and 201.5 g/L, respectively). Further
measurement of honey sugars besides the one measured might provide a more detailed explanation.
Being the residual sugar content in all honey wines below 5 g/L (Table 1), even if diﬀerences in
fermentation length were observed, all the fermentation could be considered successfully completed.
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Table 1. Physiochemical parameters characterizing the four products prepared with blossom honey (B),
blossom honey and blackcurrant (BC), honeydew honey (H), and honeydew honey and black currant
(HC). Parameters were measured before fermentation (t0) and/or at the end of the fermentation process
(END). END data are reported as the average of the three biological replicates ± standard deviation
(in brackets). Apex letter in the same row shows the results of the statistic evaluation, and diﬀerent
letters correspond to signiﬁcant diﬀerent parameters (p ≤ 0.05).
Analysis Time

B

BC

H

HC

pH

t0

3.17

3.15

3.16

3.22

pH

END

3.13 (±0.03) a

3.33 (±0.01) b

3.27 (±0.01) bc

3.29 (±0.01) c

Brix
(%)

t0

21.6

22.9

21.7

21.5

Glu+Fru
(g/L)

t0

202.5

201.5

177.0

177.1

Residual sugar
(g/L)

END

4.3 (±0.6) a

0.4 (±0.1) bc

1.0 (±0.1) b

0.1 (±0.1) c

Ethanol
(% vol/vol)

END

11.32 (±0.44) a

10.63 (±0.67) a

8.60 (±0.13) b

8.66 (±0.18) b

Acetic acid
(g/L)

END

0.40 (±0.02) a

0.26 (±0.02) a

0.32 (±0.01) a

0..20 (±0.01) a

Acetaldehyde
(mg/L)

END

6.2 (±1.4) a

11.3 (±2.1) ab

10.4 (±3.4) ab

16.8 (±2.7) b

L-lactic acid
(g/L)

END

0.14 (±0) a

0.23 (±0.02) a

0.30 (±0) a

0.36 (±0.01) a

2.2. Physiochemical Parameters
The mean values for all parameters measured in the fermented product are listed in Table 1.
B, which had a residual sugar value of 4.3 ± 0.6 g/L, signiﬁcantly diﬀered from the others, although
usually meads can be considered dry [11]. Ethanol concentration in the four products was 11.32% v/v,
10.63% v/v, 8.60% v/v, and 8.66% v/v, respectively, measured in B, BC, H, and HC. Ethanol content was
signiﬁcantly higher in varieties with blossom honey. Even if prepared at a similar honey dilution rate,
blossom honey used in B and BC products had a higher fermentable sugar content, explaining both the
higher ethanol content and the higher carbon dioxide loss observed in the B and BC products.
The pH did not change to a great extent during the fermentation, and the lower one was recorded
for the B mead, and L-lactic acid content was not signiﬁcantly diﬀerent in the four products. Acetic
acid content at the end of fermentation ranged between 0.20 g/L and 0.40 ±0.02 g/L. Besides being yeast
strain-dependent and related to the amount of sugar fermented, acetic acid might be also providing
information on the yeast stress status or be the symptoms of microbial spoilage. This latter event
seemed not to have occurred in the investigated products, and the acetic acid was detectable in amounts
comparable to previous studies [3,13,18]. Acetaldehyde concentration ranged between 6.2 ± 1.2 and
16.8 ± 2.2 mg/L. Acetaldehyde concentration in meads usually ranges between 18.2 and 125.5 mg/L,
as reported in the literature [21]. In general, 0.5–286 mg/L is the concentration of acetaldehyde produced
by Saccharomyces cerevisiae in white wine [22]. A maximum of 0.5 g/L has been indicated in beer [8].
High concentrations of acetaldehyde would lead to a pungent, green, and grassy ﬂavor, and it is
associated with microbial spoilage of the fermented beverages. The acetaldehyde concentration found
in this study testiﬁed the absence of microbial spoilage. Lactic acid was measured in very few quantities
of 0.14–0.36 g/L. This was an indication that no lactic fermentation from bacteria took place.
2.3. Total Polyphenolic Content in Honey Wine
Total polyphenolic content measured using Folin–Ciocalteu reagent was 54.91 mg/L (±2.16) in
B honey wine, 289.09 mg/L (±14.97) in BC, 101.95 mg/L (±5.78) in H, and 304.44 mg/L (±14.13) in
HC, all expressed as mg/L of gallic acid. Results for traditional meads (B and H) were similar to the
results reported in the literature [23,24]. Blossom honey varieties had less polyphenolic content than
honeydew honey varieties, which corresponded to the result found in the literature [5,6]. Products
prepared with currants (BC and HC) had much higher concentrations than the traditional meads as
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expected. The black currants added about 200 mg/L of polyphenols to the mead. Together with the red
color, black currant imparted to the honey wine a higher capacity to counteract oxidation, due to the
higher amount of compound recognized to protect from oxidation [25] and as found in polish mead
by Socha [26].
2.4. Volatile Organic Compounds
Meads, fermented from honeydew honey and blossom honey with and without the addition of
Ribes nigrum, were analyzed to evaluate the inﬂuence of the starting honey and blackcurrant addition
on the volatile organic compounds proﬁle using HS-SPME-GC-MS method. The ﬂavor and aroma
of the ﬁnal product depend on the type of honey and the ﬂoral source, the fermenting yeasts and
conditions, and the presence of additives and fruits [27–29].
In this work, a semi quantiﬁcation of 62 compounds was reported as an average of three biological
replicates (Table S1); the table includes the compound name and class, Chemical Abstracts Service
(CAS) number, retention index, retention time, and level of identiﬁcation. Peaks in the chromatograms,
acquired in full scan mode, had been integrated and reported as the area ratio of the peak with
the internal standard (2-octanol). An ANOVA test was performed with a Turkey posthoc method
to identify signiﬁcant diﬀerences between the samples. In total, 4 acids, 13 alcohols, 4 aldehydes,
14 esters, 1 ketone, 16 terpenes and derivatives, 7 others, and 3 unknown compounds were identiﬁed.
A general view of the results showed a higher compound formation or increase in samples analyzed
after the fermentation.
To explore the dataset, a principal component analysis (PCA) was performed using the three
replicates for each mead (Figure 1). The ﬁrst and second components explained 80% of the total variance;
the eigenvalues and the correlation results between variables and PCs are reported in Supplementary
File 1. The ﬁrst component allowed the separation between pre-fermentation and post-fermentation
samples; the second component allowed to separate meads based on the honey (honeydew honey or
blossom honey) and the blackcurrant addition. To better understand which metabolite inﬂuenced the
diversiﬁcation of the products, a heatmap was used (Figure 2) with a log10 transformed data (average
of three replicates).

Figure 1. Principal component analysis (PCA) of the volatile compounds found in four honey wines
made with blossom honey (B), blossom honey with blackcurrant (BC), honeydew honey (H), and
honeydew honey with blackcurrant (HC), analyzed before (pre) and at the end of the fermentation
process (post). The ﬁrst component explained 57.5%, and the second component explained 22.4% of the
total variance. Samples replicates are shown by the smaller triangle-shaped dots, while the average is
represented by the bigger shaped dots.
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Figure 2. Heatmap and one-dimensional hierarchical dendrogram of the volatile compounds found in
the investigated samples. Heatmap represents a log10 transformed data (average of three replicates).
The heatmap color represents the magnitude of each compound. Dark red color indicates the higher
magnitude, and then the magnitude gradually decreases to light red, white, light blue, up to dark
blue (one order each), with the latter, indicating the lower magnitude. The magnitude represents
transformed data (log10 of the ratio) to ﬁt them in the same range. On the left: the colored sidebar
indicates the class of metabolites. Sample legend: B = blossom honey, BC = blossom honey with
blackcurrant, H = honeydew honey, HC = honeydew honey with blackcurrant, pre = pre-fermentation,
and post = post-fermentation.

2.4.1. Volatile Proﬁle in the Products before and after Fermentation with S. cerevisiae
Looking at the PCA, a clear separation between the pre- and post-fermentation samples was
noticeable due to the volatile organic compounds produced during the fermentation. The number of
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identiﬁed VOCs increased in post-fermentation samples since some VOCs are produced by the yeasts
during the alcoholic fermentation [30]. At least 18 compounds produced by the yeasts during the
fermentation process were found, being mainly alcohols and esters (Figure 2), already described as the
products of S. cerevisiae EC1118 fermentation [31,32]. As reported in the literature, it is well known
that yeasts are VOCs producers; in wine, the main groups of compounds that form the fermentation
bouquet are the acids, alcohols, and esters and, to a lesser extent, aldehydes and ketones [33].
Furthermore, it is known that the compounds inﬂuencing the aroma of alcoholic beverages are
mainly higher alcohols, esters, volatile acids, and aldehydes [34], making yeasts strain the main actor
in establishing the sensory characteristics. Looking at our results, B and BC post-fermentation had
a higher number of volatile compounds than H and HC post-fermentation. Being that the yeast
strains are the same in all fermentation processes, the diﬀerent numbers are due to the diﬀerent starter
matrix. In the product B-post, 62 VOCs were detected, while BC-post was characterized by 60 diﬀerent
compounds. In H-post and in HC-post, 56 and 54 VOCs were, respectively, identiﬁed. The product
prepared with blackcurrants, in pre- and post-fermentation, had a lower VOCs content than those
produced with the same honey but without fruit addition. The compounds that contributed to this
diﬀerence were 1,2,4-trimethylenecyclohexane found in B-post and H-post and a very low amount in
BC-post, isopropenylbenzene found in B-post and H-post, and beta-cyclohomocitral only found in
B-post (Figure 3). These three compounds were not conﬁrmed by the standard injection; for this reason,
their identiﬁcation could be only considered as putative. It is reasonable to assume that Ribes nigrum
added the nutrients, shaping the yeast metabolism; however, there is no evidence in the literature that
which metabolic pathway leads to the synthesis of these compounds that might be regulated during
fermentation by yeast.

Figure 3. 1,2,4-trimethylencyclohexane, isopropenylbenzene, and beta-ciclohomocitral in honey wine
before and after fermentation by S. cerevisiae EC1118. Samples were named as follows: B = blossom
honey, BC = blossom honey with blackcurrant, H = honeydew honey, HC = honeydew honey with
blackcurrant, pre = pre-fermentation, and post = post-fermentation.

The post-fermentation volatile organic compounds had been highlighted in the heatmap (Figure 2).
Among them, isoamyl alcohol was found featuring in many fermented alcoholic beverages and already
reported in mead [10,17,35], giving a solvent, sweet, and nail polish aroma and also part of fusel oil [36].
Another detected fusel oil representative was isobutanol, only found in post-fermentation samples
(Figure 2), which lead to green notes in the ﬂavor of beverages [37]. Esters are contributing to the fruity
and ﬂoral nuances of meads [38]. In the samples, 14 esters were found; these compounds appearing
in diﬀerent concentrations in the samples, as shown in Figure 4, with a visible magnitude increased
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at the end of the fermentation process. H-pre had a higher content of esters and a slightly diﬀerent
proﬁle of this class of compounds compared with the other pre-fermentation samples (Figure 4a).
H-pre was, in fact, characterized by the presence of ethyl octanoate end ethyl nonanoate in higher
amount and by the presence of ethyl decanoate not revealed in the other worts. In the same product,
at the end of the fermentation process, the esters proﬁle seemed to be more similar, although H-post
exhibited a higher content in ethyl octanoate and ethyl decanoate compared to the other honey wines
(Figure 4b). All found esters are common components in alcoholic beverages and are often found in
fruits. In detail, the most abundant compounds determined in our fermented samples were isoamyl
acetate, a characteristic compound of banana ﬂavor, ethyl hexanoate and ethyl octanoate that contribute
to a sweet and strawberry-like aroma, and ethyl decanoate with a sweet, fruity apple ﬂavor [39]. Ethyl
octanoate and ethyl decanoate aroma have also been described as waxy and soapy [40].

Figure 4. Esters composition in pre (a) and post (b) fermentation samples. Values represent the area
ratio with the internal standard (n = 3). B-pre: blossom honey pre-fermentation; B-post: blossom honey
post-fermentation; BC-pre: blossom honey with blackcurrant pre-fermentation; BC-post: blossom honey
with blackcurrant post-fermentation; H-pre: honeydew honey pre-fermentation; H-post: honeydew
honey post-fermentation; HC-pre: honeydew honey with blackcurrant pre-fermentation; HC-post:
honeydew honey with blackcurrant post-fermentation.

2.4.2. Honey Inﬂuence on the Aromatic Characteristics of the Product
The honey used for the fermented product represented another important factor inﬂuencing the
ﬁnal aroma of the beverages. In our study, two types of honey were used: blossom honey (B) and
honeydew honey (H). The PCA showed a separation on the second component, based on the honey
used for the fermented beverage (Figure 1); looking at the heatmap, we identiﬁed some compounds
potentially related to the types of used honey (Figure 2).
Few compounds seemed to be higher in B-pre product compared to the others and were
accumulated in B-post products in comparison to the H samples; they were 2-(4-methylphenyl)2-propanol, 2,6-dimethyl-3,7-octadiene-2,6-diol, 3,6-bis(methylene)octahydro-1-benzofuran, 3,6dimethylene-1,7-octadiene, 3,7-dimethyl-1,5,7-octatrien-3-ol, 4-isopropyl-3-methylphenol, citral,
and m-cymene.
This cluster showed to be more abundant in all B meads (with and without blackcurrant addition)
compared with H samples. Other characteristic compounds of B meads were trans-nerolidol, cis and
trans-rose oxide, anethofuran, borneol, and ethyl phenylacetate. These compounds produced during
the fermentation process (Figure 2) could be responsible for a ﬂoral, rose, and balsamic camphor
perception in the ﬁnal product. Ethyl phenylacetate can not only contribute to a positive note, but it is
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also considered as oﬀ-ﬂavor formed in beer during aging from precursors, which are produced during
the fermentation [41].
Regarding the honeydew honey samples, no typical compounds were found in pre-fermentation
samples. However, the ﬁnal beverage seemed to be richer in acids, such as hexanoic acid, octanoic acid,
decanoic acid, and esters, such as ethyl octanoate, isoamyl hexanoate, ethyl nonanoate, ethyl decanoate,
ethyl dodecanoate. Short-chain fatty acids, such as octanoic acid (caprylic acid) and hexanoic acid
(caproic acid), were also reported [17]. These compounds were present in higher concentrations and
are associated with negative characteristics of “rancid,” “cheese,” and “fatty” aroma [7].
Terpene compounds were found in both pre- and post-fermentation samples, and, as expected,
these compounds mostly originate from the raw materials. Many of the detected terpenes are known
for their positive inﬂuences on mead aroma. Citral, for example, has a lemon-like pleasant odor [42],
linalool a ﬂoral and spicy odor [43]. The stereoisomers cis-rose oxide and trans-rose oxide are found
in ﬂowers, and fruit and essential oils can contribute to fruit and ﬂoral notes in fruits and grapes.
Mentofuran is a constituent of peppermint oil [44].
2.4.3. Inﬂuence of Ribes nigrum Addition
Blackcurrant addition, with its peculiar composition, had the capability to modify the fermentation
environment for the yeast, leading to diﬀerent volatiles, inﬂuencing, therefore, the aroma proﬁle of
the ﬁnal product. Blackcurrant aroma is characterized by various volatile components, including
esters and terpenoids. As reported, cultivars and growing and storage conditions can aﬀect the ﬂavor
component [45,46]. Among the most reported compounds for the characteristic of blackcurrant fruit,
2-methylbutyl acetate, methyl butanoate, ethyl butanoate, and ethyl hexanoate, belonging to the
esters class, that confer fruity and sweet notes are mentioned. Besides, nonanal, beta-damascenone,
and monoterpenes, ketones, and sulfur compounds, such as 4 methoxy-2-methyl-butanethiol (catty
note ﬂavor), are reported. In our results, we found few compounds with signiﬁcantly higher amounts
in BC and HC post-fermentation: citronellol, a-terpinol, and nonanal, as shown in Figure 2. It was
noted that besides the esters nonanal, an aldehyde C-9 could give the classical aldehyde note of waxy,
citrus, ﬂoral, and green.
2.5. Sensory Test
The sensory test was carried out in order to ﬁnd a possible link between the volatile compound
proﬁle of the product and their sensory properties (Table S2). Among the 44 nontrained participants to
the sensory panel, 77% correctly paired the honey wine prepared with the same honey; the sensory
diﬀerences linked to the honey used for mead production were, therefore, signiﬁcantly perceivable.
A nine-point hedonic evaluation scale was structured, point 1 stated for “dislike extremely”,
while point 9 stated for “like extremely”. Using this scale, panelists described the samples as likable as
on average; most judged the product as like slightly, like moderately, or like very much. There was
no signiﬁcant diﬀerence between the samples in relation to the overall impression and no signiﬁcant
diﬀerence between the samples in relation to the olfactory impression. The acceptance level for the
honey wine for the sensorial analysis was expressed as a mean value. None of the means presented
signiﬁcant diﬀerences. Overall impression and ﬂavor attributes for all beverages variated from 64
to 68% and between 65 and 72%, respectively. According to Dutcosky [47], the acceptance factor (AF)
≥ 70% represented good acceptability for the attribute analyzed in a sensorial analysis. Honey wine
obtained with blossom honey showed an AF of 72%.
Honey wine B ranked ﬁrst, followed by BC, HC, and H, for both the overall impression and the
odor. According to the Friedman test, only the ranking for the odor impression showed to be signiﬁcant.
This seemed to be in line with the AF. This might be related to the higher amount of hexanoic acid,
octanoic acid, decanoic acid, or esters, such as ethyl octanoate, isoamyl hexanoate, ethyl nonanoate,
ethyl decanoate, ethyl dodecanoate found in H and HC product compared to B and BC. Short-chain
fatty acids, such as octanoic acid (caprylic acid) and hexanoic acid (caproic acid), have been associated
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with negative characteristics, such as “rancid,” “cheese,” and “fatty” aroma [7]. The odor of esters like
ethyl octanoate and ethyl decanoate odors have also been described as waxy and soapy [40].
In general, it seems that the VOCs proﬁle imparted by the honey, described above, also has some
impact on the sensory perception. However, for a more descriptive sensory evaluation, a trained panel
will be able to provide a clearer link between the sensory perception and the speciﬁc volatiles or group
of volatile as distinguished in the heatmap.
3. Materials and Methods
3.1. Mead Ingredient
Honeydew honey (Bosco, Mieli Thun, Vigo di Ton, Italy) and blossom honey (mixed honey with a
prevalence of Ailanthus altissima) (Mieli Thun, Vigo di Ton, Italy) were used. Honeydew honey was
collected in the northern Italian wood; dark amber color was described by the supplier as spicy (black
pepper, juniper berries, and cloves) with a note of fresh vegetables, carob, rhubarb, and liquorice stick.
Blossom honey had a golden color and a creamy consistency and was characterized, according to the
supplier, by the smell of muscat grapes and peach syrup; lychee was conferred by the prevalence of
Ailanthus altissima, also known as the tree of heaven. One part of honey (w/w) was used in all the
preparation. Warm tap water was used to dissolve the honey. Black currant (Ribes nigrum), common
berry fruit in South Tyrol, Italy, had been purchased from a local producer and stored at −80 ◦ C until
used. Half part of berry fruit (w/w) was used for the Ribes nigrum added recipes. The berries were
crushed before the addition of other ingredients. The ﬁnal mixture had a temperature of about 30 ◦ C
before acidiﬁcation. Acidiﬁcation was carried out using a citrate buﬀer in order to reach a pH value
between 3–3.2. A preliminary test was carried out to establish the amount of citrate buﬀer to be added
to each mixture.
Saccharomyces cerevisiae yeast strain EC1118 (Lallemand Inc., Montreal, QC, Canada) was used in
the dry active form at the ratio of 25 g/hl after rehydration, according to the manufacturer’s instructions.
As a yeast protectant in the rehydration step (GoFerm Lallemand Inc., Montreal, QC, Canada), it was
used at a 1:1 ratio with the weighted yeast. This product contained all essential vitamins, minerals,
and amino acids required to create a non-stressful environment for yeast rehydrating in water.
To ensure the necessary amount of nitrogen and avoid a stuck fermentation, “FermaidE”
(Lallemand Inc., Montreal, QC, Canada) was added to the must as a vitamin, organic, and inorganic
nitrogen source at the ratio of 30 g/hl.
3.2. Honey Wine Wort Preparation and Fermentation Follow Up
Four diﬀerent recipes for honey wine preparation were used. Blossom honey with and without
black currant recipes was compared with honeydew honey with and without black currant (B, BC,
H, and HC, respectively). Each recipe was tested in triplicate, carrying out the fermentation in a 5 L
glass ﬂask ﬁlled up to 3.5 L. All ﬂasks were closed with an air-lock valve. All recipes are described in
Table 2. Nitrogen exogen source was added, according to the manufacturer’s instructions: two-third at
the yeast inoculum and the remaining one-third after one-third of the fermentation was completed.
Fermentation was monitored, measuring the weight loss once or twice per day. All the ﬂasks were
incubated at 18 ◦ C. Fermentation end was detected when two subsequent weight measurements did not
diﬀer for more than approx. one gram: at this stage, ﬂasks were left overnight at 4 ◦ C. After overnight
cold storage, berry solids were separated with the aid of a strainer, honey wine was separated by the
yeast sediment, and samples were collected for further analysis. The remain was bottled and left at
4 ◦ C until the sensory test. Samples were immediately analyzed for pH and total acidity. For the other
analyses, samples were stored at −80 ◦ C until used.
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Table 2. Ingredients used for the four recipes tested for honey wine production. Weight is referring to
the total amount of 11 kg prepared for each recipe before aliquoting the 3.5 L of each replicate (n = 3).
B: blossom honey; BC: blossom honey with black currant; H: honeydew honey; HC: honeydew honey
with black currant.
Recipe

Component

Weight (kg)

Ratio

B

Honey
Water
citrate buﬀer

2.750
8.075
0.175

1.00
2.94
0.06

BC

Honey
Water
Buﬀer
black currants

2.750
6.871
0
1.379

1.00
2.50
0
0.50

H

Honey
Water
citrate buﬀer

2.750
7.750
0.500

1.00
2.82
0.18

HC

Honey
Water
Buﬀer
Black currants

2.763
6.682
0.180
1.375

1.00
2.43
0.07
0.50

3.3. Honey Wine Analysis
3.3.1. Physicochemical Parameters
The total soluble solids determined as Brix were measured using a digital refractometer (PAL-BX/RI,
Atago, WA, USA). For the pH, a pH electrode was used (pH70+ DNH pH meter with Digital pH
electrode mod 201 T, XS instruments, Carpi, Italy).
The content was the sum of glucose and fructose after inversion was measured, according to the
OIV-MA-AS311-02 R2009 + OIV-MA-AS2-03B R2012. The alcohol content in volume percent (% vol)
was measured following the international methods of wine and must analysis (OIV-MA-AS312-01A
R2016 par 4.B). Fructose, glucose, and sucrose in honey were expressed as g/L of glucose, acetic,
and lactic acid, and residual sugars were measured enzymatically with the CDR BeerLab® Touch (CDR
s.r.l., Ginestra Fiorentina, Italy), according to the manufacturer’s instructions.
Acetaldehyde content was measured with the aid of a spectrophotometric-enzymatic-based
kit for acetaldehyde, according to the manufacturer’s instructions (K-ACHYD 06/18, Megaenzyme
International Ireland INC. Bray, Co. Wicklow, Ireland), measuring the absorbance variation at 340 nm
with the aid of a microtiter plate reader spectrophotometer (Multiscan Sky Spectrophotometer, Thermo
Fisher Scientiﬁc Life Technologies Italia, Monza, Italy) where a 96-well microplate was used.
3.3.2. Total Polyphenolic Content
The polyphenolic content of the meads was measured using Folin–Ciocalteu reagent (Merck
KGaA, Darmstadt, Germany) in a colorimetric assay. The method was adapted from a published
method [48]: Folin-Ciocalteu reagent was added to the sample, and after a reaction time of 3 min at
room temperature, 2 M sodium carbonate solution was added. After two hours at 21 ◦ C, the absorbance
at 765 nm was read. For the quantiﬁcation, a standard curve ranging from 50–500 mg/L of gallic acid
was prepared. The polyphenol content was determined by linear regression from the standard curve,
and the results were expressed as mg/L of gallic acid.
3.4. Volatile Organic Compounds
For the volatile organic compounds (VOCs) analysis, a headspace solid-phase microextraction
coupled with gas chromatography-mass spectrometry (HS-SPME-GC-MS) was used (QP2010 SE
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Shimadzu, Kyoto, Japan). The fermented mead, as well as the unfermented musts, were examined.
The method was adapted from Ravasio et al. [49]. Brieﬂy, 2.5 mL of sample was placed in 20 mL glass
vials with 0.75 g of NaCl and 10 μL of internal standard (2-octanol, 50 μg/mL). Samples were incubated
for 10 min at 40 ◦ C and 250 rpm. Compounds in the headspace were adsorbed for 40 min at 40 ◦ C using
2 cm DVB/CAR/PDMS 50/30 μm ﬁber from Supelco (Bellefonte, PA, USA). Compounds were desorbed
in the GC inlet at 250 ◦ C for 4 min. Chromatographic separation was carried out using a ZB-WAX
(30 m × 0.25 mm × 0.25 μm, 40–260 ◦ C) Capillary GC-Column Zebron (Phenomenex, Torrance, CA,
USA), using helium as carrier gas at 1.2 mL/min.
The temperature program for the oven was set as follows: 40 ◦ C for 4 min, then up to 250 ◦ C,
at 6 ◦ C/min held for 5 min. The total run time was 44 min. The mass spectrometer (quadrupole) was
operating in full scan mode, detecting fragments in a mass range of 35 to 350 m/z. Data processing
was performed using GC-MS solution Software from Shimadzu. The most intensive ion was used as a
quantiﬁer and the ratio of the second and third as a qualiﬁer. The identiﬁcation of VOCs was carried
out by comparing mass spectra using the NIST 2017 database, retention indexes, and with the standard
injection when available. The experimental linear temperature retention index of each compound was
calculated using a series of n-alkanes (C8-C20) in the same experimental conditions as the samples.
Results were expressed as area ratio between compound and internal standard.
3.5. Sensory Analysis
A sensory consumer test was carried out with the aid of 44 nontrained consumer panelists;
each participant was asked to evaluate all four types of honey wine. Forty milliliters of samples
of each product were served for each panelist. Samples were coded with the number served in
diﬀerent sequences and arrangements randomly. The panelists were asked to rate each sample,
with a nine-point hedonistic scale, for the (a) the overall taste impression and (b) for the odor overall
impression. The nine-point scale was structured as follows: 9: like extremely, 8: like very much, 7: like
moderately, 6: like slightly, 5: like neither nor, 4: dislike slightly, 3: dislike moderately, 2: dislike very
much, 1: dislike extremely. The acceptability of the tested beverages was assessed by calculating the
acceptability factor (AF) using standardized criteria: AF = A*100/B, where A is the mean value obtained
for each attribute, and B is the maximum value used to judge each attribute [47,50]. They were asked
also to pair the product made with the same honey. Participants were asked to rank the four samples
for both the overall impression and the odor overall, assigning the number one to the best one and
number four the worst.
3.6. Statistical Methods
For statistical analyses, SPSS Statistics software Version 26 (IBM Inc., Armonk, NY, USA) and
Microsoft Excel 2019 software were used. Means for every data are expressed as arithmetic mean
± standard deviation of the three replicates for every product. To determine if there was a signiﬁcant
diﬀerence between results, a one-way analysis of variance (ANOVA) and a Tukey posthoc test
were performed. For all analyses, p < 0.05 was considered statistically signiﬁcant. Used test and
corresponding p-value were indicated together with the result in each speciﬁc session. In addition,
Microsoft Excel 2019 was used to verify the signiﬁcance of the pairing test [51]. Friedmann-Test for
statistical analysis with n = 44 test subjects and k = 4 samples was carried out using Microsoft Excel
2019 [48]. The R FactoMineR package was used to perform the PCA [52], and the factoextra package
for extracting and visualizing the results. The data had been scaled to unit variance before the analysis
to avoid some variables to become dominant just because of their large measurement units. The NMF
package was used for the heatmap and hierarchical cluster analysis with a Euclidean distance [53].
4. Conclusions
Two diﬀerent kinds of honey in the presence or absence of black currant were tested for honey
wine production. Using these ingredients, no stressful condition seemed to be occurring for the yeast,
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leading to fermentation delay or arrest, producing a medium or low alcoholic drink. The fermented
products were described by a large number of volatile organic compounds capable of allowing the
distinctive metabolic contribution of the yeast, also as a response to the honey and the fruit added
in fermentation. In particular, the honey contributed to shaping a speciﬁc volatile proﬁle, somehow
perceivable during sensory analysis. To a lesser extent, also using berry fruit, such as black currant,
provided a way to shape ﬂavor and polyphenols content of the ﬁnal drink. Further investigation would
be necessary to evaluate the speciﬁc sensory contribution of every single volatile organic compound
alone or in association with others found in this study. More information on volatile metabolites
associated with mead had been provided that might help to develop alternative medium to low
alcoholic drinks at a reasonable cost, adding value to beehive products.
Supplementary Materials: The following are available online. Figure S1. Fermentation kinetic; Figure S2.
Volatile organic compound measured in the honey wines before and after fermentation; Table S1. Volatile organic
compound measurement and descriptions; File S1. Eigenvalues and correlation of the PC analysis; Table S2.
Sensory evaluation of the honey wine.
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Abstract: Diﬀerences in the aroma proﬁles of extruded maize puﬀs made from reﬁned grain and whole
grain ﬂour were investigated. Gas chromatography/mass spectrometry/olfactometry (GC/MS/O)
analysis reported 13 aroma compounds with a ﬂavor dilution (FD) value ≥16. Quantitative analysis
identiﬁed eight compounds as statistically diﬀerent, of which seven compounds were higher in
concentration in the whole grain sample. Sensory recombination and descriptive analysis further
supported the analytical data, with higher mean aroma intensities for cooked, corn chip, roasted,
and toasted attributes for the whole grain sample. Generally, the compounds responsible for perceived
diﬀerences in whole grain maize extruded puﬀs were associated with increased levels of Maillard
reaction products, such as 2-ethyl-3,5-dimethylpyrazine and 2-acetyl-2-thiazoline.
Keywords: whole grain; reﬁned grain; GC/O; Maillard reaction; maize; aroma; ﬂavor

1. Introduction
The consumption of whole grain has been associated with a range of health beneﬁts such as
body-weight regulation, reduced risk of chronic pathological conditions, and reduced blood glucose
levels [1–3]. However, most Americans fail to consume the recommended whole grain intake (48 g/day),
which has a direct eﬀect on health and was recently identiﬁed as a main contributor to suboptimal diets
that are responsible for 1 out of 5 deaths globally [4,5]. In cereal-based foods, reﬁned grains are often
preferred in comparison to their whole grain counterparts. The negative ﬂavor attributes associated
with whole grain products including bitter taste and vegetative aromas have been reported as one of
the most inﬂuential factors limiting consumption [6,7].
Breakfast cereals are cooked products introduced in the human diet at a young age and constitute
an excellent opportunity for early exposure to whole grain ﬂavor [8]. Maize is a common grain used
for cereal production and the impact of extrusion (cooking) parameters on physico-chemical and
sensory properties of extruded cereals has been largely studied [9–12]. Flavor generation during the
extrusion of cereals involves thermally induced reactions, such as the Maillard reaction and lipid
degradation. Extrusion conditions such as heat, water content, and residence time have been shown to
exert signiﬁcant eﬀects on the ﬂavor proﬁles of extruded products [9,12] with cooking temperature
identiﬁed as a main inﬂuential factor for the formation of ﬂavor compounds. Flavor development in
extruded products has been investigated with a focus on processing conditions and has overlooked the
impact of whole grain versus reﬁne grain ﬂour formulation. In wheat bread, the utilization of whole
versus reﬁned grain ﬂour had a signiﬁcant impact on ﬂavor generation [13]. Several key compounds
that give reﬁned wheat bread its typical aroma attributes were less abundant in whole wheat bread
due to the suppression of key Maillard-type ﬂavor formation pathways caused by the elevated levels
Molecules 2020, 25, 2261; doi:10.3390/molecules25092261
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of phenolic compounds. In addition to aroma generation, taste compounds are thermally generated by
Maillard-type pathways during bread making [14]. Whole grain ﬂour, as compared to reﬁned grain
ﬂour, has elevated levels of phenolic compounds, lipids, vitamins and is composed of a unique protein
composition, all of which can signiﬁcantly alter the thermal generation of ﬂavor compounds [13,15–17].
During extrusion processing, high temperature and short time conditions favor Maillard and lipid
oxidation ﬂavor-formation pathways [9]; however, the characterization of the ﬂavor diﬀerences between
whole and reﬁned grain maize products has not been reported.
The objective of this work was to investigate the inﬂuence of whole versus reﬁned maize ﬂour
on the aroma of extruded puﬀs and the sensory impact of the identiﬁed diﬀerences. Aroma-active
compounds were identiﬁed using gas chromatography/mass spectrometry (GC/MS) and sensory
diﬀerences were characterized using sensory descriptive analysis.
2. Results and Discussion
To characterize the main diﬀerences in the aroma proﬁles of extruded maize puﬀs made from
whole grain versus reﬁned grain ﬂour, odorants were identiﬁed using gas chromatography/mass
spectrometry/olfactometry (GC/MS/O) and selected based on cut-oﬀ ﬂavor dilution (FD) values
≥16 (see Table 1). Thirteen compounds were selected based on this criterion and all the odor compounds
identiﬁed have been previously reported in extruded maize products [9,12]. However, the inﬂuence of
ﬂour type on their generation and their impact on the aroma proﬁle of extruded maize whole grain
puﬀs (WGP) and reﬁned grain puﬀs (RGP) has not been previously reported. Further quantitative
analysis of the 13 compounds was conducted and is reported in Table 2.
Table 1. Identiﬁed aroma compounds in extruded maize reﬁned grain puﬀs (RGP) and whole grain
puﬀs (WGP).
Compound a

hexanal
2-methylpyrazine
2,3-dimethylpyrazine
2,5-dimethylpyrazine
2-methyl-2-thiazoline
2-pentylfuran
2-ethyl-3,5-dimethylpyrazine
3-hydroxy-2-methyl-4H-pyran-4-one
2-methoxyphenol
2-acetyl-2-thiazoline
(E,E)-2,4-decadienal
2-methoxy-4-vinylphenol
4-hydroxy-3-methoxybenzaldehyde

Green/Oxidized
Roasted
Roasted
Roasted
Roasted/Toasted
Earthy/Oxidized
Roasted
Caramel/Toasted
Smokey
Popcorn/Corn Chip
Oxidized
Clove
Vanilla-like

Flavor Dilution
Value ≥ 16 d

LRI c

Odor Descriptor b

DB-Wax

DB-5

WGP

RGP

1084
1176
1240
1253
1436
1240
1457
1955
1872
1772
1815
2189
2589

801
827
911
912
933
993
1081
1087
1088
1103
1312
1322
1410

64
128
128
16
128
128
64
128
128
64
64
128
64

32
64
32
32
64
32
32
64
64
32
32
64
16

a

Compounds positively identiﬁed by linear retention index (LRI), mass spectrometry (MS), and authentic compound;
Odor described at sniﬃng port during gas chromatography/olfactometry (GC/O), c LRIs calculated using GC-MS
on DB-WAX and DB-5 columns, values relatively to the n-alkane ladder, d Flavor dilution based on the average of
two panelists.
b

Eight compounds including six Maillard reaction products and two phenolic compounds were
found to be statistically diﬀerent between WGP and RGP. All the compounds were found in greater
amounts in the WGP samples except for 2,5-dimethylpyrazine, which was found in higher concentration
in the RGP with 140 μg/kg compared to 100 μg/kg in the WGP. A higher formation of Maillard reaction
aroma compounds, in general, in the WGP can be explained by compositional diﬀerences between
whole and reﬁned grain ﬂours. Milling cereals alters the concentration and composition of proteins and
lipids in the ﬂour. The milling process used to produce reﬁned maize ﬂour removes the protein-rich
pericarp/germ leaving primarily the starchy endosperm ﬂour [16]. Protein and amino acid content
in whole grain maize ﬂour is altered compared to reﬁned maize ﬂour [16,17]. Amino acids are
very inﬂuential for the progression of Maillard reaction pathways [21,22] and key precursors for the
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formation of key odorants such as 2-acetyl-2-thiazoline (cysteine [23]) and 2-ethyl-3,5-dimethylpyrazine
(alanine [24]). These two aroma compounds showed concentrations 2.2 and 2.1-fold higher in WGP
when compared to RGP, respectively. A lower concentration of amino acids (i.e. cysteine and alanine)
in reﬁned maize ﬂour could have resulted in the observed changes in the aroma generation noted or
perhaps are due to diﬀerences in sugar fragmentation. The ratio of precursors, i.e., reducing sugar to
N-containing compounds, has been demonstrated to selectively favor formation pathways through the
modiﬁcation of the intermediate reactive chemistry [25,26]. In glucose model mixtures in particular,
changes in the glucose to amino acid ratio ultimately modulate the generation of pyrazines; a greater
ratio of sugars:amino acids in the RGP could have favored the generation of reactive intermediate
species involved in the formation of 2,5-dimethylpyrazine, while suppressing other products, such as
2-acetyl-2-thiazoline or 2-ethyl-3,5-dimethylpyrazine.
Table 2. Concentration of aroma compounds in extruded maize reﬁned grain puﬀs (RGP) and whole
grain puﬀs (WGP).
Compound
hexanal 1
2-methylpyrazine
2,3-dimethylpyrazine
2,5-dimethylpyrazine
2-methyl-2-thiazoline 1
2-pentylfuran 1
2-ethyl-3,5-dimethylpyrazine 1
3-hydroxy-2-methyl-4H-pyran-4-one
2-methoxyphenol 1
2-acetyl-2-thiazoline 1
(E,E)-2,4-decadienal 1
2-methoxy-4-vinylphenol 1
4-hydroxy-3-methoxybenzaldehyde 1
1

Mean ± CV 2
WGP (μg/kg)

RGP (μg/kg)

Concentration
Ratio (WGP/RGP)

470± 8
363± 7 b
653± 7 b
100± 8 b
147± 10
183± 12
260± 16 b
370± 9 b
317± 5
377± 5 b
293± 14b
3600± 4 b
3517± 7 b

436 ± 24
292± 3 a
280± 2 a
141± 5 a
137± 13
153± 9
124± 18 a
321± 10 a
297± 15
168± 10 a
243± 3 a
843± 3 a
1218± 5 a

1.1
1.2
2.3
0.7
1.1
1.2
2.1
1.2
1.1
2.2
1.2
4.3
2.9

Concentration above aqueous odor threshold values;
between samples using a t-test, p < 0.05, n = 5.

2

Odor Threshold in
Water (μg/L)
[18–20]
4.5–5.0
60,000–105,000
2,500–35,000
800–1800
2
6
1
35,000
3–21
1
0.07
3
20–200

Diﬀerent letters (a, b) indicate a signiﬁcant diﬀerence

Two ferulic acid degradation products 2-methoxy-4-vinylphenol and 4-hydroxy-3-methoxybenzaldehyde
were quantified in higher amounts in WGP (Table 2) and described in GC/O with clove and vanilla aroma
descriptors (Table 1), respectively. In grains, the phenolic material is mainly distributed in the bran layer.
For example, in sweet maize the pericarp and germ contain approximately 325 and 702 ug/g of ferulic acid,
respectively while the endosperm, the primary component of refined maize flour, contains approximately
13 mg/g [27]. In general, the total phenolic content of the pericarp is approximately 30-fold higher than the
endosperm [28]. In bread, the liberation of phenolic compounds (i.e., ferulic acid) from whole wheat flour
during baking was reported to suppress the generation of Maillard aroma compounds through carbonyl
trapping mechanisms [13]. The noted increase in Maillard aroma compound generation in the WGP versus
RGP suggested the phenolic-carbonyl reaction mechanisms that suppressed aroma formation in bread were
not relevant in extruded maize products, albeit the heating profile of extrusion cooking is drastically different
than baking bread. Others have shown that the addition of the phenolic compound, rutin, during the
preparation of baked rye-buckwheat biscuits resulted in higher levels of Maillard-type aroma compounds,
such as alkyl-pyrazines [29].
Two lipid oxidation compounds, hexanal and 2-pentylfuran were not found to be statistically
diﬀerent in concentration between RGP and WGP, however (E,E)-2,4-decadienal was signiﬁcantly
higher (approximately 20%) in the WGP sample. Thus, the higher content of lipid in the whole grain
maize did not have a major impact on the formation of these lipid oxidation aroma compounds,
perhaps because of the elevated levels of antioxidative components of the pericarp.
To draw further insight regarding the impact of quantitative diﬀerences of aroma compounds of the
maize extruded puﬀs (Table 2) on the aroma proﬁle, sensory descriptive analysis (DA) was conducted
on both the WGP and RGP samples (Figure 1), as well as aroma recombination models (Figure 2).
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Figure 1. Mean aroma attribute intensity scores of extruded maize reﬁned grain puﬀs (RGP) and whole
grain puﬀs (WGP); Diﬀerent letters (a, b) indicate a signiﬁcant diﬀerence between samples for each
attribute according to Tukey’s HSD, p < 0.05

The perceived intensities of the aroma descriptors were signiﬁcantly higher in whole grain
versus reﬁned maize puﬀs for four out of six attributes (Figure 1). In the whole grain sample,
the highest reported mean intensities were for the attributes cooked, corn chip, roasted, and toasted and
likely were associated with the increased concentration of the Maillard-derived compounds (Table 2).
All the Maillard compounds, with the exception of 2,5-dimethylpyrazine, were statistically higher in
concentration in the WGP compared to the RGP. The oxidized attribute was not rated as signiﬁcantly
diﬀerent in intensity between WGP and RGP. The lipid oxidation compounds typically associated
with oxidized sensory properties including 2-pentylfuran and hexanal were indeed found at similar
levels in both samples, whereas 2,4-decadienal was approximately 20% higher in the WGP (Table 2).
These results indicated that lipid oxidation did not play a major role in aroma diﬀerences between WGP
and RGP. Finally, the intensity of the vanilla attribute was rated similarly in both samples, and thus
was not established as a discriminant sensory trait common to both WGP and RGP despite higher
levels of these phenolic degradation compounds in the WGP sample.

Figure 2. Mean aroma attribute intensity scores of aroma recombination models for extruded maize
reﬁned grain puﬀs (RGP) and whole grain puﬀs (WGP); Diﬀerent letters (a, b) indicate a signiﬁcant
diﬀerence between samples for each attribute according to Tukey s HSD, p < 0.05.
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Aroma recombination models were developed to determine the contribution of the aroma
composition (Table 2) on the sensory attributes of the WGP and RGP samples (Figure 1). In general,
the recombination models of the maize puﬀ samples (Figure 2) agreed with the authentic samples
(Figure 1) and showed that toasted, roasted, corn chip, and cooked attributes had signiﬁcantly higher
mean intensities in WGP in comparison to RGP. The odor threshold values are also shown in Table 2,
with 10 of the 13 compounds being reported at concentrations above the threshold. Odor thresholds
provide a basis to understand sensory relevance; however, some caution would be warranted when
extrapolating these threshold values in water to the aroma attributes perceived by the orthonasal
evaluation of a low-moisture high-starch puﬀed cereal product. Nonetheless, when focused on
compounds above their aqueous odor threshold values that were also signiﬁcantly diﬀerent in
concentration (Table 2) and considering the odor properties (Table 1), two Maillard reaction products,
2-ethyl-3,5-dimethylpyrazine and 2-acetyl-2-thiazoline were indicated as the main contributors to the
noted sensory diﬀerences in the aroma proﬁle of the WGP and RGP samples (Figure 1).
In summary, the Maillard reaction products were established as the main aroma diﬀerences
between WGP and RGP. This study showed a predominance of Maillard aroma compounds and
sensory traits in the WGP likely induced by the heat conditions of the extrusion process. Historically,
the aroma attributes of Maillard compounds associated with roasted, toasted, corn chip, and cooked
are viewed as positive traits in heat-processed foods. Thus, the aroma attributes of extruded whole
grain maize did not appear to negatively alter the ﬂavor proﬁle (compared to reﬁned grain product).
However, further work is needed to understand if these changes could contribute to an unbalanced
aroma proﬁle when present at higher intensities. Moreover, the impact of whole grain maize on the
taste proﬁle (i.e., bitterness) could also play a role in product acceptance.
3. Materials and Methods
3.1. Materials
Hexanal, 2-methylpyrazine, 2,3-dimethylpyrazine, 2,5-dimethylpyrazine, 2-methyl-2-thiazoline,
2-pentylfuran, 2-ethyl-3,5-dimethylpyrazine, 3-hydroxy-2-methyl-4H-pyran-4-one, 2-methylphenol,
2-acetyl-2-thiazoline, (E,E)-2,4-decadienal, 2-methoxy-4-vinylphenol, 4-hydroxy-3-methoxybenzaldehyde,
4-heptanone, 2-methyl-3-heptanone, trisodium phosphate, calcium carbonate, anhydrous sodium sulfate,
corn starch and sodium chloride were purchased from Sigma-Aldrich (St. Louis, MO, USA). Methanol
and methylene chloride, in GC-Resolv® grade, were purchased from Fischer Scientific (Pittsburgh,
PA, USA). Maizewise™ whole grain and Innovasure™ refined maize flours were purchased from Cargill
(Minneapolis, MN, USA). All the sensory reference materials, dry uncooked Bob s Red Mill Steel Cut Oats,
Bergen Unsalted Lightly Roasted Almonds, Organic Valley Whole UHT Milk, Toasted Wonder Bread™,
Nilla® Wafers, and Old Dutch Restaurante® Style Yellow Corn Tortillas Chips, were purchased from
a local grocery store.
3.2. Twin-Screw Extrusion
Extrusion conditions were designed to yield uniform cell structure throughout each puﬀ [10].
Brieﬂy, extrusion processing was carried out using The Joseph J. Wartheson pilot plant (Department
of Food Science and Nutrition, University of Minnesota, St. Paul, MN) with a Buhler DNDL-44
twin-screw extruder (Uzwil, Switerland). Two formulations were produced, a reﬁned maize ﬂour
formulation and a whole grain maize ﬂour formulation. The reﬁned maize ﬂour dry formulation
consisted of 970 g (97%) reﬁned maize ﬂour with 10 g (1%) trisodium phosphate, 10 g (1%) calcium
carbonate, and 10 g (1%) sodium chloride. The whole grain maize formulation consisted of 465 g
(48%) reﬁned maize ﬂour and 505 g (52%) whole grain maize ﬂour with 10 g (1%) trisodium phosphate
(TSP), 10 g (1%) calcium carbonate, and 10 g (1%) sodium chloride. The ingredients were added to
a mixer and mixed for 10 min. The mixture was added with 14% (w/w) water into the extruder with
a low work screw conﬁguration via a feeder and processed per the following extrusion parameters:
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computer-controlled shaft speed of 350 rpm, measured die pressure of 10.1 ± 0.5 bar, die temperature
of 160 ± 1 ◦ C, material throughput of 50.8 ± 0.1 kg/h with 7 kg/h water, and a cutter speed of 1200 rpm.
Due to diﬀerences in the physical and chemical characteristics of the reﬁned and the whole grain ﬂour
mixes, the reﬁned maize ﬂour formulation showed an increased shaft torque of 224 N·m over the whole
grain maize ﬂour formulation, which had a shaft torque of 215 N·m. The speciﬁc mechanical energy
for reﬁned maize ﬂour formulation was 164 kW/h, while the whole grain maize ﬂour was 159 kW/h.
Other parameters were constant across both formulations. The puﬀed product was collected, dried on
a liquid air bed, and stored in high-density polyethylene bags at −40 ◦ C for later analysis.
3.3. Solvent Extraction
Brieﬂy, 300 g of maize puﬀs were ground and placed in a 1 L Erlenmeyer ﬂask. Next, 600 g of
methanol spiked with 0.1 mg/L 4-heptanone were added to the ﬂask, which was then shaken for 24 h
on an orbital shake table set at 200 rpm. Methanol was collected and the ground maize puﬀs were
re-extracted for 2 h using 400 g of methanol at 200 rpm. Organic layers were pooled, and 600 g of
the methanol collected was subsequently combined with 600 mL of reverse osmosis puriﬁed water.
The water-methanol mixture was then poured into three 1 L separatory funnels and extracted using
500 g of methylene chloride (DCM) spiked with 0.1 mg/L of 2-methyl-3-heptanone. DCM was added
in 100 mL aliquots to each funnel for a total of 5 extractions. The DCM extract was then placed in
a –20 ◦ C freezer overnight to separate and remove any residual water-methanol. The DCM extract
was collected and then dried using sodium sulfate and subsequently concentrated via distillation to
1.0 g. The concentrated extract was stored at –80 ◦ C until analysis. Additionally, internal standards
used were analyzed for reproducibility during extraction. Methanol was spiked with 4-heptanone
and DCM was spiked with 2-methyl-3-heptanone to achieve 100 and 150 mg/L, respectively, in the
concentrated solvent. This protocol, when compared to DCM extraction, resulted in 30% more aroma
actives detected during GC/O (data not shown).
3.4. Gas Chromatography/Olfactometry/Mass Spectrometry (GC/O/MS): Aroma Extraction Dilution
Analysis (AEDA)
GC/O analyses were performed on an HP6890 GC (Agilent Technologies, Santa Clara, CA, USA)
equipped with a DB-5 column (30 m × 0.25 mm i.d. × 0.25 μm ﬁlm thickness (Agilent Technologies))
coupled with a 5973 MS (Agilent Technologies) operated in electron impact mode as similarly
described by Moskowitz et al. [13]. The system was also equipped with an olfactometry port (Gerstel,
Mülheim an der Ruhr, Germany). The eﬄuent was divided 1:1 between the MS and the olfactometry
port. The GC conditions were as follows: 0.5 μL sample was injected via air sandwich technique into
the inlet which was held at 250 ◦ C set to splitless mode, helium carrier gas was at a constant pressure
of 180 kPa. The GC oven temperature program was as follows: initial conditions 40 ◦ C held for 2 min,
followed by a 7 ◦ C/min ramp until 250 ◦ C, which was held for 10 min. Each sample was diluted by
half-volume in dichloromethane until the dilution had been carried out to a concentration of 128th of
the original extraction had been achieved. The largest dilution at which each compound was detected
was deﬁned as the FD value. Each dilution was analyzed in triplicate by two panelists. Compound
identiﬁcation was performed using mass spectral data, odor descriptors, and the linear retention index
(LRI) of the authentic compound. LRI values were calculated using an n-alkane ladder.
3.5. GC/MS Identiﬁcation and Quantitation
The GC/MS analysis was performed using a 7890 GC (Agilent Technologies) coupled to a time of
ﬂight (TOF) MS (LECO Pegasus 4D, St. Joseph, MI, USA). The isolate was analyzed on two alternate
column chemistries, namely DB-5 and DB-Wax. For the DB-5 analysis analogous column and oven
conditions were as previously described. For the DB-Wax (60 m × 0.25 mm i.d. × 0.25 μm ﬁlm thickness,
Agilent Technologies) the GC conditions were as follows: 0.5 μL was injected into an inlet heated
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to 250 ◦ C. The GC oven temperature program was as follows: initial conditions 40 ◦ C followed by
a 5 ◦ C/min ramp to 250 ◦ C and then held for 10 min, ﬂow at 1 mL/min.
Quantiﬁcation was carried out using ﬁve-point calibration curves for each of the 18
compounds in the following concentration ranges (μg/kg) listed, hexanal (50–800), 2-methylpyrazine
(55–80), 2,3-dimethylpyrazine (51–815), 2,5-dimethylpyrazine (54–860), 2-methyl-2thiazoline (61–975),
2-pentylfuran (43.5–775), 2-ethyl-3,5-dimethylpyrazine (52.5–840), 3-hydroxy-2-methyl-4H-pyran-4-one
(44–700), 2-methylphenol (60–965), 2-acetyl-2-thiazoline (61–975), (E,E)-2,4-decadienal (92.5–1480),
2-methoxy-4-vinylphenol (438–7000), 4-hydroxy-3-methoxybenzaldehyde (612–10000), all curves had
high linearity (R2 > 0.98 for all compounds) as similarly descripted by Trikusuma et al. [30].
3.6. Sensory Evaluation
The aroma of the maize puﬀs was evaluated by 12 trained panelists (4 male and 8 female, ages
22–32) from the University of Minnesota Department of Food Science and Nutrition (St. Paul, MN, USA).
Training consisted of 10 sessions of 1 h. The ﬁrst training session was dedicated to lexicon development
and selection of references. Panelists generated the six following descriptive terms: oxidized, roasted,
cooked, toasted, vanilla, and corn chip. Representative food samples were selected as references
for sensory attributes: dry uncooked Bob s Red Mill Steel Cut Oats represented the oxidized aroma,
Bergen Unsalted Lightly Roasted Almonds represented the roasted aroma, Organic Valley Whole
UHT (ultra-heat treated) Milk represented the cooked aroma, toasted Wonder Bread™ represented the
toasted aroma, Nilla® Wafers represented the vanilla aroma, and Old Dutch Restaurante® Style Yellow
Corn Tortillas Chip represented the corn chip aroma. The recombination samples were prepared by
adding 10 μL of the aroma compound mixture (in ethanol) to 15 g corn starch at the levels quantiﬁed
in reﬁned and whole grain maize puﬀ samples (Table 2) in sealed 50 mL amber glass containers with
Teﬂon® lined lids. The recombination samples were allowed to equilibrate for 12 h and mixed in
a drum tumbler prior to evaluation. Panelists were asked to assess the intensity of the six aroma
descriptors orthonasally on a 0–15 pt scale with 0 being not noticeable and 15 being intense. All samples
and recombination samples were evaluated in duplicate. For each replicate, a new sample bottle was
analyzed. Data were analyzed using analysis of variance and Tukey s HSD test with a probability
of p ≤ 0.05. The eﬀect of replicate and the panelist–sample interaction was not signiﬁcant, indicating
that data collected were reproducible and that panel was aligned toward the sensory attributes.
Data were processed using SPSS Statistics (IBM, Armonk, NY, USA).
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Abstract: The aim of the study was to evaluate the proteolytic process in Caciocavallo cheese
obtained from Friesian cows fed zinc, selenium, and iodine supplementation. Thirty-six Friesian
cows, balanced for parity, milk production, and days in milk, were randomly assigned to four groups.
The control group (CG) was fed with a conventional feeding strategy, while the three remaining
groups received a diet enriched with three diﬀerent trace elements, respectively zinc (ZG), selenium
(SG), and iodine (IG). At the end of the experimental period, samples of milk were collected and
used to produce Caciocavallo cheese from each experimental group. Cheese samples were then
analyzed after 7 and 120 days from the cheese making in order to obtain information on chemical
composition and extent of the proteolytic process, evaluated through the electrophoretic analysis of
caseins and the determination of volatiles proﬁle. Both milk and cheese samples were richer in the
amount of the microelement respectively used for the integration of the cattle’s diet. The zymographic
approach was helpful in evaluating, in milk, the proteolytic function performed by endogenous
metalloenzymes speciﬁcally able to degrade gelatin and casein; this evaluation did not highlight
signiﬁcant diﬀerences among the analyzed samples. In cheese, the electrophoretic analysis in reducing
and denaturing condition showed the marked ability of β-casein to resist the proteolytic action
during ripening, whereas the dietary selenium supplementation was shown to perform a protective
action against the degradation of S1 and S2 isoforms of α-casein. The analysis of the volatile proﬁle
evidenced the presence of compounds associated with proteolysis of phenylalanine and leucine. This
approach showed that selenium was able to negatively inﬂuence the biochemical processes that lead
to the formation of 3-methyl butanol, although the identiﬁcation of the speciﬁc mechanism needs
further investigation.
Keywords: proteolysis; microelement; dairy cow; caciocavallo cheese; casein; volatile compound

1. Introduction
High-yielding animals require feeding strategies that guarantee the right contribution of all the
necessary microelements, such as zinc, manganese, copper, cobalt, iodine, and selenium. Dietary
microelements deﬁciency in livestock commonly leads to a wide range of disorders especially
Molecules 2020, 25, 2249; doi:10.3390/molecules25092249
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associated to growth depression, ineﬃcient feed utilization, lower production performance, and
depressed immunocompetence that may increase animals’ susceptibility to infectious diseases [1].
Zinc is a ubiquitous element in cells and represents an essential component of several
metalloenzymes [2] and transcription factors, with relevant roles in the metabolism of essential
nutrients in animals. Zinc is not stored in the animal body; therefore, a constant dietary supply is
necessary to avoid the onset of a wide range of pathological conditions, such as skin parakeratosis,
reduction or cessation of growth, general debility, lethargy, and increased susceptibility to infection [3].
Selenium is involved in numerous biological mechanisms, including cellular response to oxidative
stress, redox signaling, cellular diﬀerentiation, immune response, and protein folding [4]. Selenium
was also reported to improve rumen fermentation, milk yields, and feed digestion in Holstein dairy
cows [5]. Iodine is the main component of the thyroid hormones and when its requirement is not
satisﬁed, a reduced functionality of the thyroid gland could occur (hypothyroidism) with consequences
for proper mental development, body growth, and decreased fertility. In animal husbandry, iodine
supplementation is needed because the native iodine content of plant straight feed-stuﬀs is low;
moreover, the increasing use of rapeseed meal in livestock diets is associated with the intake of
glucosinolates, which are known to be iodine antagonists, inhibiting the activity of sodium iodide
symporter [6].
Diﬀerent studies have been carried out in order to evaluate the eﬀect of dietary microelements
intake on ruminants’ metabolism [7–9] and chemical-nutritional quality of dairy products [10–12], but
the topic concerning the microelements’ inﬂuence on ripened cheese ﬂavor has received less attention.
Conversion of lactose and citrate, lipolysis, and proteolysis represent the main chemical processes
involved in the development of aroma in dairy products. Among these processes, proteolysis of caseins
is an important biochemical pathway responsible for the formation of ﬂavor and texture in hard- and
semi hard-type cheeses [13]. Proteolysis in cheese can be divided into the primary and the secondary
phase. Primary proteolysis is performed by rennet, native milk enzymes and induces degradation
of caseins into large, well-deﬁned polypeptides. Further proteolytic processes operated by starter
and nonstarter bacteria during ripening contribute to secondary proteolysis, which cause formation
of small polypeptides and free amino acids responsible for cheese aroma and taste [14]. Branched
chain amino acids (leucine, isoleucine, and valine), aromatic amino acids (phenylalanine, tyrosine, and
tryptophan), and methionine are thought to be the precursors of important volatile compounds in
dairy products [15]. Therefore, the aim of the present study was to investigate the eﬀect of dietary
microelements’ intake on the development of proteolysis in fresh and ripened dairy products obtained
from lactating dairy cows. Speciﬁcally, the study was conducted on Caciocavallo cheese, a dairy
product of bovine origin, which is generally subjected to seasoning for fairly long intervals of time
compared to other products, and which is therefore more exposed to both lipolytic and proteolytic
processes. The study in any case did not concern only the cheese but was also extended to the milk
used for cheesemaking, in order to verify the actual enrichment with the microelements respectively
used for dietary supplementation and also to evaluate the presence and the activity of native milk
metalloenzymes, which exploit these microelements, especially zinc, as cofactors.
2. Results
2.1. Microelements Quantiﬁcation in Milk and Cheese
At the end of the 56 days of the trial, milk samples obtained from each experimental group (zinc
(ZG), selenium (SG), and iodine (IG)) in the feeding strategy were found to be eﬀective in inducing an
enrichment of the microelement respectively used for the dietary supplementation (Table 1).
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Table 1. Microelements quantiﬁcation in milk samples obtained from lactating dairy cows fed control
diet (CG) and control diet supplemented with zinc (ZG), selenium (SG), and iodine (IG).
Milk Samples

Microelement
Zinc 1
Selenium 1
Iodine 1

CG

ZG

SG

IG

4.18 a ± 0.37
0.036 a ± 0.004
0.12 a ± 0.03

5.76 b ± 0.41
0.041 a ± 0.005
0.11 a ± 0.02

3.98 a ± 0.33
0.049 b ± 0.005
0.10 a ± 0.02

4.04 a ± 0.40
0.039 a ± 0.004
0.17 b ± 0.02

Data are reported on a dry matter basis, as mean (mg·kg−1 ) ± standard deviation (S.D.).
same row indicate signiﬁcant diﬀerences (p < 0.05).
1

a,b

Diﬀerent letters in the

The ﬁnding concerning the enrichment with the microelements used for the dietary
supplementation was also found in samples of Caciocavallo cheese, both fresh (T7 ) and after 120 days
of repining (T120 ). The results concerning the quantiﬁcation performed on individual samples for the
two ripening times is shown in Table 2.
Table 2. Microelements content in cheese samples obtained from lactating dairy cows fed control
diet (CG) and control diet supplemented with diﬀerent trace elements: zinc (ZG), selenium (SG),
and iodine (IG).
Ripening Time 1

Trace
Element
Zinc 2
Selenium 2
Iodine 2
1

T7

T120

CG

ZG

SG

IG

CG

ZG

SG

IG

41.34 a ± 2.03
0.21 a ± 0.03
0.21 a ± 0.03

52.61 b ± 2.37
0.19 a ± 0.03
0.24 a ± 0.03

42.77 a ± 2.19
0.32 b ± 0.04
0.19 a ± 0.03

40.77 a ± 1.98
0.22 a ± 0.03
0.31 b ± 0.04

43.21 a ± 2.41
0.22 a ± 0.02
0.20 a ± 0.03

54.74 b ± 2.39
0.18 a ± 0.03
0.22 a ± 0.03

41.82 a ± 3.09
0.31 b ± 0.04
0.18 a ± 0.02

42.91 a ± 2.93
0.19 a ± 0.03
0.29 b ± 0.04

7 and 120 days of ripening (T7 and T120 respectively); 2 Data are reported in mg·kg−1 on a dry matter basis.
Diﬀerent letters in the same row indicate signiﬁcant diﬀerences (p < 0.05).

a,b

2.2. Zymographic Evaluation of Gelatinolytic and Caseinolytic Activity in Milk
Enzymatic activities able to induce the degradation of gelatin and casein in milk samples have
been evaluated using a zymographic approach.
The gelatin-zymography (Figure 1) was helpful in highlighting the enzymatic activity closely
associated with the two major gelatinases: matrix metalloproteinase 2 (MMP-2) and matrix
metalloproteinase 9 (MMP-9).

Figure 1. Gelatin-zymography on milk samples obtained from lactating dairy cows fed control diet (CG)
and control diet supplemented with zinc (ZG), selenium (SG), and iodine (IG). Analysis was performed
in order to obtain information on the enzymatic activities associated to matrix metalloproteinase 2
(MMP-2) and matrix metalloproteinase 9 (MMP-9). The ImageJ software was used to perform the
quantitative analysis of visualized spots. Data are reported as mean values expressed in arbitrary unit
(A.U.) ± standard deviation.
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With speciﬁc regard to MMP-2, no signiﬁcant variations were detected (p > 0.05), although the
quantitative analysis of the spots highlighted a tendency in the samples from the experimental groups
(ZG, SG, and IG) to degrade gelatin with less eﬃcacy. In the case of MMP-9, all samples showed
greater activity than that found for MMP-2. However, similarly to what was observed for MMP-2, no
signiﬁcant diﬀerences between the various samples were identiﬁed (p > 0.05). The only noteworthy
phenomenon concerns the slight tendency of the ZG sample to degrade the substrate more eﬀectively.
Total caseinolytic activity was assessed through casein-zymography. The data shown in Figure 2
showed a picture quite similar to that observed for MMP-9 with the ZG milk sample, which seemed to
have a greater ability to degrade the substrate, although this diﬀerence compared to the control (CG)
and to the other experimental samples (SG and IG) was not signiﬁcant (p > 0.05).
150

A.U.

130
110
90
70
50

CG

ZG

SG

IG

Figure 2. Casein-zymography on milk samples obtained from lactating dairy cows fed control diet (CG)
and control diet supplemented with zinc (ZG), selenium (SG), and iodine (IG). The ImageJ software
was used to perform the quantitative analysis. Data are reported as mean values expressed in arbitrary
unit (A.U.) ± standard deviation.

2.3. Caseins Separation by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE)
The sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) was performed
with the aim of monitoring the degradation of caseins by the rennet and indigenous milk enzymes.
As showed in Figure 3, cheese proteins have been separated into three major casein components
(αS1-CN, αS2-CN, and β-CN).
Under the applied experimental conditions, the protein proﬁle of both fresh (T7 ) and ripened (T120 )
cheese showed a major β-CN band and less intensive bands corresponding to αS1-CN and αS2-CN.
In all samples, ﬁve low molecular weight peptides (from 25 kDa to 10 kDa) were also identiﬁed
as proteolysis products (Table 3). Dietary supplementation with zinc and iodine did not generate
signiﬁcant changes compared to the CG samples both at T7 and at T120 , while selenium inﬂuenced the
proteolytic process, partly protecting αS2-CN, as evidenced by the lack of signiﬁcant diﬀerences in the
proteolysis products corresponding to bands 2, 3, and 4 in SG samples (p > 0.05).
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Figure 3. Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) pattern of caseins
and peptides resulting from protein degradation in fresh (T7 ) and 120-days ripened (T120 ) cheese
samples obtained from lactating dairy cows fed control diet (CG) and control diet supplemented with
zinc (ZG), selenium (SG), and iodine (IG) deviation.

2.4. Identiﬁcation of Volatile Compounds in Fresh and Ripened Cheese
Volatile compounds resulting from secondary proteolysis during ripening were identiﬁed in all
the analyzed samples (Table 4). Two volatile compounds, phenylacetaldehyde and 2-phenylethyl
alcohol, derived from phenylalanine catabolism were identiﬁed, while only the 3-methyl-1-butanol
was identiﬁed as a derivative of leucine degradation.
In both T7 and T120 samples no signiﬁcant variations were found in the phenylacetaldehyde
content (p > 0.05). In the case of 2-phenylethyl alcohol, dietary supplementation with zinc, selenium,
and iodine, seems to have led to a signiﬁcant reduction of this compound in T7 samples (6499 AU
in CG vs. 3125, 1364, and 3037 AU in ZG, SG, and IG, respectively; p < 0.01). In ripened cheese,
the phenomenon was conﬁrmed only in ZG samples, while an increase of 2-phenylethyl alcohol was
detected in IG. The only identiﬁed compound deriving from the leucine degradation was 3-methyl
butanol, which tends to be synthesized in the various cheese samples with a comparable pattern both
after 7 and 120 days of ripening. Speciﬁcally, no signiﬁcant diﬀerences were observed between CG, ZG,
and IG samples, while both at T7 and T120 , the SG samples were characterized by a lower concentration
of this compound (p < 0.01 at T7 and p < 0.05 at T120 ).
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22.93 ± 2.07
33.16 ± 2.88
26.92 ± 2.54
5.04 ± 0.56
3.86 ± 0.44
3.51 ± 0.39
1.72 ± 0.23
1.87 ± 0.21

T7

T120

26.59 ± 2.78
10.82 ± 0.85
27.94 ± 2.41
8.41 ± 0.86
6.36 ± 0.67
6.77 ± 0.69
6.70 ± 0.68
6.41 ± 0.65

CG

ns
**
ns
*
**
**
**
**

p
20.98 ± 1.87
29.66 ± 2.83
30.57 ± 2.92
5.19 ± 0.53
5.18 ± 0.52
3.64 ± 0.38
0.96 ± 0.11
3.82 ± 0.39

T7

T120
19.60 ± 1.79
8.30 ± 0.78
30.93 ± 2.82
10.70 ± 0.96
8.76 ± 0.83
8.20 ± 0.77
6.77 ± 0.66
6.74 ± 0.65

ZG

ns
**
ns
**
**
**
**
**

p
22.30 ± 2.13
31.82 ± 2.97
23.39 ± 2.18
5.48 ± 0.55
4.68 ± 0.47
4.39 ± 0.45
3.11 ± 0.33
4.84 ± 0.50

T7

T120
21.02 ± 2.04
21.14 ± 1.99
27.21 ± 2.51
8.09 ± 0.78
5.96 ± 0.61
4.27 ± 0.43
3.99 ± 0.40
8.32 ± 0.81

SG

ns
**
ns
*
ns
ns
ns
**

p
23.80 ± 2.21
29.98 ± 2.83
31.33 ± 2.86
4.10 ± 0.42
3.09 ± 0.32
2.76 ± 0.29
2.10 ± 0.22
2.84 ± 0.28

T7

T120
25.10 ± 2.33
14.66 ± 1.42
33.60 ± 3.11
6.36 ± 0.61
6.27 ± 0.62
4.30 ± 0.42
4.50 ± 0.44
5.21 ± 0.51

IG

206

862
3125 b
6526 a

7481 a

55

ZG

750
6499 a

CG

91
91

T.I. 2
T7

2697 b

1083
1364 c

SG

a,b,c

1

987

227
399

SEM

7648 a

3015
9596 a

CG

Ripening Time 1

6327 a

3658
6833 b

ZG

5921 b

5748
7564 a

SG

T120

7597 a

4334
14815 c

IG

1179

1222
2643

SEM

7 and 120 days of ripening (T7 and T120 respectively); 2 Target ion. Data are reported as

6091 a

480
3037 b

IG

Diﬀerent letters in the same row indicate signiﬁcant diﬀerences between groups (p < 0.05).
arbitrary units.

Phenylalanine
Phenylacetaldehyde
2-phenylethyl alcohol
Leucine
3-methyl-1-butanol

Volatile Compounds

Table 4. Proteolytic volatile compounds in fresh (T7 ) and 120-days ripened (T120 ) cheese obtained from lactating cows fed control diet (CG) and control diet
supplemented with zinc (ZG), selenium (SG), and iodine (IG).

Data are reported as mean (%) ± S.D. of the total proteins found in the electrophoretic proﬁle of each sample. αS -CN = αS -casein and β-CN = β-casein. Bands 1, 2, 3, 4, and 5 = fragments
of protein degradation. * p < 0.05; ** p < 0.01; and ns = not signiﬁcant.

αS2 -CN
αS1 -CN
β-CN
Band 1
Band 2
Band 3
Band 4
Band 5

Protein

Table 3. Densitometric analysis of SDS-PAGE protein bands (Figure 3) in fresh (T7 ) and 120-days ripened (T120 ) cheese samples obtained from lactating dairy cows
fed control diet (CG) and control diet supplemented with zinc (ZG), selenium (SG), and iodine (IG).

p
ns
**
ns
*
**
*
**
**
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3. Discussion
Preventive analysis performed to determine the chemical composition of cheese samples obtained
from the various experimental groups did not show signiﬁcant changes both in relation to the feeding
strategy (CG, ZG, SG, and IG) and in relation to the ripening time (T7 and T120 ). In particular, there
were no diﬀerences in the protein content (Supplementary Table S1), testifying that the proteolytic
process took place in the presence of equal substrate concentrations among the analyzed cheese
samples. This ﬁnding is in complete agreement with what has been observed in other studies, which
tested the dietary supplementation with essential trace elements in dairy cows [10,16]. With regards
to the dosage of zinc, selenium, and iodine in milk and cheese samples, a signiﬁcant increase of the
micronutrient respectively used for the integration of the animal diet was highlighted. Limited to
selenium, this result is in agreement with several studies [17], while in the case of zinc and iodine,
there are discrepancies with what was previously reported. Pechová et al. [18] evidenced the inability
of dietary zinc supplementation to inﬂuence its amount in bovine milk and cheese; these authors
discussed such phenomenon advancing the hypothesis of an impaired incidence of rumen acidosis
in the herd before the start of the experiment. With regard to iodine, Moschini et al. [19] indicated
this microelement suitable for milk fortiﬁcation through feed supplementation but its poor ability to
interact with protein structures seems to compromise its transfer to cheese. Given the relevance of zinc,
selenium, and iodine in human biochemical mechanisms, their general enrichment in milk and dairy
products at the concentrations detected in this study should represent a positive aspect. However, it
must be taken into account that an excess of these trace elements can constitute a technological risk
factor for dairy products, both for the commercial image of the products and, above all, for consumers’
health. This consideration assumes particular value especially in the case of nonessential or toxic
metals, such as lead and cadmium, that even in low concentrations are responsible for metabolic
disorders with extremely serious consequences [20].
The milk enrichment with the microelements respectively used for dietary supplementation
made it necessary to verify the possibility that this event could inﬂuence the function of endogenous
enzymes. In particular, attention was focused on the activity of matrix metalloproteinases (MMPs),
which, following cheesemaking, can be incorporated into the dairy matrix, actively participating in
the proteolytic events that characterize the ripening process, especially in the initial stages. MMPs
represent a family of calcium-dependent endopeptidases, with a catalytic domain containing a zinc ion
coordinated by three histidines. These enzymes are involved in the physiological degradation of the
extracellular matrix (ECM) in mammals, a fundamental process for tissue development, morphogenesis,
remodeling, and repair. Based on their speciﬁcity for the substrate, MMPs are divided into four
main subgroups: gelatinases, collagenases, stromelysins, and membrane type MMPs (MT-MMPs) [21].
In this study, the activity of gelatinases MMP-2 (Gelatinase A) and MMP-9 (Gelatinase B) have been
speciﬁcally evaluated; furthermore, the caseinolytic potential of milk samples was also assayed, since
casein can be hydrolyzed by diﬀerent metalloenzymes, such as MMP-1 (Collagenase-1) and MMP-3
(Stromelysin-1) [22]. Although MMPs are constitutively present in all tissues, their release in milk
can be partly inﬂuenced by the health status of the mammary gland. As previously reported, the
inﬂammatory process during mastitis results in the release of a wide range of proteolytic enzymes,
which are mainly secreted by polymorphonuclear cells recruited into the mammary gland from blood
circulation [23].
The dairy cows involved in this study maintained good health conditions for the entire duration
of the trial, and the preliminary evaluations carried out on milk used for cheesemaking showed
particularly low values associated with somatic cells count (SCC) and without signiﬁcant changes in
the data associated with the total bacterial count (data not shown). The zymographic approach did not
evidence signiﬁcant variations both for gelatinolytic (MMP-2 and MMP-9) and caseinolytic activities.
Because these enzymes depend on the presence of zinc, an increase in the substrate hydrolysis capacity
in ZG samples would have been expected. The justiﬁcation for this evidence could be sought in the fact
that dietary supplementation was performed by using zinc oxide (ZnO), which showed, in alternative
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research ﬁelds, the ability to even block the activity of MMP-9 [24]. It is therefore presumable that this
organic form of zinc is diﬃcult to use by this family of enzymes, which therefore do not undergo an
improvement in the hydrolysis kinetics of the respective substrates.
Regarding the analysis of primary proteolysis in cheese, the SDS-PAGE has proved to be particularly
useful in monitoring the degradation of caseins by the rennet and indigenous milk enzymes. Cheese
proteins have been separated into three major casein components (αS1-CN, αS2-CN, and β-CN) in
all the analyzed samples, with molecular weights and electrophoretic mobility that were consistent
with those reported in the literature [25]. Under the applied experimental conditions, the protein
proﬁle of both fresh (T7 ) and ripened (T120 ) cheese showed a major β-CN band and less intensive
bands corresponding to αS1-CN and αS2-CN. In all samples, ﬁve low molecular weight peptides
(from 25 kDa to 10 kDa) were all identiﬁed as proteolysis products. Dietary supplementation with
zinc and iodine did not generate signiﬁcant changes compared to the CG samples both at T7 and
at T120 , while selenium inﬂuenced the proteolytic process, partly protecting αS2-CN, as evidenced
by the lack of signiﬁcant diﬀerences in the proteolysis products corresponding to bands 2, 3, and
4 in SG samples. According to other studies, most of these peptides with molecular weight in the
range 10–20 kDa were generated by rennet and plasmin following the degradation of αS-CN and
β-CN [26,27]. Selenium has been reported to inhibit the expression of urokinase-type plasminogen
activator (uPA), a serine protease, which can convert plasminogen to plasmin, which is capable of
degrading extracellular matrix proteins and activating latent forms of MMPs [28]. The αS1 and β
caseins did not show signiﬁcant changes both in relation to the feeding strategy and in relation to
the maturing time; this ﬁnding is consistent with what was previously reported in other studies and
represents an added value if we consider the growing interest on β-casein micelles as a nano vehicle
for solubility enhancement of natural compounds in the food industry [29].
Several studies have shown how changes in the diet of ruminants can be eﬀective in inducing
signiﬁcant changes in the volatile proﬁle of milk and dairy products [30]. Volatile compounds (VOCs)
resulting from secondary proteolysis during ripening were identiﬁed in all the analyzed samples.
Two volatile compounds, phenylacetaldehyde and 2-phenylethyl alcohol, derived from phenylalanine
catabolism, while only the 3-methyl-1-butanol was identiﬁed as a derivative of leucine degradation.
In both T7 and T120 samples, no signiﬁcant variations were found in the phenylacetaldehyde content.
As reported by McSweeney and Sousa [14], the phenylacetaldehyde metabolism in dairy products
may occur by the nonenzymatic Strecker synthesis, through the degradation of phenylalanine, or by
enzymatic transamination of phenylalanine as imide that is subsequently degraded to aldehyde. The
presence of 2-phenylethyl alcohol is instead due to the phenylacetaldehyde reduction. In this case, the
dietary supplementation with zinc, selenium, and iodine seems to have led to a signiﬁcant reduction of
this compound in fresh cheese samples, while in ripened samples, this ﬁnding was conﬁrmed only for
ZG samples. Aromatic compounds from phenylalanine have a relevant impact on the aroma of cheese.
In particular, phenylethyl alcohol is reported to be one of the most odorous aromatic compounds,
associated with a rose ﬂower note [31]. With regard to leucine, this amino acid can undergo several
biochemical processes in cheese during ripening. After an extracellular enzymatic degradation of
casein by proteases, released from starter bacteria, leucine is converted to the corresponding α-keto
acid (α-ketoisocaproic acid) by an intracellular transamination; then, such compound can be converted
to α-hydroxy acids, aldehydes, or CoA-esters [32]. These leucine metabolites are not considered to
be important for the development of cheese ﬂavor, while the 3-methyl-1-butanol, derived from the
hydrogenation of the corresponding aldehyde (3-methylbutanal), was reported to be responsible for
alcoholic and fruity odors in Swiss-type cheese [33]. In this study, the only identiﬁed compound
deriving from the leucine degradation was 3-methyl butanol, which tends to be synthesized in the
various cheese samples with a comparable pattern both after 7 and 120 days of ripening. Speciﬁcally,
no signiﬁcant diﬀerences were observed between CG, ZG, and IG samples, while both at T7 and
T120 of the SG, samples were characterized by a lower concentration of this compound. A similar
behavior was also observed in a 30-days ripened caciotta cheese obtained from dairy cows fed organic
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selenium [34], as well as in a 90-days ripened Pecorino cheese deriving from ewes that received a
dietary supplementation with organic zinc [35]. In addition to this, the dietary intake of organic zinc
by dairy cows was even eﬀective in inducing the reduction of 3-methyl butanol in a typical Italian
soft cheese, the Giuncata cheese, after only 7 days storage at 4 ◦ C [36]. Probably, the microelements
administered in organic forms negatively inﬂuence the biochemical processes that lead to the formation
of 3-methyl butanol, although the identiﬁcation of the speciﬁc biochemical mechanisms needs further
and more targeted investigations.
4. Materials and Methods
4.1. Experimental Design, Feeding Strategies, Cheesemaking, and Sampling
The experimental plan was performed according to Directive 2010/63/EU of the European
Parliament (European Union, 2010) and Directive 86/609/EEC (European Economic Community, 1986),
which deal with the protection of animals used for scientiﬁc purposes [37,38].
Thirty six healthy Friesian cows, homogeneous for age (41 ± 1.5 months) and lactation days
(74 ± 12 days) have been used in this study. Animals, belonging to the same commercial farm, have been
randomly divided into four groups of nine cows each. The control group (CG) was fed with a standard
diet formulated taking into account the nutritional needs of cows in midlactation and guaranteeing each
animal the daily requirement of each microelement, while the three experimental groups received the
dietary supplementation with zinc (ZG), selenium (SG), and iodine (IG), respectively. The ZG received
an additional total intake of about 100 mg of Zn. For the preparation of the rations, ZnO as a powder
was used, and the dose management was performed according to Regulation (EC) No. 1831/2003
of the European Parliament and of the Council of 22 September 2003 (European Commission, 2003)
on additives for use in animal nutrition [39]. With regards to SG, animals received a total daily
supplementation of 0.47 mg of Se; current EU regulations have limited the use of Se supplementation
to the overall content not exceeding 0.5 mg in complete feed daily administered. For the preparation of
the ration organic Se as a crystalline powder was used that was incorporated into feed in the form
of a premixture according to the recommendation reported in the Regulation No. 121/2014 of the
European Commission concerning the authorization of l-selenomethionine as a feed additive for all
animal species [40]. Finally, the IG animals were fed with a daily total iodine content of 4.5 mg/cow.
For the dietary supplementation, potassium iodide (KI) as a powder was used and the total iodine was
set not to exceed the maximum daily amount of 5 mg allowed by law (Reg. 1459/2005) [41].
The study had an overall duration of 70 days, characterized by 14 initial days of adaptation in which
all the involved animals received the standard diet, followed by 56 days of dietary supplementation,
in which animals of each group were housed in separate areas of free housing with an access to an
identical feeding area in which each animal had an individual feeding bin with water freely available all
throughout the study. All animals received about 23 kg/head/day of dry matter of total mixed rations
(TMR) whose composition (Supplementary Table S2) was deﬁned taking into account the parameters
reported on the seventh edition of Nutrient Requirements of Dairy Cattle (2001) [42]. Samples of
TMR were analyzed, according to AOAC methods (1990), for crude protein (CD; method 930.15),
ether extract (EE; method 920.39), crude ﬁber (CF; method 962.09), and ash (method 942.05) [43];
detergent procedures reported by Van Soest et al. [44] were used for the determination of neutral
detergent ﬁber (NDF) and acid detergent ﬁber (ADF). On the 70th day of the trial, individual raw
milk samples were collected separately from each group and immediately analyzed for chemical
composition. The remaining milk from each group was pooled and manipulated in the same way during
the cheese-making process to obtain the Caciocavallo cheese, according to the protocol previously
described [45]. In order to evaluate changes in the chemical composition and quality attributes due to
ripening, sampling and analyses on Caciocavallo cheese were carried out after 7 days (T7 ) and 120 days
(T120 ) from the cheese-making batches. Caciocavallo cheese is a dairy product that lends itself to being
aged for quite long periods and on average it is consumed even after 6 months from cheesemaking.
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The analysis of the samples at the indicated times (T7 and T120 ) therefore allows us to compare the
fresh product with a ripened product ready to be consumed. Samples, collected in triplicate from three
diﬀerent cheese-makings, were partly immediately analyzed and partly packed under vacuum and
frozen at −20 ◦ C until analysis.
4.2. Microelements Determination in Milk and Cheese
For the determination of the total amount of zinc in milk and cheese, samples were ﬁrst mineralized
by dry incineration, then subjected to atomic absorption spectrophotometry using an air/acetylene
ﬂame [46]. Selenium and iodine content was determined instead by inductively coupled plasma mass
spectrometry (ICP-MS) by using an Agilent 7500ce (Agilent Technologies, Santa Clara, CA, USA) and
following the procedures respectively reported by Gerber et al. and Fecher et al. [47,48].
4.3. Gelatin and Casein Zymography of Milk Samples
The evaluation of the activity of the zinc-dependent proteases in raw milk was performed through
a zymographic approach. A total of 10 mL of each sample were placed in 15 mL tubes and centrifuged
at 10,000 rpm for 20 min at 4 ◦ C. This allowed us to obtain a separation in three distinct phases: an upper
layer consisting of fat, a central serum fraction containing proteins, and a lower layer characterized by
the cellular component and any interfering residues. The central phase was then carefully recovered
and ﬁltered through with 0.22 μm syringe ﬁlters before the total protein dosage that was calculated by
the Bradford protein concentration assay [49].
Volumes of each sample corresponding to 10 μg of total proteins were diluted in a nonreducing
sample buﬀer without heating, and resolved by 8% sodium dodecylsulphate polyacrylamide gel
electrophoresis (SDS-PAGE) containing 0.2 mg/mL type B gelatin (Sigma Aldrich, Milan, Italy) [50].
The gels were then incubated for 45 min in a renaturation buﬀer (50 mM Tris-HCl pH 8.0, containing
2.5% Triton X-100) to remove SDS. Subsequently, incubation of 24 h in a developer buﬀer (50 mM
Tris-HCl pH 8.0, containing 5 mM CaCl2 , 200 mM NaCl, and 0.02% Brij 35) was performed to allow
enzymes renaturation and activity. The gels were then stained in a 0.1% solution of Coomassie Blue
R250 in 40% (v/v) methanol and 10% (v/v) acetic acid to allow the spot visualization.
The evaluation of caseinolytic activity was instead carried out by 10% SDS-PAGE with the addition
of 0.3% of bovine casein (Sigma Aldrich, Milan, Italy). Additionally, in this case, volumes of each
sample corresponding to 10 μg of total proteins were diluted in a nonreducing sample buﬀer without
heating, before the electrophoretic resolving. After electrophoresis, gels were subjected to the same
protocol reported for gelatin zymography, with the only variations regarding the ﬁnal incubation
period that was prolonged to 48 h.
The ImageJ software (version 1.44, National Institutes of Health, Bethesda, MD, USA) [51] was
used to perform the quantitative analysis of visualized spots for both gelatin and casein zymography.
4.4. Caseins Extraction and Separation by Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis
(SDS-PAGE)
Casein degradation in T7 and T120 cheeses was evaluated by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). Each cheese sample (1 g) was dissolved in 20 mL 0.01
M Tris-Glicina pH 8.3 and 6 M Urea and homogenized for 2 min. The cheese extract was incubated
for 2 h at 37 ◦ C to induce the solubilization of casein fraction. The solution was then centrifugated
for 15 min at 10,000 g (4 ◦ C), and the supernatant was recovered and ﬁltered through Whatman ﬁlter
paper to remove fat and other insoluble solids.
Volumes of each sample, containing 10 μg of total extracted proteins, were diluted in a 2X
sample buﬀer (62.5 mM Tris-HCl pH 6.8, 2% SDS, 10% glycerol, 5% β-mercaptoethanol, and traces of
bromophenol blue), boiled for 3 min, and loaded onto a 15% polyacrylamide gel. The electrophoresis
was performed in a mini-protean III dual slab cell (Bio-Rad Laboratories, Wartford, UK) at 30 mA
constant amperage. Immediately after ending of the run, gels were placed at room temperature for
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1 hr in a staining solution containing 40% methanol, 10% acetic acid, and 0.1% Coomassie Brilliant
Blue G-250. Finally, the gels were destained by several washings in distilled water containing 40%
methanol and 7% acetic acid. Densytometric analysis of displayed bands was performed by using
ImageJ software [51].
4.5. Volatile Compounds Extraction and GC-MS Analysis
The extraction of volatile compounds from milk and cheese was performed by a solid-phase
microextraction (SPME) and then analyzed using a gas-chromatograph coupled with a mass
spectrophotometry (GC-MS) following the procedure previously described by Bennato et al. [52] with
slight modiﬁcations. Grated cheese (4.5 g) was mixed with a saturated NaCl solution containing the
internal standard, the 4-methyl-2-heptanone. The SPME was performed by exposing a 50/30 μm of
divinylbenzene/carboxen/polydimethylsiloxane ﬁber (DVB/CAR/PDMS Supelco, Bellefonte, PA, USA)
into the headspace of capped vials with a PTFE septum for 40 min at 50 ◦ C in stirring conditions.
Desorption of volatile compounds was obtained into the splitless injector of the GC system set at 250 ◦ C
for 1 min. The gas-chromatograph (Clarus 580; Perkin Elmer, Waltham, MA, USA) was coupled with a
mass spectrometer (SQ8S; Perkin Elmer, Waltham, MA, USA) and equipped with a PE-ELITE-5MS
30 × 0.25 mm, 0.25 μm column (Perkin Elmer, Waltham, MA, USA). The oven temperature was set
at 50 ◦ C for 1 min, then was increased to 200 ◦ C at 3 ◦ C/min for 1 min, and to 250 ◦ C at 15 ◦ C/min,
held for 15 min. The carrier gas was helium at 1 mL/min. Source and interface temperature were held
at 250 ◦ C. The mass detector operated in electronic impact mode (70 eV) and data were acquired in
full scan mode (range 35–350 m/z, dwell time 0.2 s/scan). The volatile compounds were identiﬁed
by comparing their mass spectra with those of the National Institute of Standards and Technology
library (NIST, Gaithersburg, MD, USA) and comparing the eluting order with Kovats retention indexes.
The isoamyl butyrate and isoamyl isobutyrate were identiﬁed comparing the mass spectra and the
retention time of authentic standard compounds (Sigma Aldrich, St. Louis, MO, USA). Samples were
analyzed in triplicate and quantiﬁcation was carried out considering the relative peak area expressed
as arbitrary unit (AU, target ion area × 10−3 ).
4.6. Statistical Analysis
The statistical analysis of data was carried out by using SAS software, version 9.2 (SAS Institute
Inc., Cary, NY, USA). Data on volatile compounds have been processed with two-way ANOVA,
considering diet, ripening time, and their interaction as ﬁxed eﬀects, according to the following
statistical model: yijk = μ + Di + Tj + Di × Tj + eijk , in which yijk = volatile compound, μ = population
average, Di = eﬀect of dietary supplementation (CG, ZG, SG and IG), Tj = eﬀect of ripening time (T7
vs. T120 ), Di · Tj = interaction between dietary supplementation and ripening time, and eijk = error.
Means separation was assessed by Tukey’s test and diﬀerences were declared signiﬁcant at p < 0.05.
5. Conclusions
The results highlighted the possibility of fortiﬁcation with zinc, selenium, and iodine in cheese
through animal feeding. The increase in concentration of essential trace elements in dairy products,
in addition to representing an advantage for the consumers health, undoubtedly inﬂuences the
biochemical mechanisms that characterize cheese during aging, also contributing to the development
of ﬂavor. No variations were evidenced in the caseinolytic activity in raw milk, whereas in cheese, the
electrophoretic analysis in denaturing and reducing conditions of cheese showed the ability of selenium
to preserve αS1-CN from primary proteolysis during ripening. With regard to the evaluation of the
proteolytic volatile proﬁle, only three compounds, resulting from the degradation of phenylalanine
and leucine, have been identiﬁed. In this case, further studies are needed to clearly understand the
relationship between the dietary microelements supplementation and the characterization of the free
amino acids pattern in fresh and ripened cheese, as well as the mechanisms involved in the production
of proteolytic compounds.
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Abstract: The aim of this study was to evaluate the development of volatile compounds in yogurt
samples obtained from goats fed a dietary supplementation with olive leaves (OL). For this purpose,
thirty Saanen goats were divided into two homogeneous groups of 15 goats each: a control group
that received a standard diet (CG) and an experimental group whose diet was supplemented with
olive leaves (OLG). The trial lasted 28 days, at the end of which the milk of each group was collected
and used for yogurt production. Immediately after production, and after 7 days of storage at 4 ◦ C in
the absence of light, the yogurt samples were characterized in terms of fatty acid proﬁle, oxidative
stability and volatile compounds by the solid-phase microextraction (SPME)–GC/MS technique.
Dietary OL supplementation positively aﬀected the fatty acid composition, inducing a signiﬁcant
increase in the relative proportion of unsaturated fatty acids, mainly oleic acid (C18:1 cis9) and linolenic
acid (C18:3). With regard to the volatile proﬁle, both in fresh and yogurt samples stored for 7 days,
the OL supplementation induced an increase in free fatty acids, probably due to an increase in lipolysis
carried out by microbial and endogenous milk enzymes. Speciﬁcally, the largest variations were
found for C6, C7, C8 and C10 free fatty acids. In the same samples, a signiﬁcant decrease in aldehydes,
mainly heptanal and nonanal, was also detected, supporting—at least in part—an improvement
in the oxidative stability. Moreover, alcohols, esters and ketones appeared lower in OLG samples,
while no signiﬁcant variations were observed for lactones. These ﬁndings suggest the positive role of
dietary OL supplementation in the production of goats’ milk yogurt, with characteristics potentially
indicative of an improvement in nutritional properties and ﬂavor.
Keywords: goats’ milk yogurt; Saanen goat; olive leaves; unsaturated fatty acid; volatile compound;
free fatty acid; aldehyde

1. Introduction
The ﬂavor development in dairy products is an important factor determining its acceptability
and preference and is strongly aﬀected by the combination of a wide range of compounds,
mostly produced by a series of biochemical events involving the metabolism of residual lactose,
lactate, and citrate, lipolysis and proteolysis. Among the mentioned catabolic processes, lipolysis is
undoubtedly the mechanism that, more than others, contributes to the release of ﬂavor-aﬀecting
compounds, mainly free fatty acids (FFAs), aldehydes, alcohols, esters, methyl ketones, γ- and δ-lactones.
Milk and cheese are, in fact, characterized by relevant levels of short- and medium-chain fatty acids,
Molecules 2020, 25, 2311; doi:10.3390/molecules25102311
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whose speciﬁc composition is strongly inﬂuenced by the animal species and the administered dietary
treatment [1].
In recent years, an increase in consumer demand for goats’ milk and its derivatives, due to
the high nutritional features and health-promoting beneﬁts of these products, has been observed.
Goat dairy products were, in fact, reported to be characterized by proteins with lower allergenicity
in comparison to bovine products, and higher concentrations of bioactive compounds, attributed to
their greater digestibility [2,3]. Speciﬁcally, a growing interest has been developed towards yogurt,
commonly considered a safe and nutritious food and not only being rich in vitamins and minerals,
but also in calcium and proteins [4]. Furthermore, it was demonstrated that yogurt consumption is
helpful for consumers aﬀected by speciﬁc gastrointestinal conditions, mainly those associated with
lactose intolerance and constipation [5].
In the past, several studies were conducted on the inclusion of diﬀerent natural sources of
bioactive compounds in goats’ milk yogurt in order both to improve nutritional value and reduce
the unpleasant “goaty” aroma and aftertaste, commonly associated with decreased acceptance by
consumers [6,7]. In time, studies performed in the sector of ruminant husbandry led to the development
of feeding strategies able to inﬂuence the chemical composition of animal products. In this regard,
several experiments have been performed by supplementing animals’ diets with plant matrices,
especially agro-industrial byproducts rich in bioactive compounds with interesting functions from
a biochemical point of view. These strategies have shown positive eﬀects on several fronts, preserving,
in many cases, animal welfare [8], improving the nutritional quality of animal products [9,10],
and inducing, especially in dairy products, the development of volatile compounds capable of
inﬂuencing the aroma and taste [11].
Byproducts derived from olive oil production are accumulated yearly in high amounts in
the Mediterranean area, and their disposal represents an issue of great importance both from
an environmental and economic point of view. Several studies focused their attention on the valorization
of these byproducts as feeding supplements for farm animals, both ruminant and monogastric [12,13].
Speciﬁcally, olive leaves (OL) have been reported to be a cheap raw material that can be used as a source
of phenolic bioactive compounds with antioxidant, antihypertensive and anti-inﬂammatory functions,
such as oleuropein, hydroxytyrosol, verbascoside, apigenin-7-glucoside and luteolin-7-glucoside [14].
Considering the biological relevance of this byproduct, the purpose of this work is to evaluate
the eﬀects of dietary OL supplementation of lactating dairy goats on the development of volatile
compounds in fresh and stored yogurt samples, with speciﬁc attention paid to compounds derived
from lipolytic events.
2. Results
2.1. Chemical Properties of Yogurt Samples
The evaluation of chemical properties in yogurt samples did not evidence signiﬁcant variations
between the control group that received a standard diet (CG) and the experimental group whose diet
was supplemented with olive leaves (OLG) in relation to moisture (85.74 ± 0.26% vs. 85.17 ± 0.49% in
CG and OLG respectively, p > 0.05) and the amount of total lipids (19.81 ± 1.22% vs. 19.68 ± 1.35% in
CG and OLG respectively, p > 0.05). The only signiﬁcant diﬀerence was observed for pH values that
decreased in yogurt obtained from goats fed the dietary OL supplementation (4.69 ± 0.02 vs. 4.43 ±
0.04 in CG and OLG samples respectively, p < 0.05).
2.2. Fatty Acid Composition
The dietary OL supplementation in the goats’ diet induced several modiﬁcations in the fatty acid
composition of yogurt samples. As reported in Table 1, in OLG samples, we observed a signiﬁcant
increase in the relative proportion of total monounsaturated fatty acids (MUFA; 22.25 ± 0.92% vs. 24.80
± 0.77% for CG and OLG respectively, p < 0.05) and total polyunsaturated fatty acids (PUFA; 4.62 ±
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0.14% and 4.84 ± 0.07% for CG and OLG respectively, p < 0.05). With speciﬁc regard to the sum of
the saturated fatty acids (SFA), a slight decrease was instead observed in OLG samples, although this
variation was not signiﬁcant (p > 0.05).
Table 1. Fatty acid composition of yogurt samples obtained from goats fed a standard diet (CG)
and goats fed a dietary supplementation of olive leaves (OLG).
Fatty Acids 1

CG

OLG

p-Value

C4:0
C6:0
C8:0
C10:0
C12:0
C14:0
C15:0
C16:0
C17:0
C18:0
C20:0
C22:0
total SFA

0.54 ± 0.22
1.03 ± 0.26
1.73 ± 0.29
7.65 ± 0.69
4.31 ± 0.21
11.72 ± 0.44
0.93 ± 0.07
29.58 ± 0.80
0.67 ± 0.02
11.04 ± 0.42
0.27 ± 0.03
0.09 ± 0.03
69.54 ± 5.80

0.83 ± 0.39
1.31 ± 0.39
1.92 ± 0.34
7.33 ± 0.58
3.48 ± 0.12
10.75 ± 0.33
0.92 ± 0.03
26.67 ± 0.66
0.66 ± 0.01
13.10 ± 0.74
0.29 ± 0.01
0.09 ± 0.01
67.35 ± 5.61

ns
ns
ns
ns
*
*
ns
*
ns
**
ns
ns
ns

C14:1
C16:1
C18:1 trans11
C18:1 cis9
C18:1 cis11
total MUFA

0.42 ± 0.02
0.33 ± 0.01
0.43 ± 0.01
20.89 ± 0.59
0.38 ± 0.02
22.25 ± 0.92

0.43 ± 0.01
0.34 ± 0.01
0.52 ± 0.15
23.22 ± 0.61
0.30 ± 0.01
24.80 ± 0.77

ns
ns
*
**
ns
*

C18:2
CLA
C18:3
total PUFA

2.92 ± 0.18
0.89 ± 0.07
0.78 ± 0.02
4.62 ± 0.14

2.60 ± 0.14
1.12 ± 0.09
1.13 ± 0.05
4.84 ± 0.07

*
*
**
*

other FAs

3.20 ± 0.31

3.01 ± 0.30

ns

MUFA/SFA
PUFA/SFA
UFA/SFA
DI C14:1 cis-9/(C14:0+C14:1cis-9)
DI C16:1cis-9/(C16:0+C16:1cis-9)
DI C18:1cis-9/(C18:0+C18:1cis-9)
DI CLA/(C18:1trans-11+CLA)

0.32 ± 0.02
0.07 ± 0.01
0.39 ± 0.02
0.04 ± 0.01
0.01 ± 0.01
0.65 ± 0.01
0.62 ± 0.09

0.37 ± 0.03
0.07 ± 0.02
0.44 ± 0.04
0.04 ± 0.01
0.01 ± 0.01
0.64 ± 0.01
0.69 ± 0.02

*
ns
*
ns
ns
ns
ns

1 Data are reported as mean percentage of total fatty acid methyl esters ± S.D. Saturated fatty acid (SFA);
monounsaturated fatty acid (MUFA); polyunsaturated fatty acid (PUFA); conjugated linoleic acids (CLA);
desaturation index (DI); not signiﬁcant (ns); * p < 0.05; ** p < 0.01.

With reference to individual fatty acids, the OLG yogurt samples were characterized by a decrease
in the relative proportion of lauric acid (C12:0, p < 0.05), myristic acid (C14:0, p < 0.05), palmitic acid
(C16:0, p < 0.05), and linoleic acid (C18:2, p < 0.05), while a signiﬁcant increase in the relative proportion
was observed for stearic acid (C18:0, p < 0.01), oleic acid (C18:1 cis-9, p < 0.01), linolenic acid (C18:3,
p < 0.01), and conjugated linoleic acids (CLA, p < 0.05). In addition to this, in OLG samples, the ratio
MUFA/SFA and UFA/SFA was signiﬁcantly higher (p < 0.05), whereas no variations were evidenced in
the individual desaturation indices calculated for C14:1, C16:1, C18:1 and CLA.
2.3. Evaluation of the Oxidative Stability in Fresh and Stored Yogurt
The evaluation of the overall antioxidant potential in fresh yogurt highlighted a higher antioxidant
capacity in OLG samples (79.69 ± 4.76 μmol TEAC/g and 89.77 ± 5.03 μmol TEAC/g for CG and OLG
respectively, p < 0.05).
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The oxidative process on the lipid component was instead determined by a Thiobarbituric Acid
Reactive Species (TBARS) test, both after 1 day (T1) and 7 days (T7) of storage at +4 ◦ C and the results
are shown in Figure 1. In T1 samples, the amount of malondialdehyde (MDA) was lower in OLG
samples compared with CG samples (p < 0.01). In T7 samples, the same trend was observed, although
a marked increase in the diﬀerence between CG and OLG samples was found (p < 0.01). By comparing
the obtained results on the basis of the storage time (T1 vs. T7), a signiﬁcant increase in oxidation was
evidenced in CG yogurt (p < 0.01), while no variations were induced by the OL dietary enrichment.

Figure 1. Lipid oxidation evaluated in yogurt samples obtained from goats fed the standard diet (CG)
and goats that received the dietary supplementation with olive leaves (OLG). Samples were analyzed
after 1 day (T1) and 7 days of storage (T7) at 4 ◦ C. Malondialdehyde (MDA).

2.4. Identiﬁcation of Volatile Compounds
In all samples, we found 26 volatile compounds (VOCs): seven free fatty acids (FFAs), ﬁve alcohols,
ﬁve aldehydes, one ester, six ketones and two lactones. As schematized in Figure 2, both after 1 and 7
days of storage, the dietary OL supplementation was eﬀective in inducing an increase in the relative
proportion of FFAs (p < 0.05 and p < 0.01, for T1 and T7 respectively) and a signiﬁcant decrease in
the relative proportion of alcohols (p < 0.05 and p < 0.01, for T1 and T7 respectively), aldehydes
(p < 0.01), esters (p < 0.05), and ketones (p < 0.05).
Table 2 reports the speciﬁc compositions of the listed VOC families. After 1 day after yogurt
production, all the alcohols found were lower in OLG samples in comparison with CG samples:
1-hexanol (p < 0.01), 2-ethyl-hexan-1-ol, (p < 0.05), 1-heptanol (p < 0.001), 1-octanol (p < 0.01),
and 1-nonanol (p < 0.001). After 7 days of storage, such a condition persisted, with the only
exception being 1-hexanol, 2-ethyl, for which no signiﬁcant variations were evidenced. With regard
to the aldehydes, only nonanal was signiﬁcantly lower in T1 samples derived from the dietary OL
supplementation (p < 0.01), while, at T7, this behavior was also observed for heptanal (p < 0.05).
Among the FFAs, the OLG samples stored for 1 day after the yogurt production were characterized
by higher relative proportions of octanoic acid (p < 0.05) and decanoic acid (p < 0.05). The ﬁnding
concerning the octanoic acid was also conﬁrmed after 7 days of yogurt storage (p < 0.01) and, in addition
to this, the same samples also showed a decrease in the relative proportions of hexanoic acid (p < 0.05)
and heptanoic acid (p < 0.01). Concerning ketones, both after 1 and 7 days of storage, we observed
lower relative proportions for 2-heptanone (p < 0.05) and 2-nonanone (p < 0.01). Butyl heptanoate
was the only ester to be detected and was less represented in OLG yogurt compared to CG, both at T1
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and T7 (p < 0.01). Finally, no signiﬁcant variations were evidenced for the two identiﬁed lactones:
δ-decalactone and δ-dodecalactone (p > 0.05).

Figure 2. Schematic representation of relative proportions (%) of volatile compound families detected
in yogurt samples obtained from goats fed the standard diet (CG) and goat that received the dietary
supplementation with olive leaves (OLG). Samples were analyzed after 1 day (T1) and 7 days of storage
(T7) at 4 ◦ C. Free fatty acids (FFAs).
Table 2. Volatile compounds (VOC) identiﬁed in yogurt samples obtained from goats fed a standard
diet (CG) and goats fed a dietary supplementation of olive leaves (OLG). Samples were analyzed after
1 day (T1) and 7 days of storage (T7) at 4 ◦ C.
VOC 1
FFAs
Acetic acid
Butanoic acid
Hexanoic acid
Heptanoic acid
Octanoic acid
Nonanoic acid
Decanoic acid

T1

T7

CG

OLG

p

CG

OLG

p

0.26 ± 0.14
0.27 ± 0.23
18.03 ± 1.69
0.56 ± 0.05
38.91 ± 3.31
0.29 ± 0.14
11.54 ± 0.64

0.40 ± 0.15
0.16 ± 0.06
20.80 ± 2.30
0.60 ± 0.06
45.70 ± 4.28
0.18 ± 0.03
15.11 ± 1.50

ns
ns
ns
ns
*
ns
*

nd
0.10 ± 0.03
15.39 ± 0.99
0.62 ± 0.02
22.99 ± 2.61
0.11 ± 0.03
14.03 ± 2.77

0.48 ± 0.20
0.11 ± 0.03
13.94 ± 0.74
0.43 ± 0.01
43.79 ± 4.46
0.14 ± 0.04
13.97 ± 2.26

ns
ns
*
**
**
ns
ns
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Table 2. Cont.
VOC 1
Alcohols
1-Hexanol
2-Ethyl-hexan-1-ol
1-Heptanol
1-Octanol
1-Nonanol
Aldehydes
Heptanal
Nonanal
2-Heptenal
2-Octenal
2-Decenal
Esters
Butyl heptanoate
Ketones
Acetoin
2-Pentanone
2,3-Pentanedione
2-Heptanone
2-Nonanone
2-Undecanone
Lactones
δ-Decalactone
δ-Dodecalactone

T1

T7

CG

OLG

p

CG

OLG

p

1.80 ± 0.13
1.76 ± 0.14
0.95 ± 0.13
0.39 ± 0.04
0.81 ± 0.05

0.88 ± 0.06
1.13 ± 0.11
0.24 ± 0.03
0.17 ± 0.02
0.52 ± 0.02

**
*
**
**
**

3.88 ± 0.71
3.41 ± 0.25
1.06 ± 0.18
0.92 ± 0.03
1.32 ± 0.11

1.72 ± 0.01
2.45 ± 0.19
0.67 ± 0.09
0.39 ± 0.01
0.83 ± 0.10

*
ns
*
**
**

0.05 ± 0.03
1.84 ± 0.17
0.09 ± 0.01
0.12 ± 0.02
0.20 ± 0.01

0.02 ± 0.01
0.64 ± 0.05
0.08 ± 0.04
0.07 ± 0.02
0.22 ± 0.02

ns
**
ns
ns
ns

0.20 ± 0.10
4.53 ± 0.25
0.09 ± 0.01
0.28 ± 0.01
0.30 ± 0.04

0.04 ± 0.02
2.06 ± 0.10
0.02 ± 0.01
0.11 ± 0.03
0.19 ± 0.03

*
*
ns
ns
ns

0.18 ± 0.01

0.03 ± 0.01

**

0.65 ± 0.05

0.26 ± 0.03

**

1.99 ± 0.08
0.10 ± 0.01
0.06 ± 0.02
9.30 ± 3.11
9.25 ± 0.74
1.38 ± 0.25

3.20 ± 0.31
0.04 ± 0.01
0.04 ± 0.01
4.43 ± 1.02
4.68 ± 0.41
0.98 ± 0.17

**
ns
ns
*
**
ns

3.22 ± 1.59
0.13 ± 0.02
0.67 ± 0.01
11.32 ± 2.40
12.73 ± 0.99
1.94 ± 0.46

2.10 ± 0.39
0.59 ± 0.02
0.03 ± 0.05
6.81 ± 1.11
7.38 ± 0.53
1.38 ± 0.20

ns
ns
ns
*
**
ns

0.09 ± 0.01
0.05 ± 0.01

0.03 ± 0.02
0.07 ± 0.01

ns
ns

0.05 ± 0.03
0.07 ± 0.01

0.07 ±0.05
0.03 ± 0.01

ns
ns

Data are reported as mean percentage of total volatile compounds (VOCs) ± S.D; Free fatty acids (FFAs); not
detectable (nd); not signiﬁcant (ns); * p < 0.05; ** p < 0.01.
1

3. Discussion
Flavor is an important factor determining the acceptability of food products. With speciﬁc regard
to dairy products, the sensory properties are largely dependent on the development of volatile ﬂavor
compounds mainly derived from biochemical processes that degrade fat and proteins present in milk.
Considerable knowledge has been accumulated on the wide range of aromatic compounds contributing
to the development of ﬂavor in yogurt. Most of these compounds include VOCs already present in
milk and compounds derived from fermentation processes [15]. Dietary OL supplementation was
able to inﬂuence VOC development in goats’ milk yogurt, with variations particularly evident in
the production of lipolytic catabolites.
The experimental feeding strategy was, ﬁrst of all, able to induce signiﬁcant changes in the fatty
acid proﬁle of yogurt samples. The relationship established between fat and ﬂavor development in
dairy products is complex; however, it should be considered that fat is a rich reservoir of ﬂavors,
as a consequence of the tendency of many aromatic compounds to be soluble in fat rather than in
water [16]. Furthermore, the proportion and structure of fat may aﬀect the rheology of the product,
and thus its dispersion in the mouth. It is also well known that lipids present in food represent
precursors of several ﬂavor compounds, since may undergo spontaneous oxidation or enzymatic
hydrolysis, which are essential for ﬂavor development [17]. It is therefore plausible that variations
at the substrate level could have inﬂuenced the extent of these biochemical mechanisms, thus inﬂuencing
VOC production. The most relevant variation was associated to the increase in the relative proportion
of MUFAs and PUFAs in OLG samples. Since the calculated desaturation indices (for C14:1, C16:1,
C18:1 cis-9 and CLA) did not show signiﬁcant diﬀerences, it is presumable that the changes observed in
the fatty acid composition are totally ascribable to the diﬀerent diets administered to goats. Variations
found in the calculation of these desaturation indices are, in fact, generally attributed to a greater
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expression or activity of stearoyl-CoA desaturase (SCD), also known as Δ9 -desaturase [18]. This enzyme
plays a leading role in the lipid metabolism of the mammary gland, due to its ability to catalyze
the addition of a double bond in the cis-Δ9 -position in a large spectrum of medium- and long-chain
fatty acids [19]. The substrates with which this enzyme interacts with greater aﬃnity are precisely
the acyl-CoA of C14, C16, C18 and trans-11 C18:1, which are respectively converted into C14:1, C16:1,
C18:1 cis-9, and C18:2 cis-9 trans-11 [20].
The presence in the OLG samples of lower relative proportions of SFA lends itself to be discussed
from diﬀerent points of view. First of all, the dietary intake of SFA for humans is notoriously associated
with an increased risk of developing cardiovascular diseases [21], and the importance of limiting
the concentration of these compounds in foods acquires particular relevance in ruminant products
because of the biohydrogenation mechanisms that are responsible for dietary PUFA conversion into
SFA or MUFA [22]. Additionally, it must be speciﬁed that the improvement in the health indices of
a food product is more speciﬁcally associated with the increase in omega-3 fatty acids and, over time,
diﬀerent feeding strategies have been tested in the zootechnical ﬁeld, with the aim of obtaining
the enrichment of such compounds in goats’ milk and its derived dairy products [23]. Therefore, in this
study, the increase in the relative proportion of linolenic acid (C18:3) observed in yogurt samples
obtained from goat fed the OL supplementation acquires particular value. This ﬁnding is consistent
with what was recently evidenced in a similar study focused on the evaluation of nutritional quality of
Ricotta cheese made from goats’ milk [24], and can be fully justiﬁed by the fact that C18:3 has been
reported to be the major fatty acid in OL [25].
In addition to what has been reported, it must be considered that the increase in the relative
proportion of unsaturated forms exposes these food products to greater susceptibility towards oxidative
processes, which take place in most cases as an eﬀect of the action of reactive species that are able
to interact with C=C double bonds, producing peroxides [26]. The PUFA tendency to undergo
oxidation is an aspect of remarkable importance for the food industry, since high concentrations of
these compounds can induce detrimental eﬀects on food nutritional quality and may represent a cause
of concern for food safety [27]. Despite what has been reported, it should be said that, in the present
study, the antioxidant potential in OLG yogurt samples was higher than in the CG samples—a ﬁnding
also consistent with the results obtained by the TBARS test, which showed a greater resistance to lipid
peroxidation in yogurt obtained from goats fed the dietary OL supplementation. The enrichment of
ruminants’ diets with plant matrices rich in compounds of high value from a biological point of view
is generally associated with an improvement in the oxidative stability of animal productions [28,29].
Benavente-Garcia et al. [30] performed an accurate qualitative and quantitative characterization of
the phenolic compounds present in OL extracts, assigning each compound its own antioxidant potential.
Oleuropein was indicated as the most represented phenolic compound in the extracts. However,
the greatest antioxidant function was attributed to hydroxytyrosol which is derived from the oleuropein
hydrolysis. There is not much information on the bioavailability of these compounds in ruminants
and, above all, there is a lack of information on their possible transfer to milk in the form of secondary
metabolites able to act as antioxidants. However, even other studies conducted in the past on dairy
cows and goats have highlighted the better oxidative stability of dairy products obtained by feeding
animals with olive oil byproducts [13,24].
With regard to the volatile proﬁle, numerous studies have been conducted in recent years,
which highlight the diet’s role in inﬂuencing the production of volatile ﬂavor compounds in ruminant
products [11]. Most of the compounds identiﬁed in all samples belong to the FFA group, which is
testament to the prevalence of lipolytic processes compared to other catabolic mechanisms. Both in
the freshly produced yogurt (T1) and in the one kept at 4 ◦ C for 7 days (T7), carboxylic acids are
present in higher relative proportions than in the OLG samples. In T1, this ﬁnding is mainly due to
the greater presence of octanoic and decanoic acids. Both of these compounds have been reported
to contribute to the characteristic animal-like, rancid and “soapy” ﬂavor notes [31]. At T7, the data
regarding octanoic acid is conﬁrmed, but it is nevertheless interesting to note the slight but signiﬁcant
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reduction in the relative proportion of hexanoic and heptanoic acids. These compounds are associated
with pungent, rancid and ﬂowery notes [32]; however, their relative concentrations place them in
second place with respect to octanoic acid as contributors to the overall ﬂavor. Apart from the question
concerning the ﬂavor development, the greater presence of octanoic acid in OLG samples also lends
to be discussed from the perspective of food safety. In fact, the study conducted by Kinderlerer
and Lund [33] reported the ability of this compound to inhibit the growth of 10 strains of Listeria
monocytogenes and two strains of L. innocua, with a minimum inhibitory concentration (MIC), which was
comparable with that determined in several cheeses. In particular, in T7 samples, the dietary OL
supplementation induced signiﬁcant diﬀerences between volatile short-chain fatty acids, while no
signiﬁcant changes were found for total long-chain fatty acids (nonanoic and decanoic). Since no
variations were detected in the total lipid content between CG and OLG, it is plausible that this data is
the result of the diﬀerential expression or activity of the bacterial lipases, whose reaction kinetics could
have been inﬂuenced by secondary OL metabolites, which reached the milk through the mammary
gland. However, in this study, we did not characterize of the OL metabolites in milk; therefore, further
and more speciﬁc assessments are needed to clarify this aspect.
FFAs also contribute to the formation of cheese ﬂavor indirectly, since they represent the precursors
of other chemical families: methyl ketones, secondary alcohols, esters, aldehydes and lactones [34].
In this study, the second group of VOCs in order of importance was that of methyl ketones,
which are formed following the oxidation of FFAs to β-ketoacids and subsequent decarboxylation to
corresponding methyl ketones [16]. These compounds are reported to be the major determinants for
the characteristic ﬂavor of blue-veined and surface-mold-ripened cheeses, as a consequence of their
typical odors and low perception thresholds [35]. However, in yogurt, many of these compounds
have also been associated with well-deﬁned aromatic notes. In this study, a speciﬁc pattern has
been observed with regard to 2-heptanone and 2-nonanone, to which the ability to confer ﬂoral
and green-fruity notes is attributed [15]. These compounds were found to be predominant in several
dairy products, and their concentrations are reported to increase during the early stage of ripening,
after which levels undergo reduction [36]. This behavior is generally observed over a period of a few
weeks, and since the yogurt samples considered in the present study have been stored for few days,
presumably only the initial part of the phenomenon, characterized by the increase in the concentrations
of these compounds, has been highlighted. The peculiarity concerns the fact that both in T1 and T7
samples, the dietary OL supplementation seems to negatively inﬂuence the production of methyl
ketones. The most plausible explanation could be precisely the greater antioxidant potential that
should characterize the OLG samples and which would have protected the FFAs from oxidation to
β-ketoacids.
In the presence of free radicals, the unsaturated fatty acids characterizing the matrix of
dairy products can undergo non-enzymatic intrachain oxidation, giving origin to hydroperoxides,
which rapidly decompose to form compounds such as propanal, hexanal, heptanal, octanal, nonanal or
unsaturated aldehydes, whose presence is commonly associated with a “green grass-like” aroma [16,37].
The accumulation of aldehydes as a consequence of lipid oxidation is responsible for the oﬀ-ﬂavor
development during yogurt storage. For this reason, Carrillo-Carrion et al. [38] proposed to use the total
concentration of volatile aldehydes (mainly from C5 to C9) as a marker of yogurt deterioration during
storage. The dietary OLG supplementation was eﬀective in curbing such mechanisms, especially after
7 days of storage, and this evidence also correlates with a presumed improvement in the yogurt’s
oxidative stability. This ﬁnding is consistent with what has been already observed in other dairy
products obtained from ruminants fed diets supplemented with vegetable matrices rich in bioactive
compounds, mainly polyphenols [11]. In addition to this, it should be mentioned that the oxidation
of unsaturated fatty acids can even be mediated by microbial lypoxygenases. These enzymes are
described as non-heme iron enzymes able to catalyze the dioxygenation of PUFAs to hydroperoxy
fatty acids. Although limited information is available on the bacterial isoforms of these enzymes, it is,
however, known that the preferred substrate is represented by linoleic acid [39]. Therefore, the higher
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concentration of linoleic acid found in the CG yogurt samples could, in part, have favored a greater
accumulation of aldehydes; however, it should also be considered that the extent of this enzymatic
phenomenon should have been limited in any case, given the relative percentage of linoleic acid
compared to other fatty acids.
Aldehydes that accumulate in dairy products during storage or ripening may be reduced into
the corresponding primary alcohols, which are considered transitory compounds [16]. Both in T1
and T7 samples, the dietary OL intake led to a limitation of this biochemical process, resulting in
lower relative proportions of all the identiﬁed alcohols, precisely 1-hexanol, 1-heptanol, 1-octanol,
1-nonanol and 2-ethyl-hexan-1-ol. Contrary to what was expected, in all samples, the presence of
ethanol, which is considered one of the most characteristically volatile compounds participating in
the formation of yogurt ﬂavor, was not evidenced. Ethanol can be alternatively released during
yogurt manufacture by the starter lactic acid bacteria (LAB), through a mechanism that involves
the conversion of lactose into lactate with consequent pH lowering, and lactate metabolization
into formate, acetaldehyde and ethanol [15,34]. Therefore, in this case, any secondary metabolites
derived from bioactive compounds consumed by the goats through the OL intake could have already
inﬂuenced the metabolism of the microbial forms involved in the yogurt production in the early stages
of the procedure.
Alcohols that accumulate in yogurt can also react with free acids to produce esters such as
ethyl-acetate and butyl-acetate. In all the analyzed samples, the only identiﬁed ester was butyl
heptanoate, which showed signiﬁcantly lower concentrations in the OLG yogurt. This is a compound not
commonly found in yogurt, whose synthesis mechanisms and speciﬁc contributions to the development
of ﬂavor require further and more speciﬁc evaluations.
4. Materials and Methods
4.1. Experimental Design, Yogurt Manufacturing Protocol and Sampling
Thirty Saanen goats, homogeneous in age, lactation period, and number of births were used for
the experiment. The trial lasted 28 days, in which the nutritional needs of goats in lactation were
satisﬁed. Animals were randomly divided into two groups, a control group (CG) and an experimental
group (EG) that received the dietary enrichment of 350 g/die/goat of olive leaves.
Regarding the yogurt production, whole raw goats’ milk was pasteurized at 92 ◦ C. Then, the milk
was cooled at 40 ◦ C, inoculated with a lactic starter mixture (Streptococcus thermophilus and Lactobacillus
delbrueckii subsp. Bulgaricus; Santamaria Srl, Burago di Molgora (MB), Italy), portioned into 300-mL
glass containers and incubated at 45 ◦ C for 12 h. For each group of goats, 12 yogurts were produced;
six yogurts for each treatment were sampled one day after production (T1) and the remaining six
for each group were sampled after seven days (T7) of storage at 4 ◦ C. All the samples were collected
and maintained at −20 ◦ C until the analysis.
4.2. Chemical Analysis
The evaluation of the chemical properties of yogurt samples were performed according to AOAC
methods [40]. Brieﬂy, pH was measured at 25 ◦ C by using a pH-meter HD 8705 (Delta OHM, Caselle
di Selvazzano (PD), Italy) and moisture content (method 933.05) was determined on 5 g of sample left
in the stove for 6 h at 105 ◦ C.
With regard to the evaluation of total lipids, 3 g of yogurt was treated with 5 mL of ethanol
(Sigma Aldrich, Milan, Italy) and 750 μL of ammonium hydroxide 25% in water to obtain protein
precipitation. Then, three consecutive extractions with diethyl ether and petroleum ether (Sigma Aldrich,
Milan, Italy) were performed and, every time, the supernatant was recovered in a previously calibrated
ﬂask. At the end of the extraction, a rotary evaporator was used to remove the solvent, and the ﬂask
containing the lipids was then moved into the stove at 40 ◦ C for 20 min to eliminate humidity.
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After cooling at room temperature in a dryer, all ﬂasks were weighed to calculate the total fat
percentage for each sample. Results were expressed on a dry matter (DM) basis.
4.3. Fatty Acid Composition
The evaluation of the fatty acids (FA) proﬁle was performed as previously described with slight
modiﬁcations [41]. Brieﬂy, 60 mg of total fat was solubilized in 1 mL of hexane and methylated with
500 μL of sodium methoxide 2 N in water to obtain the fatty acid methyl esters (FAMEs). Then, 1 μL of
methylated extract was injected in the gas chromatograph (GC; ThermoScientiﬁc, Waltham, MA, USA)
coupled with a ﬂame ionization detector (FID) and equipped with a column Restek Rt-2560 (100 m,
0.25 mm ID, 0.20 μm df). The injector and detector temperature were both set at 280 ◦ C and hydrogen
was used as carrier gas at a ﬂow rate of 1 mL/min. The chromatographic run lasted 56 min and the oven
temperature was ﬁrst held at 80 ◦ C for 10 min, then increased from 80 ◦ C to 172 ◦ C at 4 ◦ C/min
and held for 30 min, and ﬁnally increased from 172 ◦ C to 190 ◦ C at 4 ◦ C/min and held for 10 min.
The identiﬁcation of each FAME was performed by comparing the peak retention time with those
obtained from a mix of analytical standards (F.A.M.E. Mix C8-C24, Supelco). The peak area was
quantiﬁed using ChromeCard Software and the results were expressed as mean percentages of total FA.
4.4. Total Antioxidant Capacity and Lipid Peroxidation
Antioxidant compounds were extracted by mixing 5 g of yogurt with 15 mL of methanol.
The solution was gently shaken for 40 min in the dark and then centrifuged for 15 min at 4000 rpm. Then,
the supernatants were ﬁltered and used for analysis. The antioxidant capacity was evaluated through
the 2,2-azinobis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS) method according to the protocol
described by Chen et al. [42]. Initially, 100 μL of extract was mixed with 1 mL of opportunely
diluted ABTS solution, and the colorimetric evaluations were performed at 734 nm after 4 min of
incubation at room temperature. An external seven-point calibration curve for Trolox (ranging from 1
to 50 μmol·g−1 ; R2 = 0.9961) was prepared for the quantiﬁcation and the results were reported on a dry
matter basis as μmol·g−1 Trolox equivalent antioxidant capacity (TEAC).
The TBARs test was used to evaluate the lipid peroxidation through the identiﬁcation of
acid-reactive substances. The analysis was performed in accordance with the procedure previously
adopted by Ianni et al. [43], with slight modiﬁcations. Five grams of yogurt were mixed with 500 μL
of butylated hydroxytoluene (BHT) 0.1% in methanol to stop the oxidation process. At this point,
the sample was distilled, and 2 mL of distillate were mixed with an equal volume of thiobarbituric acid
(TBA) solution (0.02 M). Finally, the sample was heated for 1 h at 80 ◦ C in a thermostatic bath; after
cooling at room temperature, the absorbance at 534 nm was determined for each sample. Data were
expressed in μg of malondialdehyde (MDA) equivalent per gram of yogurt.
4.5. Determination of Volatile Compounds
The volatile compounds (VOCs) were extracted through a solid-phase microextraction (SPME),
and then separated and identiﬁcated as previously described [44] with the use of a gas chromatograph
(Clarus 580; Perkin Elmer, Walthman, MA, USA) coupled with a mass spectrometry (SQ8S; Perkin Elmer)
and equipped with an Elite-5MS column (length: 30 m; internal diameter: 0.25 mm; ﬁlm thickness:
0.25 μm; Perkin Elmer, Waltham, MA, USA). Ten grams of yogurt were transferred in vials and mixed
with 5 mL of NaCl water solution (360 g/L), and 10 μL of 4-methyl-2-heptanone, which was used as
internal standard with the aim of evaluating the extraction eﬃciency downstream of the analysis.
After sealing the vial, the sample was stirred at 60 ◦ C in a thermostatic bath, and the adsorption of
VOCs was performed with a divinybenzene–carboxen–polydimethylsiloxane SPME ﬁber exposed
for 45 min in the headspace. At this point, the extracted VOCs were thermally desorbed into the GC
injector for 1 min in a splitless mode at 250 ◦ C. Helium was used as carrier gas with a ﬂow rate of
1 mL/min and the oven temperature program was started at 50 ◦ C, held for 1 min, then increased up to
200 ◦ C with a ratio of 3 ◦ C/min, then held for 1 min and ﬁnally increased up to 250 ◦ C with a ratio
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of 15 ◦ C/min, then held for 15 min. The mass spectrometer operates in electronic impact ionization
mode at 70 eV. Volatile compounds were identiﬁed by a comparison with the mass spectra included
in the library database (NIST Mass Spectral library (2014), Search Program version 2.0, National
Institute of Standards and Technology, US Department of Commerce, Gaithersburg, MD, USA) and by
comparing the eluting order with modiﬁed Kovats indices, according to the method of Van Den Dool
and Kratz [45]. The data were expressed as a percentage of the relative abundance of each compound
in relation to the sum of total VOCs.
4.6. Statystical Analysis
All the listed evaluations were performed on 12 samples per group (six samples for T1 and six
samples for T7), and the analyses on individual samples were performed in triplicate. Results were
reported as mean values with corresponding standard deviations (SD). The analysis of statistically
signiﬁcant diﬀerences between the two groups of data were performed by using the SigmaPlot 12.0
Software (Systat software, Inc., San Jose, CA, US) for the Windows operating system (ANOVA, Student’s
t-test); p values lower than 0.05 were considered statistically signiﬁcant.
5. Conclusions
The results shown in this study suggest the positive role of dietary OL supplementation on
the nutritional characteristics and volatile proﬁle of goats’ milk yogurt. Dietary OL intake was eﬀective
in inducing an increase in the concentration of unsaturated fatty acids, in addition to the general
improvement in oxidative stability. This ﬁnding could justify an improvement in the shelf-life
of the product and was also conﬁrmed by a reduction in the concentration of volatile aldehydes.
The characterization of the volatile proﬁle was also useful in highlighting the accumulation of
compounds that could justify an improvement in the yogurt ﬂavor, although further sensorial analysis
is necessary to evaluate any variations in consumer acceptability.
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Abstract: Withering is a practice traditionally used in various regions to produce sweet or dry wines.
During withering there is an increase in sugar content but also a modiﬁcation in volatile compound
proﬁles. Controlling metabolic changes through the dehydration process to obtain wines with
desired characteristics is therefore a challenging opportunity. The eﬀects of two diﬀerent withering
technologies, post-harvest or on-vine with blocked sap vessel ﬂow, on the volatile proﬁle of young and
aged Corvina red wines was investigated. The results showed that modulation of wine aroma due to
the withering process is associated with fermentative metabolites, such as esters, higher alcohols,
and acids, as well as grape-related compounds such as C6 alcohols, terpenes and norisoprenoids.
Signiﬁcant diﬀerences were also found by comparing the two withering techniques. Post-harvest in
a traditional “fruttaio” warehouse wines showed higher content of ethyl acetate, ethyl butanoate,
β-citronellol and 3-oxo-α-ionol, whereas post-harvest withering on-vine increased β-damascenone in
wines. The type of withering technique has an inﬂuence on the evolution of some aroma compounds
during the aging of wine, among them linalool, (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB),
n-hexyl acetate, ethyl acetate, ethyl 3-methylbutanoate, 3-oxo-α-ionol and β-damascenone.
Keywords: post-harvest; withering; on-vine; fruttaio; wine aroma; Corvina

1. Introduction
Valpolicella is a wine producing region characterized by the traditional practice of post-harvest
withering for the production of dry and sweet red wines, among which Amarone is the most famous [1].
Valpolicella is located in the north-east of Italy close to Verona city, with Corvina, Corvinone and
Rondinella grapes being the traditional varieties employed for local wines [1]. At ripening, grapes are
harvested and stored in a speciﬁc warehouse traditionally called a “fruttaio”, where they undergo slow
dehydration [2]. The duration of withering varies depending on the wine type being produced, and it
is generally monitored by assessing grape weight loss. In the case of Amarone or Recioto, withering
generally lasts 2–3 months, with a weight loss of approximately 30% of the initial weight [3]. In the
case of other wines such as Valpolicella Classico superiore as well as diﬀerent IGT wines, a milder
withering is usually carried out, lasting 4–8 weeks with weight loss of 10–15%.
Grape withering has a deep impact on the formation of the characteristic aroma of Amarone
wine [4,5]. During the withering process, an increase in sugar content due to water loss is not
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the only transformation taking place. Phenolic and aromatic composition of grapes and wines
is also aﬀected [6–12], and skin wall composition as well as grape mechanical properties are also
modiﬁed [13,14]. Interestingly, some of these processes are not due to dehydration but are the result of
ongoing metabolic activities in the berry, resulting in peculiar gene expression patterns contributing to
changes secondary metabolism [15–17].
Diﬀerent grape withering techniques have been developed in the past, depending to local
environment, grape variety and technical issues, entering in the local tradition and history as
community heritage [18]. The diﬀerent techniques can be divided into natural, forced and on-vine
withering [18]. An example of a natural withering technique is the exposure of grapes to the sun,
while in the forced method, grape dehydration is obtained using ventilated rooms like in the case of
a modern fruttaio where withering conditions like temperature, humidity and air ﬂow are controlled.
On-vine withering can be obtained by practicing late harvest, cane cutting, or peduncle twist [18].
Though withering in Valpolicella is traditionally made in a fruttaio, there is an increasing interest to
explore other postharvest methods to support traditional practices, in particular for mild withering
processes requiring a short duration.
The aim of this research was to evaluate the eﬀect of the two withering systems, in “fruttaio” and
on-vine with peduncle twist, on the volatile proﬁle of wines. The results were compared with those of
wines obtained from not-withered grapes. Wines were also assessed after a period of aging, to evaluate
the inﬂuence of the diﬀerent withering practices on aging patterns of the resulting wines.
2. Results
2.1. Volatile Compounds in Young Wines
A total of 53 volatile compounds have been identiﬁed and quantiﬁed in wine samples (Table 1),
including ﬁve alcohols, 3 C6 alcohols, 10 esters, three acids, 18 terpenes, seven norisoprenoids,
seven benzenoids. The analysis of the variance (ANOVA) made between the three modalities,
showed statistically signiﬁcant (p < 0.05) diﬀerences for 35 compounds. Wines from withered
grapes in fruttaio and on-vine were characterized by higher content in terpinen-4-ol, β-citronellol,
1,4-cineole, 3-oxo-α-ionol, vinylguaiacol, ethyl acetate, benzyl alcohol and ethyl vanillate. At the
same time, samples fruttaio and on-vine compared to control showed lower amounts of 1-pentanol,
1-hexanol, cis-3-hexenol, trans-3-hexenol, isoamyl acetate, n-hexyl acetate, phenylethyl acetate ethyl
3-methylbutanoate, ethyl hexanoate, ethyl octanoate, hexanoic acid, octanoic acid, cis-linalool oxide
and β-damascenone. Compared to each other, statistical diﬀerences of the two withering techniques
were observed for 19 volatile compounds, among them 1-butanol, 1-hexanol, trans-3-hexenol, ethyl
butanoate, β-citronellol, limonene, α-phellandrene, terpinolene, benzyl alcohol and methyl vanillate
were found in higher concentration in fruttaio samples, while on-vine samples showed higher content
of 2-butanol, ethyl acetate, octanoic acid, β-damascenone, TDN and 4-vinyl guaiacol.
Table 1. Concentration (μg/L) of free compounds in young wine samples. Mean, standard deviation
(SD) and ANOVA.
Control
Compounds
Alcohols
2-Butanol
1-Butanol
1-Pentanol
Isoamyl alcool
Phenylethyl Alcohol
C6 Alcohols
1-Hexanol
trans-3-Hexen-1-ol
cis-3-Hexen-1-ol

Odor
Threshold 1

30,000
14,000
8000
400

Fruttaio

On-Vine

Mean

SD

Mean

SD

Mean

SD

p-Value

3283.8 b
269.7 a
58.3 b
35,372.3 a
16,240.6 a

±207.9
±6.7
±5.3
±1853.6
±721.1

2203.1 a
506.3 b
43.0 a
33,820.8 a
20,779.8 a

±80.3
±48.8
±1.5
±922.9
±466.8

3467.7 b
228.0 a
42.8a
34,951.5 a
16,568.9 a

±93.1
±48.3
±1.4
±2051.8
±6073.6

<0.0001
0.000
0.002
0.541
0.290

3292.5 c
39.4 b
520.3 b

±171.9
±2.4
±26.9

2292.4 b
32.0 b
92.7 a

±84.2
±6.59
±13.2

1951.1 a
21.4 a
65.5 a

±70.7
±2.0
±7.3

<0.0001
0.006
<0.0001
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Table 1. Cont.
Control
Compounds
Acetate Esters
Ethyl acetate
Isoamyl acetate
n-Hexyl acetate
Phenylethyl acetate
Ethyl Esters
Ethyl butanoate
Ethyl 3-methylbutanoate
Ethyl hexanoate
Ethyl octanoate
Ethyl decanoate
Ethyl lactate
Fatty Acids
3-Methylbutanoic acid
Hexanoic acid
Octanoic acid
Terpenes
cis-Linalool oxide
trans-Linalool oxide
Linalool
Terpinen-1-ol
Terpinen-4-ol
Ho-trienol
α-Terpineol
Nerol
Geraniol
β-Citronellol
p-Menthane-1,8-diol
α-Phellandrene
1,4-Cineole
1,8-Cineole
Limonene
γ-Terpinen
p-Cymene
Terpinolene
Norisoprenoids
β-Damascenone
α-Ionone
α-Ionol
Vitispirane
TPB
TDN
3-oxo-α-Ionol
Benzenoids
4-Ethyl guaiacol
4-Vinyl guaiacol
2,6-Dimethoxyphenol
Benzyl Alcohol
Vanillin
Methyl vanillate
Ethyl vanillate

Fruttaio

On-Vine

Odor
Threshold 1

Mean

SD

Mean

SD

Mean

SD

p-Value

12,000
30
1800
2400

19,537.4 a
10,732.9 b
279.3 b
106.2 b

±1896.3
±1503.1
±41.8
±11.0

49,654.9 c
3216.1 a
22.3 a
35.3 a

±4413.3
±631.4
±1.5
±4.5

33,649.2 b
1877.3 a
6.47 a
30.7 a

±7566.5
±293.0
±1.09
±1.9

0.001
<0.0001
<0.0001
<0.0001

20
3
14
5
200
100,000

254.7 b
215.4 b
548.5 b
452.1 b
45.6 a
1087.9 b

±14.7
±32.5
±33.4
±50.2
±6.2
±49.6

265.6 b
64.6 a
331.0 a
254.3 a
50.6 a
690.6 a

±28.1
±14.1
±9.5
±10.7
±5.5
±34.7

210.1 a
36.7 a
302.1 a
249.6 a
38.6 a
647.8 a

±16.4
±6.3
±24.9
±27.9
±6.5
±64.2

0.036
<0.0001
<0.0001
0.000
0.132
<0.0001

250
2080
2560

511.9 b
2623.6 c
2044.8 c

±38.5
±130.17
±184.0

402.3 a
1286.5 a
820.0 a

±6.6
±103.3
±36.8

449.1 a
1683.5 b
1066.7 b

±19.0
±36.2
±39.8

0.005
<0.0001
<0.0001

3000
6000
25

6.57 b
0.415 a
27.3 b
0.351 a
0.092 a
0.060 a
13.9 b
3.95 a
6.69 a
4.14 a
<LOQ
0.035 b
0.110 a
0.215 a
0.228 a
1.10 a
0.083 a
0.137 a

±3.12
±0.211
±3.3
±0.065
±0.021
±0.010
±1.3
±0.53
±0.69
±0.18

1.29 a
0.330 a
14.8 a
0.429 a
1.163 b
0.047 a
6.54 a
4.89 a
6.50 a
12.58 c
<LOQ
0.040 b
0.205 b
0.153 a
0.388 b
1.15 a
0.145 a
0.257 b

±0.78
±0.130
±0.5
±0.162
±0.200
±0.010
±0.09
±0.43
±0.79
±0.44

1.33 a
0.50 a
16.5 a
0.519 a
0.795 b
0.075 a
7.09 a
3.36 a
6.61 a
10.18 b
<LOQ
0.016 a
0.182 b
0.176 a
0.225 a
1.03 a
0.093 a
0.125 a

±0.19
±0.282
±0.2
±0.066
±0.173
±0.043
±0.30
±0.96
±0.20
±1.87

0.038
0.797
0.000
0.242
0.026
0.478
<0.0001
0.828
0.931
0.000

±0.002
±0.024
±0.068
±0.040
±0.19
±0.021
±0.041

0.029
0.003
0.336
0.006
0.904
0.289
0.010

3.47 c
2.27 b
0.233 a
<LOQ
0.050 a
2.64 b
1.58 a

±0.27
±0.70
±0.019

±0.13
±0.34
±0.026

<0.0001
0.050
0.955

±0.006
±0.18
±0.20

2.80 b
1.03 a
0.25 a
<LOQ
0.051 a
2.79 b
2.10 b

±0.10
±0.67
±0.010

±0.009
±0.42
±0.24

1.69 a
0.85 a
0.283 a
<LOQ
0.035 a
1.57 a
2.65 c

±0.013
±0.69
±0.23

0.140
0.040
0.003

±0.44
±0.018
±4.9
±0.84
±0.09
±1.1

<LOQ
9.40 b
0.015 a
229.1 c
2.04 a
4.86 b
21.6 b

±0.53
±0.007
±15.1
±0.95
±0.11
±2.0

<LOQ
11.63 c
0.022 a
173.1 b
0.888 a
4.49 a
31.4 c

±1.63
±0.001
±24.7
±0.672
±0.05
±5.2

0.006
0.428
0.001
0.204
0.001
0.004

110
250
400
30
100

0.54
1.1

0.05

2

33
1100

200

<LOQ
7.36 a
0.108 a
128.3 a
2.13 a
4.37 a
16.4 a

±0.013
±0.013
±0.022
±0.028
±0.51
±0.008
±0.024

±0.006
±0.023
±0.040
±0.060
±0.09
±0.077
±0.045

Values in the same row with diﬀerent letters indicate statistically signiﬁcant diﬀerences, p < 0.05; 1 Data from:
Ferreira et al. (2000) [19], Francis et al. (2005) [20], Sacks et al. (2012) [21] and Antalick et al. (2015) [22]. <LOQ:
Values below the limit of quantiﬁcation.

Eighteen glycosidically bound compounds have been quantiﬁed (Table 2). The ANOVA showed
signiﬁcant diﬀerences for eight of these compounds. Compared to control, fruttaio samples and on-vine
showed signiﬁcantly lower concentrations in cis-3-hexenol, benzyl alcohol precursor and higher content
of methyl vanillate and ethyl vanillate precursors. Comparing fruttaio and on-vine samples, statistically
signiﬁcant diﬀerences have been observed for six glycosidically bound compounds. Fruttaio samples
were richer in 1-hexanol, trans-3-hexenol, geraniol and vanillin precursors, while on-vine samples
showed higher concentration only for the phenylethyl alcohol glycosidically bound precursor.
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Principal component analysis (PCA) showed that 65.9% of the total variance was explained by the
ﬁrst and second component (Figure 1). In fact, ﬁrst principal component (PC-1) explained 45.8% of the
total variance, while PC-2 explained 20.1%. Samples were separated into three clusters according to their
withering technique. PC-1 mostly discriminated withered samples from not-withered. Control samples
were characterized principally by esters, fatty acids, C6 compounds 1-hexanol, trans-3-hexenol, and
cis-3-hexenol precursor. Instead withered compounds were characterized by terpenes like β-citronellol,
linalool, terpinen-4-ol, 1,4-cineole; by the norisoprenoid 3-oxo-α-ionol; and by several benzenoids like
phenylethyl alcohol, benzyl alcohol, methyl vanillate and its glycosidic precursor. PC-2 permitted to
discriminate on-vine from fruttaio samples, the major drivers of this diversity were the ethyl butanoate,
ethyl decanoate, ethyl vanillate, and the bound precursor of geraniol.

Figure 1. Principal component analysis showing aged wine samples scores (A) and loadings (B), only
loadings with score value > 0.75 were shown. Loadings plot number correspond to: (F1) 2-Butanol,
(F2) 1-Butanol, (F3) 1-Pentanol, (F6) 1-Hexanol, (F7) trans-3-Hexenol, (F8) cis-3-Hexenol, (F9) Ethyl
acetate, (F10) Isoamyl acetate, (F11) n-Hexyl acetate, (F12) Phenylethyl acetate, (F13) Ethyl butanoate,
(F14) Ethyl 3-methylbutanoate, (F15) Ethyl hexanoate, (F16) Ethyl octanoate, (F18) Ethyl lactate, (F19)
3-Methylbutanoic acid, (F20) Hexanoic acid, (F21) Octanoic acid, (F24) Linalool, (F28) α-Terpineol,
(F31) β-Citronellol, (F34) 1,4-cineole, (F36) Limonene, (F39) Terpinolene, (F40) β-Damascenone, (F46)
3-oxo-α-Ionol, (F48) 4-Vinyl guaiacol, (F50) Benzyl alcohol, (F52) Methyl vanillate, (F53) Ethyl vanillate,
(B3) bound cis-3-Hexenol, (B12) bound Benzyl alcohol, (B14) bound Phenylethyl alcohol, (B15) bound
Vanillin, (B18) bound Ethyl vanillate.
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Table 2. Concentration (μg/L) of glycosidically-bound compounds in young wine samples. Mean,
standard deviation (SD) and ANOVA.
Control
Compounds
Alcohols
Phenylethyl alcohol
C6 alcohols
1-Hexanol
trans-3-Hexen-1-ol
cis-3-Hexen-1-ol
Terpenes
cis-Linalooloxide
trans-Linalooloxide
Linalool
Terpinen-4-ol
α-Terpineol
β-Citronellol
Nerol
Geraniol
Norisoprenoids
3-oxo-α-Ionol
α-Ionol
Benzenoids
Vanillin
Methyl vanillate
Ethyl vanillate
Benzyl Alcohol

Fruttaio

On-Vine

Mean

SD

Mean

SD

Mean

SD

p-Value

284.9 b

±22.5

191.7 a

±11.0

282.0 b

±47.8

0.017

203.8 b
1.80 a
25.4 b

±15.8
±0.28
±2.4

216.5 b
3.27 b
12.2 a

±29.8
±0.41
±1.6

159.6 a
2.03 a
11.0 a

±17.5
±0.29
±1.6

0.043
0.003
0.000

1.93 a
2.17 a
5.71 a
0.068 a
2.00 a
0.163 a
15.1 a
20.7 a

±0.71
±0.72
±1.40
±0.020
±0.52
±0.048
±0.6
±1.7

2.15 a
2.74 a
6.82 a
0.070 a
2.19 a
0.747 b
16.4 a
24.1 b

±0.53
±0.88
±0.82
±0.024
±0.02
±0.051
±1.8
±1.4

2.06 a
2.49 a
6.91 a
0.069 a
2.42 a
0.130 a
11.3 a
19.0 a

±0.64
±0.61
±0.94
±0.032
±0.20
±0.030
±4.0
±1.1

0.909
0.666
0.378
0.999
0.343
0.051
0.120
0.013

5.44 b
0.035 a

±0.43
±0.017

2.80 a
0.015 a

±1.41
±0.010

4.40 ab
0.030 a

±1.56
±0.018

0.102
0.329

0.175 a
4.01 a
0.365 a
303.7 b

±0.095
±0.21
±0.129
±58.2

9.41 c
5.17 b
0.737 b
112.4 a

±1.36
±0.29
±0.209
±10.7

1.60 b
4.92 b
0.747 b
163.9 a

±0.22
±0.02
±0.188
±21.5

0.001
0.001
0.065
0.002

Values in the same row with diﬀerent letters indicate statistically signiﬁcant diﬀerences (p < 0.05). <LOQ: Value
below the limit of quantiﬁcation.

2.2. Volatile Composition of Aged Wine
After model aging, wines were diﬀerent for 28 volatile compounds (Table 3) and seven bound
compounds (p < 0.05) (Table 4). The fruttaio and the on-vine samples showed signiﬁcant diﬀerences
(p < 0.05) for 17 compounds, three of which were glycosidically bound precursors. The PCA analysis
(Figure 2) after wine model aging showed a total variance of 63.1%. Three clusters were formed
corresponding to the three conditions studied: control, fruttaio and on-vine. The compounds that most
characterized these three groups were basically the same that were obtained in wine samples before
model aging: the class of esters, acids and alcohols for control samples, terpenes and benzenoids for
withered samples.
Table 3. Concentration (μg/L) of free compounds in aged wine samples. Mean, standard deviation (SD)
and ANOVA.
Control
Compounds
Alcohols
2-Butanol
1-Butanol
1-Pentanol
Isoamyl alcool
Phenylethyl Alcohol
C6 Alcohols
1-Hexanol
trans-3-Hexen-1-ol
cis-3-Hexen-1-ol

Fruttaio

On-Vine

Mean

SD

Mean

SD

Mean

SD

p-Value

3019.8 b
247.4 a
17.9 a
60,167.0 a,b
20,612.4 a

±237.4
±37.2
±0.6
±1467.0
±2721.8

1980.9 a
452.1 b
15.0 a
55,052.5 a
25,084.0 ab

±291.9
±16.7
±5.2
±5134.7
±2609.2

3276.2 b
206.9 a
14.2 a
63,751.1 b
28,513.4 b

±112.6
±50.3
±1.9
±2291.3
±4720.3

0.001
0.000
0.398
0.051
0.083

3199.2 c
51.9 c
609.6 b

±22.3
±2.6
±7.7

2231.4 b
40.4 b
110.0 a

±208.7
±1.3
±39.5

1787.8 a
26.2 a
74.0 a

±102.2
±7.4
±11.1

<0.0001
0.001
<0.0001
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Table 3. Cont.
Control
Compounds
Acetate Esters
Ethyl acetate
Isoamyl acetate
n-Hexyl acetate
Phenylethyl acetate
Ethyl Esters
Ethyl butanoate
Ethyl 3-methylbutanoate
Ethyl hexanoate
Ethyl octanoate
Ethyl decanoate
Ethyl lactate
Fatty Acids
3-Methylbutanoic acid
Hexanoic acid
Octanoic acid
Terpenes
cis-Linalool oxide
trans-Linalool oxide
Linalool
Terpinen-1-ol
Terpinen-4-ol
Ho-trienol
α-Terpineol
Nerol
Geraniol
β-Citronellol
p-Menthane-1.8-diol
α-Phellandrene
1,4-Cineole
1,8-Cineole
Limonene
γ-Terpinen
p-Cymene
Terpinolene
Norisoprenoids
β-Damascenone
α-Ionone
α-Ionol
Vitispirane
TPB
TDN
3-oxo-α-Ionol
Benzenoids
4-Ethyl guaiacol
4-Vinyl guaiacol
2,6-Dimethoxyphenol
Benzyl Alcohol
Vanillin
Methyl vanillate
Ethyl vanillate

Fruttaio

On-Vine

Mean

SD

Mean

SD

Mean

SD

p-Value

19,178.22 a
3732.0 b
82.8 b
55.2 b

±7696.5
±188.2
±3.1
±1.9

32,697.7 b
1435.2 a
8.9 a
29.0 a

±2026.1
±852.1
±2.1
±10.2

38,187.8 b
760.8 a
8.0 a
23.8 a

±5575.2
±300.4
±2.8
±2.2

0.015
0.001
0.000
0.002

255.2 a
56.6 a
491.2 c
245.1 b
18.8 a
3704.2 b

±12.2
±2. 9
±18.2
±7.7
±1.7
±158.1

296.2 b
56.2 a
357.1 b
153.0 a
16.0 a
3656.8 b

±20.1
±3.5
±32.5
±37.2
±6.6
±99.3

231.7 a
53.2 a
300.4 a
138.9 a
12.1 a
3194.4 a

±24.2
±7.5
±29.1
±14.4
±3.1
±352.9

0.018
0.685
0.000
0.003
0.246
0.065

706.1 b
3753.0 b
2901.9 b

±115.7
±77.1
±140.7

306.1 a
1833.3 a
1288.8 a

±8.8
±156.2
±183.5

448.0 ab
1878.8 a
1405.4 a

±194.8
±235.0
±166.7

0.025
<0.0001
<0.0001

7.85 a
4.84 a
15.8 a
<LOQ
11.7 a
0.013 a
34.2 a
1.47 a
2.97 a
2.71 a
0.417 b
0.802 a
0.202 a
0.188 a
0.408 a
1.01 a
0.162 a
0.115 a

±0.53
±0.30
±3.17

±0.59
±0.18
±3.1

0.031
0.002
0.142

±2.0
±0.003
±3.9
±0.75
±1.99
±1.60
±0.069
±0.237
±0.041
±0.024
±0.026
±0.131
±0.016
±0.015

9.60 b
6.06 b
18.80 a
<LOQ
13.4 a,b
0.022 a
34.6 a
2.29 a
2.64 a
4.38 a
0.404 b
0.620 a
0.323 a
0.362 a
0.430 a
0.992 a
0.155 a
0.098 a

±0.66
±0.28
±3.3

±2.7
±0.006
±3.3
±0.57
±0.14
±2.37
±0.060
±0.023
±0.169
±0.032
±0.178
±0.13
±0.061
±0.036

8.57 ab
6.07 b
23.1 a
<LOQ
17.5 b
0.018 a
37.5 a
1.33 a
4.31 a
7.92 b
0.214 a
0.518 a
0.286 a
0.307 a
0.497 a
0.294 a
0.252 b
0.175 b

±1.8
±0.003
±3.3
±0.06
±1.02
±0.99
±0.054
±0.076
±0.045
±0.018
±0.038
±0.040
±0.018
±0.013

0.044
0.115
0.511
0.147
0.319
0.027
0.011
0.218
0.398
0.341
0.596
0.664
0.034
0.017

3.49 a
0.282 a
0.130 a
5.07 a
0.080 b
4.25 a
17.6 a,b

±0.05
±0.128
±0.0317
±4.66
±0.013
±1.34
±4.2

3.08 a
0.448 a
0.140 a
8.33 a
0.049 a
4.20 a
11.6 a

±0.18
±0.099
±0.094
±0.51
±0.006
±0.68
±2.8

3.58 a
0.480 a
0.295 a
7.72 a
0.055 a
4.50 a
20.7 b

±0.10
±0.287
±0.096
±0.89
±0.008
±0.35
±3.4

0.418
0.441
0.554
0.367
0.015
0.906
0.080

0.190 a
15.5 a
0.078 a
153.8 a
5.36 a
4.83 a
34.4 a

±0.049
±4.4
±0.014
±27.3
±1.04
±0.50
±6.0

0.295 a
21.3 a
0.110 a
275.0 c
7.26 b
5.96 b
56.7 b

±0.152
±0.7
±0.029
±12.1
±0.37
±0.37
±3.7

0.153 a
20.2 a
0.208 a
215.2 b
6.39 ab
5.79 b
69.7 b

±0.193
±5.1
±0.043
±16.3
±0.61
±0.34
±3.4

0.500
0.235
0.220
0.001
0.050
0.030
0.012

Values in the same row with diﬀerent letters indicate statistically signiﬁcant diﬀerences (p < 0.05). <LOQ: Value
below the limit of quantiﬁcation.

234

Molecules 2020, 25, 2141

Figure 2. Principal component analysis showing aged wine samples scores (A) and loadings (B), only
loadings with score value >0.75 were shown. Loadings plot number correspond to: (F1) 2-Butanol, (F2)
1-Butanol, (F5) Phenyl ethyl alcohol, (F6) 1-Hexanol, (F8) cis-3-Hexenol, (F10) Isoamyl acetate, (F11)
n-Hexyl acetate, (F12) Phenylethyl acetate, (F13) Ethyl butanoate, (F15) Ethyl hexanoate, (F16) Ethyl
octanoate, (F19) 3-Methylbutanoic acid, (F20) Hexanoic acid, (F21)Octanoic acid, (F22) cis-Linalool
oxide, (F23) trans-Linalool oxide, (F25)Terpinen-1-ol, (F26) Terpinen-4-ol, (F31) β-Citronellol, (F32)
p-Menthane-1,8-diol, (F38) p-Cymene, (F39) Terpinolene, (F50) Benzyl alcohol, (B3) bound cis-3-Hexenol,
(B8) bound α-Terpineol, (B9) bound β-Citronellol, (B11) bound Geraniol, (B12) bound Benzyl alcohol,
(B14) bound Phenylethyl alcohol, B16) bound 3-oxo-α-Ionol, (B17) bound Methyl vanillate.
Table 4. Concentration (μg/L) of bound compounds in aged wine samples. Mean, standard deviation
(SD) and ANOVA.
Control
Compounds
Alcohols
Phenylethyl alcohol
C6 alcohols
1-Hexanol
trans-3-Hexen-1-ol
cis-3-Hexen-1-ol

Fruttaio

On-Vine

Mean

SD

Mean

SD

Mean

SD

p-Value

121.4 ab

±7.8

96.2 a

±21.9

146.9 b

±9.4

0.015

84.6 a
0.588 a
22.6 b

±6.7
±0.035
±1.6

84.8 a
0.852 b
11.2 a

±14.0
±0.163
±5.2

82.8 a
0.750 ab
13.8 a

±7.4
±0.065
±0.8

0.965
0.054
0.011
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Table 4. Cont.
Control
Compounds
Terpenes
cis-Linalooloxide
trans-Linalooloxide
Linalool
Terpinen-4-ol
α-Terpineol
β-Citronellol
Nerol
Geraniol
Norisoprenoids
3-oxo-α-Ionol
α-Ionol
Benzenoids
Vanillin
Methyl vanillate
Ethyl vanillate
Benzyl Alcohol

Fruttaio

On-Vine

Mean

SD

Mean

SD

Mean

SD

p-Value

2.23 a
2.83 a
<LOQ
<LOQ
0.182 a
0.175 a
3.60 a
4.08 a

±0.26
±0.74

2.41 a
3.05 a
<LOQ
<LOQ
0.977 b
1.19 b
4.68 a
6.95 b

±0.46
±0.71

2.79 a
3.68 a
<LOQ
<LOQ
0.977 b
0.000 a
3.95 a
5.20 ab

±0.32
±0.64

0.229
0.366

±0.140
±0.096
±0.73
±1.63

0.009
<0.0001
0.128
0.060

±0.029
±0.004
±0.60
±1.03

±0.253
±0.20
±0.20
±0.56

2.59 a
<LOQ

±0.22

2.11 a
<LOQ

±0.37

3.17 b
<LOQ

±0.24

0.011

3.76 a
3.94 a
0.317 a
130.5 b

±0.07
±0.09
±0.132
±6.2

3.61 a
5.22 b
0.737 a
65.7 a

±0.30
±0.31
±0.135
±3.4

3.76 a
5.02 b
0.668 a
105.9 ab

±0.16
±0.28
±0.209
±8.5

0.595
0.001
0.134
0.023

Values in the same row with diﬀerent letters indicate statistically signiﬁcant diﬀerences (p < 0.05). <LOQ: Value
below the limit of quantiﬁcation.

3. Discussion
Post-harvest withering plays a central role in determining the compositional and sensory
characteristics of Valpolicella red wines [1,3]. From a quantitative point of view, the main physiological
change associated with this traditional practice is water loss, that is carried out up to an average of 30%
weight loss depending on wine style. This has major implication for grape composition, most notably
increased concentration of metabolites such as sugars, phenolics, and certain aroma compounds,
directly inﬂuencing composition of the resulting wine. Additional important consequences of increased
sugar levels are related to changes in yeast metabolism, which can further impact wine composition.
However, it has been recently shown that post-harvest withering is not simply a dehydration process,
with many complex metabolic transformations beyond simple concentration taking place inside the
berry, inducing important modiﬁcations in the pool of grape secondary metabolites, including volatile
compounds [17]. In consideration of this complex scenario, one of the purposes of the present study
was to investigate how and to what extent withering of the grapes aﬀects the volatile composition of the
resulting wine. Second, and most important, this study had the objective to assess the potential of an
alternative withering approach to modulate Corvina wine volatile composition. Although post-harvest
withering is traditionally carried out in warehouses (locally called ”fruttaio”), there is an ongoing
interest towards the exploration of alternative strategies that can be applied to obtain a suitable degree
of over-ripening or withering, also with the aim of producing alternative wine types and styles [2].
Among these, cane-cut on-vine has been shown to positively inﬂuence wine aroma and phenolic
composition [6–12]. In the present study, an alternative approach to on-vine withering, still based on
blocking xylem ﬂow but not involving cane cutting, was investigated in comparison with conventional
fruttaio withering. As sugar levels at grape crush were similar for both withering modalities, any
diﬀerence is expected to result from diﬀerences in grape composition in terms of secondary metabolites
or interaction with yeast.
3.1. Inﬂuence of Grape Withering on Volatile Composition of Corvina Wines
Analysis of free and glycosidically-bound volatile compounds of the wines at bottling showed that
withering of the grapes signiﬁcantly aﬀected wine aroma compounds, inﬂuencing the concentrations
of various classes of volatiles. Free compounds can have a direct inﬂuence on wine aroma while the
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bound compounds can act as an aroma reservoir that is released during aging. At a general level,
fermentation-derived volatiles such as esters, higher alcohols, and acids, as well as grape-related
compounds such as certain norisoprenoids, were mostly associated with non-withered grapes, whereas
withering resulted in higher wine content in terpenes and benzenoids (Figure 1 and Table 1). Among
compounds known to impact red wine aroma, acetate esters (i.e., isoamyl acetate) and ethyl fatty acid
esters (i.e., ethyl hexanoate and octanoate) were strongly inﬂuenced by withering, which resulted
in a signiﬁcant decrease in the concentration of nearly all the analyzed esters. Esters are related to
red wine’s fruity character [23] and are formed during alcoholic fermentation involving amino acid
metabolism in the case of acetates, and fatty acid metabolism for ethyl esters [24]. The production of
esters by yeast is inﬂuenced by several factors, and diﬀerent studies have reported an inﬂuence of
grape maturity [25] and levels of withering [4,9,26] on wine ester content, suggesting and inﬂuence
of must sugar content on ester production. In agreement with these reports, wines from withered
Corvina grapes, which at harvest displayed additional 2 Brix compared to control grapes, showed
lower ester content. In particular, acetate esters were more impacted, in spite of the fact that higher
alcohol content, a precursor of acetates, was not so diﬀerent across treatments and in some cases
was even greater in withered samples. Ester/alcohol ratios were calculated to establish esteriﬁcation
rates of the diﬀerent esters, and in the case of acetates it appeared clear that acetylation was much
higher in fermentation of non-withered grapes (Figure 3). Likewise, a higher acetylation rate was
also observed for the control wine in the case of the ethyl ester of the branched chain fatty acid
3-methylbutanoic acid, also derived from amino acid metabolism. Conversely, although concertation
of ethyl esters was higher in control samples, esteriﬁcation of the corresponding fatty acid was similar
in all treatments, so that it can be inferred that wine ester levels were determined by concentration of
the corresponding fatty acid. It can be therefore assumed that, under our experimental conditions,
withering impact on esters was due on one hand to reduced acetylation and on the other hand to
reduced production of fatty acids, which would be in agreement with the observations of Saerens
et al. (2008) [27]. In the case of ethyl fatty acid esters, the reduced availability of short chain fatty acid
precursors could be due to the greater availability of unsaturated fatty acids in musts from withered
grapes [28], which would result in reduced medium chain fatty acids biosynthesis [29]. An increase in
available lipids can also reduce the expression of the ATF1 gene and therefore lower acetyl transferase
activity catalyzing the acetylation reaction [30]. Interestingly, ethyl acetate showed a completely
diﬀerent trend, its concentration increasing signiﬁcantly in wines from withered grapes. Although
acetyl transferase activities are expected to play a role in ethyl acetate formation by S. cerevisiae, recent
observations indicated that acetyl transferases other than Atf1 and Atf2 contribute signiﬁcantly to
production of this ester [31], which could explain its diﬀerent response to withering.
C6 alcohols were also found to discriminate, with a high level of signiﬁcance, control wines
from the two withering modalities. C6 alcohols contribute to the “leafy” and “herbaceous” odors of
wines [32]. In control samples cis-3-hexenol showed and odor active value (OAV, calculated as ration
between concentration and odor threshold) higher than one therefore potentially contributed to wine
aroma (OAV = 1.3). Instead, in withered samples, the C6 alcohols had OAV values lower than one.
C6 alcohols are formed during berry crushing by enzymatic oxidation of grape unsaturated fatty acids,
initiated by grape lipoxygenase enzymes [33]. Zenoni et al. (2016) [17] reported a decrease in the
expression of lipoxygenase genes during withering of Corvina, which could explain the decrease in C6
alcohols observed here. However, other studies indicated an opposite trend [8,16], an increase in C6
aldehydes and alcohols during postharvest grape dehydration of Malvasia grape was reported [8],
suggesting that more complex patterns could occur.
Various terpenes were aﬀected by withering, although trends varied depending on the speciﬁc
molecule. The importance of monoterpene alcohols and cyclic terpenes to Corvina wines aroma
was recently described, in particular for linalool [34,35]. In the present study, linalool was the
main monoterpene alcohol detected and its concentration was signiﬁcantly decreased by withering,
in agreement with previous ﬁndings [17,36]. Considering that in control wines linalool had an OAV
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= 1.1, a possible contribution to wine aroma characteristics can be expected, whereas in wines from
withered grapes this was not the case (OAV = 0.59 and 0.66 for fruttaio and on-vine respectively).
Terpenes are produced in grapes through both the 1-deoxy-d-xylulose-5-phosphate/methylerythritol
phosphate (DOXP/MEP) pathway and the mevalonic acid (MVA) pathway. In Corvina the inﬂuence
of withering on these pathways is complex, with upper steps of the pathway being downregulated
but late biosynthetic steps upregulated [16]. In addition to free forms of terpenes, grapes also contain
non-volatile glycosylated forms of these compounds, which in Corvina can contribute signiﬁcantly
to terpenes level in ﬁnished through enzymatic and chemical hydrolysis during viniﬁcation [35,37].
Although in the present study diﬀerences in glycosidically-bound terpenes in the ﬁnished wines were
relatively small, we observed generally higher concentrations of bound terpenes in withered wines
(Table 2). Contrary to linalool, citronellol, the second most abundant monoterpene alcohols detected,
increased with withering. In non-aromatic grapes such as Corvina, formation of citronellol is connected
to the ability of yeast to reduce available geraniol including the portion derived from hydrolysis
of geraniol glyosidic precursors [37,38]. Bound geraniol in ﬁnished wines increased in one of the
withering modalities, supporting a possible contribution of bound geraniol to free citronellol levels.
In wines from withered Pinot noir, Moreno et al. (2008) [9] also observed increased wine citronellol
content. Among other terpenes, withering was consistently associated with increased contents of
linalool oxides, limonene and 1,4-cineole. Small increases in the content of terpinen-4-ol in wine
were also observed with withering, in agreement with the observations of Zenoni et al. (2016) [17].
The contribution of linalool oxides, limonene, 1,4-cineole and terpinen-4-ol to wine aroma seemed to
be limited because their concentrations were found to be lower than the respective odor thresholds.

Figure 3. Ratio between esters and related precursors.

Comparted to terpenes, norisoprenoids, were aﬀected to a smaller extent by withering, with
concentration of the potent odorant β-damascenone decreasing. The formation of this compound
during winemaking is associated with multiple pathways involving acid- or yeast-mediated hydrolysis
of diﬀerent precursors [39,40]. The negative inﬂuence of withering on damascenone wine content
could be due to complex factors and requires further investigation, also considering that other
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norisoprenoids such as 3-oxo-α-ionol had an opposite behavior and were found in higher concentrations
in withered samples.
The benzenoids ethyl vanillate, and benzyl alcohol were found in higher concentrations in withered
samples, unlike previously reports by Bellincontro et al. (2016) [4], albeit with more intense withering.
Considering that wines made from withered grapes are generally destined to age, the volatile
proﬁle evolution of withered and non-withered samples was investigated by means of a model aging
protocol [34]. Data showed that after model aging, the three sample modalities showed diﬀerences for
a smaller number of compounds compared to young wines. Variations in compound concentrations are
reported in Table 5. Esters remained one major factor discriminating wines from withered grapes after
aging (Table 3 and Figure 2), with control wines exhibiting higher levels of ethyl fatty acids and acetate
esters. Trends during aging were, however, diﬀerent, with withered wines typically showing reduced
losses of even increases in some cases compared to control. Esters can be formed or degraded according
to wine pH and the ester/acid ratio. As a consequence, esters produced in a higher amount by yeast
during fermentation, such as isoamyl acetate, tend to decrease during aging while branched-chain
fatty acid esters increase [41–43]. Considering that the pH of the diﬀerent samples was similar, we can
conclude that by reducing esters formation during fermentation, withering resulted in reduced ester
losses. One exception to this was observed for ethyl hexanoate, for which the rate of hydrolysis was
similar in all treatments.
Table 5. Composition of Corvina wines made from not withered grapes, withered on-vine and withered
in “fruttaio”.

Control
On-vine
Fruttaio

Brix

pH

Alcohol % vol

21
23.2
23.2

2.96 ± 0.05
2.92 ± 0.08
3.03 ± 0.06

13.6 ± 0.2
15.0 ± 0.2
15.2 ± 0.2

Aging patterns of certain terpenes also showed diﬀerences that could be associated with withering.
For example, linalool in control wines during aging decreased from being sensorially active (OAV = 1.1)
to an OAV < 1. Instead, in withered wines, linalool concentration tended to increase with aging.
Particularly in the Fruttaio samples, after aging linalool had an increase of 8.3 μg/L, 1.5 times
higher than young Fruttaio wines. This increase could be due to a higher content of glycosylated
precursors in withered samples. However, the analysis of bound compounds in young wines
did not show signiﬁcant diﬀerences between samples that could explain the observed diﬀerences.
It may be that diﬀerent precursors forms of linalool exist in our samples that were not quantiﬁed
with the employed method. cis-Linalool oxide increased more markedly in wines from withered
grapes, and this could be attributed to acid hydrolysis of glycosidic precursors (diendiol) [44], and
3,7-dimethyloct-1-ene-3,6,7-triol (triol) [45]. This last pathway seemed more consistent in this sample
set, as both cis- and trans-linalool oxide bound precursors did not decrease with aging. 1,8-Cineole
also displayed substantially diﬀerent behaviors during aging between wines from withered and
non-withered grapes, with concentration increasing during aging only in withered wines. This could
be due to the fact that young wines from withered grapes exhibited signiﬁcantly higher content of
tepinen-4-ol, which we have recently shown to be a precursor to 1,8-cineole in Corvina wines [34].
β-Damascenone evolution with aging also highlighted a major diﬀerence associated with withering.
Evolution of β-damascenone in Corvina wines during aging is characterized by a complex trend
with an initial increase followed by a decline [34], reﬂecting simultaneous release from precursors
(until available) followed by degradation through various reactions [46,47]. In the present study,
the concentration of β-damascenone after model aging remained stable in control wines, and increased
in withered samples reaching, in the case of on-vine samples, the level of control (Figure 4). Samples
withered in fruttaio showed the most important increase of β-damascenone.
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Figure 4. 1,8-Cineole, β-damascenone, (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB),1,1,6-Trimethyl1,2-dihydronapthalene (TDN) and linalool content in young and model aged wines.

The (E)-1-(2,3,6-trimethylphenyl)buta-1,3-diene (TPB) also showed interesting diﬀerences in
aged wines. A signiﬁcant important increase has been observed after aging only in control samples.
A slight increase occurred in samples withered in fruttaio while on-vine samples did not show any
changes with aging. TPB has a tobacco aroma at low concentrations and geranium like odor at higher
concentrations [48]. Its concentration in Corvina wine has been correlated with wine ageing [34]. It has
been suggested that in red wine rich in tannins, TPB could react with polyphenols, resulting in a lower
concentration like in Shiraz and Cabernet Sauvignon (Janusz 2003). It is reported that withered wines
have a higher polyphenol content [10,12] while Corvina is known to be poor in polyphenols, so a
TPB–tannin reaction may explain the lower content found in aged withered samples.
TDN variation was higher in fruttaio samples; however, it should be noticed that at the end of
model aging samples of all the three modalities, it reached the same concentration level. TDN has
a kerosene-like aroma, the concentration in wine was reported to be inﬂuenced by grape sun exposure,
wine age, pH, and storage temperature [49,50]. Our data suggested that TDN concentration in wine
was not aﬀected by grape withering, the level of TDN formed in withered wine could depend on the
TDN precursors accumulated just before the start of the withering process, harvest or peduncle twist.
The occurrence of aroma notes related to TDN is often associated with aged wines; however,
in the control and on-vine samples, an OAV of 1.32 and 1.39, respectively, was observed already in the
young wine, indicating a possible sensory contribution.
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3.2. Inﬂuence of Withering Modality on Volatile Composition of Corvina Wine
In comparison with the diﬀerences due to withering, those associated with the withering modality
were quantitatively less important and restricted to a small number of volatiles. In young wines,
small but statistically signiﬁcant increases in the concentration of diﬀerent wine esters and citronellol
were observed in fruttaio withering compared to on-vine withering, whereas linalool, β-damascenone,
and α-ionol were mostly associated with on-vine withering. The trends observed for glycosylated
volatiles were diﬀerent, as in this case fruttaio wines exhibited a higher content of bound terpenes
such as geraniol and nerol, whereas benzenoids and certain norisoprenoids were more abundant in
on-vine withering. Several studies have investigated the inﬂuence of on-vine over-ripening or even
on-vine withering on grape composition, but only in a few cases these were compared with other
methods of withering. Zamboni et al. (2008) [16] provided interesting insights in diﬀerences existing
at a transcriptomic level between on-vine and oﬀ-vine (fruttaio) withering of Corvina, indicating that
diﬀerences in transcripts associated with secondary metabolites were minor [16]. However, on-vine
withering did not involve any blockage of vascular tissues, so results are hard to compare with the
present study.
Interestingly, some diﬀerences between the two withering modalities could be observed after
aging. For example, the above-mentioned trend of reduced ester loss was lower in the case of on-vine
withering, to the point that some esters actually increased during aging of wines from on-vine withering.
Increases in certain grape-derived compounds were also dependent on withering, as in the case of
3-oxo-α-ionol, p-menthane-1,8-diol. Overall, it appeared that the two diﬀerent withering conditions
induced similar types of changes, mostly modulating the extent of such changes.
4. Materials and Methods
4.1. Chemicals
Octan-2-ol (97%), 1-hexanol (99%), cis-3-hexenol (98%), trans-3-hexenol (97%), vanillin (99%),
2,6-dimethoxyphenol (99%), linalool (97%), terpinen-4-ol (≥95%), α-terpineol (90%), nerol (≥97%),
geraniol (98%), linalool oxide (≥97%), β-citronellol (95%), p-cymene (99%), terpinolene (≥85%),
γ-terpinene (≥97%), limonene (97%), 1,8-cineole (99%), 1,4-cineole(≥98.5%), β-damascenone (≥98%),
isoamyl alcohol (98%), benzyl alcohol (≥99%), 2-phenylethanol (≥99%), ethyl acetate (99%), ethyl
butanoate (99%), ethyl 3-methyl butanoate ((≥98%), isoamyl acetate (≥95%), ethyl hexanoate
(≥95%), phenylethyl acetate (99%), n-hexyl acetate (≥98%), ethyl lactate (≥98%), ethyl octanoate
(≥98%), ethyl decanoate (≥98%), hexanoic acid (≥99%), octanoic acid (≥98%), α-phellandrene (95%),
p-menthane-1,8-diol (97%), 3-methylbutanoic acid (99%), α-ionone (90%), 1-pentanol (99%), 1-butanol
(≥99%), 2-butanol (≥99%), ethyl guaiacol (≥99%), vinyl guaiacol (≥98%), methyl-vanillate (99%) and
ethyl vanillate (99%), were supplied by Sigma Aldrich (Milan, Italy). Dichloromethane (≥99.8%) and
methanol (≥99.8%), were provided by Honeywell (Seelze, Germany). Sodium chloride (≥99.5%) was
supplied by Sigma Aldrich (Milan, Italy).
4.2. Wine Samples
Wine samples were produced in the experimental facility of Masi Agricola. Corvina grapes from
the 2017 vintage were obtained from a single 3 ha vineyard (45◦ 29 22.9 N 10◦ 46 20.5 E) located
in the town of Lazise, 25 km west of Verona. The vineyard site was ﬂat, with an altitude of 70 m
asl. Vines had 12 years of age and were trained with a double arch cane system, with an average of
60,000 gems/ha and a yearly production of 11–12 tons/ha. Upon achievement of a sugar level of 21 Brix
(27 of September), three experimental modalities were applied. Control grapes were hand harvested,
placed in 7 kg harvest bins and transferred to the experimental winery where they were directly viniﬁed
as described later. A second batch, labelled “fruttaio”, was harvested on the same day and the harvest
bins were placed in a non-conditioned withering warehouse until November 4, when the berries had
achieved a sugar content of 23.2 ◦ Brix. Average conditions in the warehouse over the same period for
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the previous 10 years indicated a gradual temperature decrease (from 16 ◦ C to 7 ◦ C) and a progressive
increase in relative humidity (from 55% to 80%). A third modality, labelled “on-vine”, was obtained by
applying a peduncle twist in order to block vascular tissue and induce grape dehydration (Figure 5).
Weather conditions in the vineyard area during the on-vine withering period were obtained from
the Arpa Veneto meteorological database (http://www.arpa.veneto.it/). These conditions were in line
with the typical conditions of the area, and were as follows: average daily minimum temperature of
7.5 ◦ C), average daily maximum temperature of 20.6 ◦ C, average daily mean temperature of 13.1 ◦ C,
average daily minimum relative humidity 44%, average daily maximum relative humidity of 97%,
total precipitations 19 mm (1 rainy day). Upon achievement of a sugar content of 23.2 Brix (25 October),
grapes were hand harvested as for the other modalities and were viniﬁed. All viniﬁcations were carried
out in triplicate. For each viniﬁcation, 100 kg of grapes were destemmed and crushed, and the obtained
musts were added with 100 mg/L of potassium metabilsulﬁte. Fermentations were conducted 75 L steel
tanks by inoculation with the the proprietary S. cerevisiae yeast MASY03 (Microbion, Castel d’Azzano,
Italy). At the end of fermentation, potassium metabisulphite was added in order to reach 30 mg/L of
free SO2 , wines were then ﬁltrated at 1 micron and bottled. Sample bottles were stored at 16 ◦ C until
analysis. Data concerning grapes at harvest and wine at bottling are summarized in Table 5.

Figure 5. Plier for the peduncle twist (A), and grape after peduncle twist (B). Photo courtesy of Masi.

4.3. Wines Model Aging
Model aging was carried out as described by Slaghenauﬁ et al. (2019) [35], by placing 115 mL of
wine in glass vial and crimped leaving 0.8 mL of headspace corresponding to 2 mg/L of oxygen. Vials
were then crimped and sealed with Araldite glue and stored at 40 ◦ C for 12 weeks.
4.4. Volatile and Glycosidically-Bound Compound Analysis
Volatile and glycosidically-bound compounds have been analyzed as described by Slaghenauﬁ et al.
(2019) [35] with minor modiﬁcation. In total, 50 mL of sample was added with 20 μL of internal standard
solution (2-octanol at 42 mg/L in ethanol) and diluted with 50 mL of distilled water. The solution was
then loaded on a BOND ELUT-ENV, SPE cartridge, containing 1 g of sorbent (Agilent Technologies,
Santa Clara, CA, USA), previously activated with 20 mL of methanol and equilibrated with 20 mL of
water. The cartridge was then washed with 15 mL of water. Free volatile compounds were eluted with
10 mL of dichloromethane, and then concentrated under gentle nitrogen stream to 200 μL prior to GC
injection. Bound compounds were recovered with 20 mL of methanol. Methanol was then evaporated
under vacuum. Bound compounds were then dissolved in 5 mL of citrate buﬀer (pH 5). were added to
dissolve bound compounds to that 200 μL of an enzyme preparation AR2000 (DSM, Brussels, Belgium,
prepared at 70 mg/mL in citrate buﬀer) were added and incubated at 37 ◦ C for 24 h under shaking
(150 rpm).
A calibration curve was prepared for each analyte using seven concentration points and three
replicate solutions per point in model wine (12% v/v ethanol, 3.5 gr/L tartaric acid, pH 3.5) [51]. A total
of 20 μL of internal standards 2-octanol (42 mg/L in ethanol), was added to the solution. SPE extraction
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and GC-MS analysis were performed as described above for the samples. Calibration curves were
obtained using Chemstation software (Agilent Technologies) by linear regression, plotting the response
ratio (analyte peak area/internal standard peak area) against concentration ratio (analyte added
concentration/internal standard concentration). Method characteristics are reported in Table 6.
The 3-oxo-α-ionol analysis was semi-quantitative and they were expressed as μg/L of 2-octanol
equivalent (internal standard) as for this compound no commercial standard was available.
Table 6. Retention indices, quantiﬁcation ions of studied compounds.

1-Butanol
2-Butanol
1-Pentanol
Isoamyl alcohol
Phenylethyl Alcohols
1-Hexanol
trans-3-Hexen-1-ol
cis-3-Hexen-1-ol
Ethyl acetate
Isoamyl acetate
n-Hexyl acetate
Ethyl 3-methyl butanoate
Ethyl butanoate
Ethyl hexanoate
Ethyl octanoate
Ethyl decanoate
Ethyl lactate
3-Methylbutanoic acid
Hexanoic acid
Octanoic acid
cis-Linalooloxide
trans-Linalooloxide
Linalool
Geraniol
β-Citronellol
α-Terpineol
α-Phellandrene
γ-Terpinen
Limonene
1,4-Cineole
1,8-Cineole
p-Cymene
Terpinolene
Terpinen-1-ol
Terpinen-4-ol
p-Menthane-1,8-diol
Ho-trienol
Nerol
β-Damascenone
α-Ionone
α-Ionol
3-Oxo-α-ionol
Vitispirane
TPB
TDN
Benzyl Alcohols
Vanillin
4-Ethyl guaiacol
4-Vinyl guaiacol
Ethyl vanillate
Methyl vanillate
2,6-Dimethoxyphenol

Method 1

LRI 1

Identiﬁcation 2

Quantitation
Ion m/z

Qualiﬁer Ions
m/z

LOD
(μg/L)

LOQ
(μg/L)

a
a
a
a
a
a
a
a
b
a
a
a
a
a
a
a
a
a
a
a
b
b
b
b
b
b
b
b
b
b
b
b
b
b
b
a
b
b
b
b
b
a
b
b
b
a
a
a
a
a
a
a

1159
1020
1256
1220
1920
1316
1379
1391
895
1125
1271
1069
1032
1240
1430
1640
1340
1667
1839
2071
1437
1469
1547
1860
1771
1701
1180
1188
1198
1186
1217
1271
1283
1581
1614
2250
1585
1812
1825
1853
1925
2555
1523
1828
1745
1874
2572
1988
2212
2665
2630
2270

RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
RS
LRI MS
RS
RS
LRI MS
RS
RS
RS
RS
LRI MS
LRI MS
LRI MS
LRI MS
RS
RS
RS
RS
RS
RS
RS

56
59
55
57
91
56
67
68
88
70
56
88
71
88
88
88
75
60
60
60
59
59
71
93
69
136
93
121
136
154
154
119
121
136
71
96
82
93
69
121
95
108
192
172
157
106
151
137
150
151
151
154

55

0.02
0.20
0.04
0.02
1.95
0.76
0.40
1.23
0.5
0.03
0.03
0.30
0.01
5.82
0.54
0.16
2.1
0.17
0.15
0.00
0.02
0.02
0.08
0.06
0.07
0.23
0.001
0.03
0.03
0.003
0.003
0.02
0.03
0.02
0.03
0.04
0.01
0.02
0.04
0.03
0.01
0.03
0.07
2.36
0.97
0.01

0.06
0.6
0.11
0.06
5.84
2.27
1.21
3.68
1.58
0.1
0.1
0.9
0.04
17.47
1.63
0.49
6.3
0.52
0.46
0.01
0.07
0.07
0.25
0.2
0.21
0.7
0.003
0.1
0.1
0.011
0.011
0.06
0.09
0.05
0.09
0.12
0.03
0.06
0.12
0.1
0.02
0.09
0.21
7.09
2.91
0.03

56, 57, 70
55, 56, 70
65, 92, 122
55, 69
55, 69, 82
55, 69, 83
61, 70
55, 60, 87
55, 61, 84
57, 60, 85
88
60, 99
57, 100, 127
71, 101, 155
88, 90
87
73, 87
73, 101, 115
111, 94
111, 94
121, 93
123, 121, 105
82, 81, 67
121, 93, 59
136, 91
93, 126
139, 125, 111
139, 111, 108
139, 111, 108
134, 91
136, 93
121, 81
111, 93, 86
88, 139
67, 71
121, 84, 69
190, 121, 105
136, 192
123, 138
152
177, 93
157, 142
172, 142
105, 77, 51
81, 152, 109
122, 152
107, 135
168, 196
123, 182
95, 111, 139

1 Extraction method: a (SPE) and b (SPME) 2 Linear Retention Index (LRI) were determined on DB-WAX polar
column, as described by van Den Dool and Kratz (1963) [52]. RS identiﬁed using reference standard; LRI MS
tentatively identiﬁed by comparing the Linear Retention Index and mass spectra with those of literature.
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Terpenoids have been analyzed by SPME-GC-MS as described by Slaghenauﬁ and Ugliano
(2018) [34]. In total, 5 mL of wine added with 5 μL of internal standard solution (octen-2-ol at
420 mg/L in ethanol) was placed into a 20 mL vial, together with 5 mL of mQ water (18.2 MΩ-cm)
and 3 g of NaCl. The sample was equilibrated for 1 min at 40 ◦ C. Subsequently SPME extraction
was performed using a 50/30 μm divinylbenzene–carboxen–polydimethylsiloxane (DVB/CAR/PDMS)
ﬁber (Supelco, Bellafonte, PA, USA) exposed to sample headspace for 60 min at 40 ◦ C. The ﬁber
was then desorbed into the injector port of a HP 7890A (Agilent Technologies) gas chromatographer
coupled to a 5977B mass spectrometer. Injection was performed at 250 ◦ C for 5 min in splitless mode.
Chromatographic separation was done using a DB-WAX capillary column (30 m × 0.25, 0.25 μm ﬁlm
thickness, Agilent Technologies). Helium was used as carrier gas at 1.2 mL/min of constant ﬂow rate.
The temperature of the GC oven was initially kept at 40 ◦ C for 3 min, and then programmed to raise
at 230 ◦ C at 4 ◦ C/min, maintained for 20 min. Mass spectrometer operated in electron ionization (EI)
at 70 eV with ion source temperature at 250 ◦ C and quadrupole temperature at 150 ◦ C. Acquisition
was done in Selected Ion Monitoring (SIM). Quantiﬁcation was performed using calibration curve
obtained by standards addition at 7 diﬀerent concentration levels in Corvina wine. A total of 5 μL
of internal standards 2-octanol (420 mg/L in Ethanol), 5 mL of water and 3 g of NaCl were added
to 5 mL of standard solutions. GC-MS analysis was performed as described above for the samples.
Linear term for calibration curves were obtained using Chemstation software (Agilent Technologies)
by linear regression, plotting the response ratio (analyte peak area/internal standard peak area) against
concentration ratio (analyte added concentration/internal standard concentration). The analysis of
vitispirane, terpinen-1-ol, TPB, TDN, and ho-trienol was semiquantitative as no standards was available.
Results for these molecules were expressed as μg/L of 2-octanol equivalent (internal standard) (Table 6).
4.5. Statistic
Data treatment, ANOVA, Tukey post-hoc test and PCA were performed using XLSTAT 2017
(Addinsoft SARL, Paris, France).
5. Conclusions
The present study allowed to characterize the inﬂuence of post-harvest withering of Corvina
grapes on the aroma proﬁle of wines. The aromatic contribution given by the withering on-vine or in
a traditional withering warehouse (fruttaio) was also been evaluated.
Withering resulted in a lower content in fermentation-derived volatiles such as esters, higher
alcohols, and acids, as well as grape-related compounds such as C6 alcohols, and certain norisoprenoids
like β-damascenone. Terpenes showed diﬀerent behaviors according to the compound. Linalool,
the major terpene found in the sample wines analyzed, and cis-linalool oxide were negatively inﬂuenced
by the withering process while β-citronellol and 1,4-cineole showed a diﬀerent trend and it was found
in higher concentrations in withered samples. The same trend was observed for ethyl acetate, ethyl
vanillate, benzyl alcohol and vanillin
The aroma proﬁle of wines obtained by whitering in fruttaio was characterized by higher
concentrations of esters such as ethyl acetate compared to on-vine withering. Wines withered in fruttaio
were also distinguished by higher concentrations of β-citronellol and 3-oxo-α-ionol, while on-vine
withering showed higher content of β-damascenone. The withering process as well as the technique
employed also inﬂuenced the behavior of compounds during aging, showing diﬀerent variation.
Overall, the results of the present study indicate that on-vine withering with blocked xylem is an
interesting alternative to conventional fruttaio withering for the production of wines where a mild
withering is requested. Although on-vine withering can only be carried out in years where climatic
conditions are suitable, the possibility to explore this kind of withering technique is of interest to reduce
the workload of fruttaio facilities and the energy cost associated with their functioning, reducing the
environmental impact of the winemaking process.
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Abstract: Volatile components in jujube fruits from Zizyphus jujuba Mill. cv. Dongzao (DZ) and
Zizyphus jujuba Mill. cv. Jinsixiaozao (JS) were analyzed under diﬀerent cold storage periods via
headspace-gas chromatography-ion mobility spectrometry (HS-GC-IMS). Results identiﬁed 53 peaks
that corresponded to 47 compounds and were mostly alcohols, aldehydes, esters, and ketones.
Diﬀerences in the volatile components of jujube fruits were revealed in topographic plots and
ﬁngerprints. For DZ, 3-pentanone was the characteristic component of fresh fruits. After storage
for 15 days, dipropyl disulﬁde became the most special substance. Moreover, when stored for 30
and 45 days, the fruits had some same volatile components, like 2-pentyl furan and diallyl sulﬁde.
However, for DZ stored for 60 days, esters were the prominent constituent of the volatile components,
simultaneously, some new alcohols appeared. For JS, 2-ethyl furan was the representative of fresh
fruits, and 2-butoxyethanol content was the most abundant after 15 and 30 days of storage. Diﬀerent
from that in DZ, the content of ester in JS increased after storage for 45 days. Substances such as amyl
acetate dimer, methyl salicylate, and linalool greatly contributed to the jujube ﬂavor during the late
storage period. Principal component analysis (PCA) showed that fresh samples and refrigerated
fruits were eﬀectively distinguished. Heat map clustering analysis displayed the similarity of volatile
components in diﬀerent samples and was in accordance with PCA results. Hence, the volatile
components of jujube fruits can be readily identiﬁed via HS-GC-IMS, and jujube fruits can be classiﬁed
at diﬀerent periods based on the diﬀerence of volatile components.
Keywords: jujube fruits; volatile components; headspace-gas chromatography-ion mobility
spectrometry (HS-GC-IMS); cold storage; principal component analysis (PCA)

1. Introduction
Jujube (Zizyphus jujuba Mill) tree belongs to the Rhamnaceae family, which is indigenous to
China and is distributed worldwide, in places such as Asia, northern Africa, southern Europe, the
Middle East, and the southwestern USA. This tree has a history of more than 4000 years, with over
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700 cultivars found in China [1–3]. Phytochemical analytical studies showed that jujube fruits are rich
in nutrients, including ﬁber, sugars, organic acids, amino acids, vitamins, and trace minerals [4]. They
also contain high levels of functional components, such as polysaccharides, triterpene acids, phenolics,
and cyclic nucleotides, which exhibit multiple health-promoting properties, such as antioxidant and
anti-inﬂammatory properties and liver protection [5–9]. Recognized for its delicious taste and health
beneﬁcial properties, jujube fruits have been consumed for thousands of years as ordinary fruits and
Chinese traditional medicine.
In addition to their nutritional and biological activity, jujube fruits are favored as food by
consumers due to their unique ﬂavor. Fresh jujube fruits show an extraordinary ﬂavor, but they are
highly perishable when not handled properly due to their high moisture content, which leads to the
loss of their commercial value. Cold storage is a common means of delaying the deterioration of quality
and prolonging shelf-life eﬀectively, which can aﬀect the physicochemical properties of jujube fruits.
Liu et al. found that the contents of chlorophyll, ascorbic acid, and soluble solids in fresh-cut jujubes
without any treatment were reduced after storage at 4 ◦ C for a certain period [10]. Kou et al. [11]
reported that when jujube fruits were stored at 0 ◦ C, the contents of total soluble solids, ascorbic
acid, and chlorophylls continuously declined, and the anthocyanin content ﬁrstly increased and then
decreased. Furthermore, Günther et al. [12] studied kiwifruit and found that cold storage also aﬀected
ﬂavor. Simultaneously, changes in post-harvest metabolic and anaerobic environment greatly inﬂuence
the fruit ﬂavor, anaerobic conditions can enhance the ﬂavor quality of fruits by producing certain
aromatic compounds during storage [13]. Aroma proﬁles are important characteristics to evaluate the
quality of fruits. Several studies have reported that the volatile compounds of jujube fruits are aﬀected
by many factors, such as growth period [14], extraction methods [15], the load [16], and processing
methods [17–20]. However, few reports have been associated with changes in volatile compounds of
jujube fruits during cold storage, which should be considered. The diﬀerence in volatile compounds
among diﬀerent periods of jujube fruit cold storage is unclear. Therefore, the purpose of this study was
to monitor the changes in ﬂavor and identify its characteristics at diﬀerent times.
Ion mobility spectrometry (IMS) is an instrumental analytical technique of separating the ions
of detected substances based on their ion mobility velocity under atmospheric pressure [21]. It is a
convenient and eﬃcient instrument with the advantages of simple sample preparation, easy operation,
high sensitivity, and quick analytical speed. Even trace volatile compounds can also be detected
in a short time [22,23]. Furthermore, ion mobility notably allows the separation of isomers and
isobaric compounds, which cannot be separated even with ultra-high resolution instruments [24]. At
ﬁrst, compounds extracted from the sample enter the ionization chamber directed by a carrier gas,
and the analyte is charged after being ionized. Then, a series of reactions occur and reactant ions
[H+ (H2 O)n ] are generated. In an IMS instrument, if the proton aﬃnity of the analyte is higher than
the proton aﬃnity of water, it will react with the reactant ions. Based on the content of the analyte,
their chemical nature or the drift tube temperature, product ions such as protonated monomers or
proton-bound dimers were produced [25]. Subsequently, analyte ions enter the drift region through
the Bradbury–Nielsen–Shutter. Analyte ions react against the reverse drift gas under the action of the
electric ﬁeld and migrate to the right end to reach the right detector, the drift velocity of ions depends
on their charge, mass, and shape [26]. Finally, the Faraday–Plate detects ions and outputs electrical
signals. The results are expressed in terms of voltage units. IMS has been used for chemical warfare
agents [27], illicit drug detection [28], analysis of explosives [29], and environmental monitoring [30].
The instrument is highly sensitive to high electronegativity and high proton aﬃnity compounds, which
can detect a large number of compounds from diﬀerent chemical families, such as alcohols, aldehydes,
aromatics, esters, and ketones [30]. Combining IMS with other instruments is a good way to increase
its advantages and produce a good analysis result. In recent years, HS-GC-IMS has been extensively
applied to investigate volatile compounds in food science, such as Tricholoma matsutake Singer [22],
jujube fruits [31], eggs [26], Iberian ham [32,33], and honey [25]. As a consequence, HS-GC-IMS could
be used to identify the volatile components of jujube fruits at diﬀerent periods.

250

Molecules 2019, 24, 3904

In this study, HS-GC-IMS was used to analyze the variations in the volatile compositions of jujube
fruits at diﬀerent storage periods, and the ﬁngerprints were established to conﬁrm the characteristic
substance of each period. The results will provide a new method for studying the ﬂavor of jujube
fruits, which will help to rapidly select the best storage time of jujube fruits.
2. Results and Discussion
2.1. Volatile Components Identiﬁcation of All Samples at Diﬀerent Storage Periods
The aromatic components of fruits undergo many complicated changes during storage, such as
vitamin degradation and phenol oxidation, resulting in changes in fruit ﬂavor. Rodrigo et al. [34]
found that the aroma of peaches was related to storage conditions and fruit quality characteristics.
As the refrigeration progressed, the aroma of peaches dropped considerably, and the ﬂavor and fruit
sweetness, juiciness, and texture were strongly correlated. In this study, the volatile components of
jujube fruits at diﬀerent storage periods were determined by HS-GC-IMS. The samples were ionized in
the column and then identiﬁed using ion mobility systems based on retention and drift times. The
qualitative analysis of volatile components in jujube fruits is shown by numbers in Figure 1, where
the ordinate represented the retention time, and the abscissa represented the drift time. A total of
ﬁfty-three peaks, forty-seven components were identiﬁed from the GC×IMS library (Figure 1 and
Table 1), including fourteen alcohols, six aldehydes, nine esters, six ketones, two organic acids, two
furans, three pyrazines, four sulfur-containing compounds, linalool oxide, and 2-methoxy-4-cresol.
Among them, sulfur-containing compounds, linalool oxide, and 2-methoxy-4-cresol were detected in
jujube fruits for the ﬁrst time. This ﬁnding may be ascribed to the diﬀerences in detection methods
and essential diﬀerences of raw materials. The identiﬁed components are listed in Table 1, which
includes the compound name, CAS number, molecular formula, molecular weight, retention index,
retention time, and drift time. Moreover, other substances with signals were detected but could not be
determined were not listed. When moving through the drift region, due to the formation of adducts
between the analyzed ions and neutral molecules (such as dimers and trimers), multiple signals
were observed for a single compound [35]. The compounds of 1-octen-3-one, 3-hydroxy-2-butanone,
1-pentanol, heptanal, amyl acetate, and ethyl propanoate exhibited two peaks due to the presence of
both monomer and dimer.

Figure 1. Ion migration spectra of jujube fruits stored for diﬀerent times at 4 ◦ C. The numbers are
identiﬁed volatile components.
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Compound

Furfuryl alcohol
Octan-2-ol
(E)-3-Hexen-1-ol
2-Butoxyethanol
2-Heptanol
1-Pentanol
1-Pentanol
2-Methyl-1-butanol
2-Hexanol
3-Methyl-2-butanol
2-Propanol
2-Methyl-1-propanol
Linalool
Citronellol
3-Octanol
(E)-2-Octenal
(E)-2-Heptenal
Heptanal
Heptanal
3-Methylbutanal
(E)-2-undecenal
5-Methylfurfural
1-Octen-3-one
1-Octen-3-one
1-Hydroxypropan-2-one
3-Hydroxy-2-butanone
3-Hydroxy-2-butanone
2,3-Butanedione
3-Pentanone
2-Methyl-3-heptanone
Ethyl octanoate

NO.

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

C98000
C123966
C928972
C111762
C543497
C71410
C71410
C137326
C626937
C598754
C67630
C78831
C78706
C106229
C589980
C2548870
C18829555
C111717
C111717
C590863
C53448070
C620020
C4312996
C4312996
C116096
C513860
C513860
C431038
C96220
C13019200
C106321

CAS#
C5 H6 O2
C8 H18 O
C6 H12 O
C6 H14 O2
C7 H16 O
C5 H12 O
C5 H12 O
C5 H12 O
C6 H14 O
C5 H12 O
C 3 H8 O
C4 H10 O
C10 H18 O
C10 H20 O
C8 H18 O
C8 H14 O
C7 H12 O
C7 H14 O
C7 H14 O
C5 H10 O
C11 H20 O
C6 H6 O2
C8 H14 O
C8 H14 O
C3 H6 O2
C4 H8 O2
C4 H8 O2
C4 H6 O2
C5 H10 O
C8 H16 O
C10 H20 O2

Formula
98.1
130.2
100.2
118.2
116.2
88.1
114.2
88.1
102.2
88.1
60.1
74.1
154.3
156.3
130.2
126.2
112.2
114.2
114.2
86.1
168.3
110.1
126.2
126.2
74.1
88.1
88.1
86.1
86.1
128.2
172.3

MW
1661.4
1401.0
1327.8
1400.9
1291.4
1262.0
1262.0
1215.7
1194.9
1124.2
908.5
1090.2
1496.8
1742.8
1397.5
1438.5
1326.9
1191.5
1193.2
917.4
1736.9
1562.0
1308.2
1308.2
1295.3
1298.6
1295.5
1021.6
989.2
1169.0
1401.0

RI
1226.886
704.688
562.241
704.400
500.190
456.411
456.411
397.445
374.160
306.504
188.339
279.704
896.913
1390.307
697.657
779.930
560.684
370.381
372.270
190.741
1378.477
1027.52
527.716
527.716
506.307
511.779
506.629
233.375
215.961
347.292
704.688

Rt (Sec)

Table 1. The information on identiﬁed compounds of jujube fruits.

1.1116
1.4313
1.2529
1.5715
1.3920
1.2576
1.5164
1.2367
1.2880
1.4417
1.2264
1.3727
1.2161
1.3610
1.4073
1.3345
1.6667
1.3412
1.6841
1.1796
1.5700
1.4726
1.2773
1.6826
1.2352
1.0710
1.3273
1.1507
1.3600
1.2730
1.4841

Dt
(RIP
Relative)
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monomer
dimer

monomer
dimer

monomer
dimer

monomer
dimer

Comment

RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt

Identiﬁcation
Approach
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Compound

Amyl acetate
Amyl acetate
Ethyl propanoate
Ethyl acetate
Hexyl acetate
Ethyl propanoate
Propyl acetate
Ethyl isobutanoate
Methyl salicylate
2-Methylpropanoic acid
2-Methylbutanoic acid
2-Ethylpyrazine
2-Ethyl-6-methylpyrazine
Acetylpyrazine
2-Pentyl furan
2-Ethylfuran
Dimethyldisulphide
Dimethyl sulﬁde
Dipropyl disulﬁde
Diallyl sulﬁde
Linalool oxide
2-Methoxy-4-cresol

NO.

32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
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C7 H14 O2
C7 H14 O2
C5 H10 O2
C4 H8 O2
C8 H16 O2
C5 H10 O2
C5 H10 O2
C6 H12 O2
C8 H8 O3
C4 H8 O2
C5 H10 O2
C 6 H8 N 2
C7 H10 N2
C6 H6 N2 O
C9 H14 O
C 6 H8 O
C2 H6 S2
C2 H6 S
C6 H14 S2
C6 H10 S
C10 H18 O2
C8 H10 O2

Formula
130.2
130.2
102.1
88.1
144.2
102.1
102.1
116.2
152.1
88.1
102.1
108.1
122.2
122.1
130.2
96.1
94.2
62.1
150.3
114.2
170.3
138.2

MW
1150.4
1134.6
942.6
866.3
1230.8
964.6
968.8
970.1
1732.1
1562.1
1632.9
1365.8
1345.4
1654.4
1253.1
975.6
1074.6
737.5
1356.5
1118.4
1417.2
1921.7

RI
329.460
315.334
197.947
176.930
415.502
205.502
207.090
207.619
1368.733
1027.802
1169.846
634.530
594.936
1212.857
444.179
209.900
268.202
142.102
616.330
301.687
737.207
1749.150

Rt (Sec)

MW: molecular mass; RI: retention index; Rt: retention time; Dt: drift time.

C628637
C628637
C105373
C141786
C142927
C105373
C109604
C97621
C119368
C79312
C116530
C13925003
C13925036
C22047252
C3777693
C3208160
C624920
C75183
C629196
C592881
C60047178
C93516

CAS#

Table 1. Cont.

1.3196
1.3240
1.1418
1.3333
1.4044
1.4486
1.5065
1.5604
1.2162
1.1494
1.2188
1.1116
1.1737
1.1463
1.2477
1.0454
1.1262
0.9636
1.4603
1.1088
1.2585
1.1921

Dt
(RIP
Relative)

dimer

monomer
dimer
monomer

Comment

RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt
RI, Dt

Identiﬁcation
Approach
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2.2. Diﬀerential Analysis of the Topographic Plots of Volatile Components in Jujube Fruits at Diﬀerent
Storage Periods
For an intuitive observation and comparison, topographic plots were used to characterize the
substances of diﬀerent jujube fruits during storage. From the 3D topographic plot (Figure 2), it can
be clearly observed that with prolonged storage periods, the content of some compounds decreased,
and new substances were formed. For DZ, some of the volatile components in the yellow circles
disappeared after 15 days of storage but new peaks appeared after 60 days. Moreover, new peaks with
high retention time were found after 45 days of storage, as indicated by the black circles (Figure 2A).
For JS, more new peaks appeared when the storage time was extended to 45 days (Figure 2B). Hence,
compared with fresh jujube fruits, volatile components were formed during the storage process [36].
During fruit ripening, the production of aroma volatiles (especially esters) was regulated by ethylene
signaling pathways. Moreover, the production of volatile aroma components was strongly hampered
in ethylene-suppressed fruits [37]. It could be inferred that after a certain time of refrigeration, the
increase in ethylene synthesis led to more aroma components.

Figure 2. 3D-topographic plots of jujube fruits at diﬀerent times. Jujube fruits are Dongzao shown
in (A), D0, D15, D30, D45, and D60 represent refrigeration for 0, 15, 30, 45, and 60 days, respectively.
Jujube fruits are Jinsixiaozao shown in (B), J0, J15, J30, J45, and J60 represent refrigeration for 0, 15, 30,
45, and 60 days, respectively.

Considering that the 3D spectrum was rough, the overhead view was used for comparison,
as represented in Figure 3. Diﬀerent volatile organic components (VOCs) were diﬀerent points in
the picture, which was highly convenient for observation and analysis. The red vertical line at the
abscissa was the reactive ion peak (RIP) at normalized drift times for DZ and JS of 7.79 and 7.81,
respectively. The diﬀerential contrast model was used to compare the diﬀerences among the samples.
The fresh sample was selected as the reference, and the spectrum of the other samples deducted the
reference. The background after deduction was white showed that the VOCs were the same. Red spots
indicate that the content of the substance was higher than the reference, and blue spots indicate that
the content was lower than that of the reference. Compared with that of untreated fruits, more red
spots are located in the retention time range of 900–1400 s of DZ after storage, and the VOCs changed
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inconspicuously in the retention time range of 100–600 s at the topographic plot (Figure 3A). For JS,
many red spots appeared, and the entire retention time was covered. Especially after 45 days, most of
the signals were much higher than that of fresh fruits. This ﬁnding indicated that the VOCs of two
species varied at diﬀerent refrigeration times and were aﬀected by variety when the fruits were under
similar conditions. Further ripening of the jujube fruits during storage promoted the synthesis of
certain volatile components. The formation of fruit ﬂavor was a dynamic process in which the fruit
continuously synthesized volatile aroma substances [38]. In the post-harvest ripening stage of bananas,
the ester content in the yellow ripening period increased, and the alcohol content in the over-ripe
period increased [39].

Figure 3. 2D-topographic plots of jujube fruits at diﬀerent times. Jujube fruits are Dongzao shown
in (A), D0, D15, D30, D45, and D60 represent refrigeration for 0, 15, 30, 45, and 60 days, respectively.
Jujube fruits are Jinsixiaozao shown in (B), J0, J15, J30, J45, and J60 represent refrigeration for 0, 15, 30,
45, and 60 days, respectively.

2.3. Fingerprints of VOCs in Jujube Fruits at Diﬀerent Storage Periods
Although the topographic plots showed the tendency of volatile components, it is diﬃcult to
make an accurate judgment for the dense material on the map. The use of ﬁngerprint was a good way
to solve this problem. According to the peak signal of the topographic plots, the ﬁngerprints of jujube
fruits were formed (Figures 4 and 5). In the ﬁngerprints, each row represents the entire signal peak of
one sample, and each column represents the same substance in diﬀerent samples. Each cell represents
the content of a substance at diﬀerent times. Colors represent the content of volatile compounds. The
brighter the color, the higher the content. Two compounds with the same name in the ﬁngerprints
were the monomers and their dimers. The drift time of dimers was increased due to their proton
aﬃnity and higher content [40]. By utilizing the ﬁngerprints, the VOCs between diﬀerent samples
can be compared intuitively, moreover, the dynamic changes of each substance can be revealed. The
unidentiﬁed substances are represented by numbers in the ﬁngerprints. During the whole storage
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period, the volatile components detected in JS were more than those in DZ, which may be caused by
the diﬀerences in the varieties and genetic factors of the two jujube fruits.

Figure 4. Fingerprint of volatile compounds of Dongzao samples. (A) Fingerprint of all Dongzao,
(B) two parts of the ﬁngerprint.

Figure 5. Fingerprint of volatile compounds of Jinsixiaozao samples. (A) Fingerprint of all Jinsixiaozao,
(B) two parts of the ﬁngerprint.
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The VOCs of the jujube fruits constantly changed during storage. By comparing the intensity of
spot for the proﬁles of VOCs at diﬀerent stages, changes in the substances during storage (increased,
decreased, disappeared or ﬂuctuated) can be determined. Substances in the green-framed areas of
Figures 4A and 5A were the most abundant in fresh jujube fruits but dramatically decreased or even
disappeared during the later period of storage. For DZ, 2-propanol, 3-methyl-2-butanol, 3-pentanone,
and heptanal dimer were detected, while amyl acetate, ethyl octanoate, (E)-2-octenal, and 1-pentanol
dimers were detected in JS. Simultaneously, it can be clearly seen that, compared to other periods, the
relative amount percentage of these substances was the highest in fresh fruits during the entire storage
period (Table S1). This ﬁnding may be due to the degradation of these substances during refrigeration.
By contrast, with prolonged storage time, some new compounds appeared, which showed strong
signal intensity and bright color (the red-framed areas of Figures 4A and 5A). These substances included
linalool, ethyl isobutanoate, propyl acetate, ethyl ester, and methyl salicylate. This ﬁnding may be
attributed to the complex physiological metabolism in fruits during storage, which mainly were a
series of reactions, such as fatty acid, amino acid, and carbohydrate metabolism. Esters, which are
mainly derived from the lipoxygenase pathway and amino acid metabolism are associated with the
“fruity” attributes of fruit ﬂavor, and its levels typically increase in the later periods of the ripening
process [41]. Moreover, peaches stored after pre-storage were sweeter and had higher levels of propyl
acetate, amyl acetate, and 2-methyl-1-butanol than control fruits [42]. The VOCs of the unframed
part in the ﬁngerprints presented few changes during the whole storage period, indicating that these
substances were relatively stable during the cold storage of jujube fruits.
2.4. Changes of VOCs during Diﬀerent Storage Periods
Changes in volatile components during diﬀerent storage periods have been observed from
the ﬁngerprints. To compare the changes of each substance clearly, the ﬁngerprint of each jujube
fruit was divided into two parts based on the characteristic volatiles presented in diﬀerent parts
(Figures 4B and 5B). The representative VOCs detected in fresh DZ and JS were found in the
region a of Figure 4B and region c of Figure 5B, respectively. The same ingredients included
1-octen-3-one, 2-ethylfuran, (E)-2-octenal, (E)-2-heptenal, 2,3-butanedione, (E)-3-hexen-1-ol, and
heptanal. Chen et al. [43] studied ten diﬀerent varieties of Chinese jujube fruits and found that
aldehydes had the highest content and contributed to the aroma of fresh jujube fruits, moreover,
(E)-2-hexenal, hexanal, (Z)-2-heptenal, benzaldehyde, and (E)-2-nonenal were the common volatile
components in fresh jujube fruits. This ﬁnding diﬀered from our results, presumably due to diﬀerences
in varieties and detection methods. Heredity can determine precursors, enzymes, and their activity in
the formation of ﬂavor components in jujube fruits. Compared with fresh jujube fruits, these parameters
decreased signiﬁcantly after 15 days of storage in DZ and 30 days in JS. Aldehydes signiﬁcantly aﬀected
the ﬂavor of fresh jujube fruits, which generated from the oxidation of fatty acids and the metabolism
of amino acids [44]. They can aﬀect the overall aroma of samples at low content for their low odor
threshold values [45]. (E)-2-Heptenal was characterized by soap and almond ﬂavor, (E)-2-octenal was
associated with roasted, cucumber, nutty, and fatty characteristics, and heptanal has a ﬁshy, nutty and
sweet apricot note ﬂavor [46].
Many diﬀerent changes of VOCs have been observed during storage. As shown in Figure 4B,
the contents of 3-methyl-2-butanol, heptanal dimer, 2-ethyl-6-methylpyrazine, dimethyldisulphide,
(E)-3-hexen-1-ol, (E)-2-octenal, (E)-2-heptenal, 2-ethylfuran, and 1-octen-3-one dimer in fresh DZ
were much higher than that after storage. During storage, their contents continuously declined,
(E)-2-octenal, (E)-2-heptenal, 2-ethylfuran, and 1-octen-3-one dimer vanished after storage. It showed
that 2-methylpropanoic acid, 3-pentanone, 2,3-butanedione, 2-methoxy-4-cresol, and 1-octen-3-one
were important for the ﬂavor of fresh DZ. The contents of 3-pentanone and 2,3-butanedione were
initially the highest in DZ, which decreased signiﬁcantly after a certain period of storage and increased
slightly after 60 days, while in JS, 3-pentanone with low content in fresh fruits. Low-carbon saturated
ketones have a special aroma, and many ketones have been found in cheese, which are the main
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volatile constituents of cheese with a unique ﬂavor [47]. In addition, it can be observed that the
change of 2-methylpropanoic acid was consistent with 3-pentanone and 2,3-butanedione. However,
2-methylbutanoic acid was diﬀerent from them, it appeared with a strong signal at 60 days, which
was not detected during the storage time of 0–45 days. Additionally, its relative amount percentage
was up to 100% when stored for 60 days, before this period, this value was basically less than 10%
(Table S1). Interestingly, only these two short-chain organic acids were identiﬁed in the two cultivars of
jujube fruits. In JS, they appeared in storage for 45 days and then enhanced (Figure 5B). Organic acid is
derived from the oxidation of fatty acids, which aﬀects the ﬂavor of jujube fruits [48]. During ripening,
fruits undergo an esteriﬁcation reaction, consuming a large amount of acid. When the jujube fruits are
ripe, the amount of acids becomes low [49]. However, long-term storage resulted in the oxidation and
decomposition of fatty acids. Besides, it should be noted that high content of organic acids can damage
fruit quality and deteriorate the ﬂavor of jujube fruits. In addition, processing methods also aﬀect the
content of organic acids. Chen et al. reported that acids were the major group among all the volatile
chemicals in dried jujube fruits. Moreover, pre-treatment of jujube fruits with 5% CO2 can induce
a decrease in acid content during drying, which is mainly caused by a decrease in lauric acid and
nutmeg acid content [18]. 2-Methoxy-4-cresol was a newly detected component in the VOCs of jujube
fruits, which appeared with high content in fresh DZ but not found in fresh JS and showed a pleasant
clove-like ﬂavor [50]. For DZ, its signal intensity was almost invisible after storage for 15–30 days,
then gradually strengthened. In JS, it appeared after 45 days with a bright color in the ﬁngerprint plot.
Some volatile compounds, mostly including esters, were rare in fresh samples of two jujube fruits
but abundant in the later storage period, which were the most important volatile components at the
end of storage (Figures 4B and 5B), including hexyl acetate, ethyl acetate, ethyl propanoate, propyl
acetate, ethyl isobutanoate, and methyl salicylate. Most of these compounds show a typical fruity or
ﬂoral ﬂavor, which may greatly aﬀect the aroma of fruits. Zhou et al. found that low-temperature
treatment could prevent the loss of aromatic esters during the ripening of ‘Nanguo’ pears at room
temperature [51]. During the cold storage period, although complete ripening of the jujube fruits
was inhibited, ripening proceeded at a slower pace, thus generating more esters. It can be found that
the relative amount percentage of ethyl propanoate, propyl acetate, ethyl isobutanoate, and methyl
salicylate was lower in the two cultivars of jujube at 0–30 days of storage and increased after 45 days.
Moreover, it is worth noting that long-term storage at low temperatures inhibits the activity of enzymes,
such as lipoxygenase and alcohol acyltransferase, which are the key enzymes in the aroma metabolism
of fruits esters, resulting in a reduction in fruit ﬂavor [52]. The jujube fruits in this investigation were
refrigerated for 45–60 days, showed a good ﬂavor. However, some substances had an adverse eﬀect on
the ﬂavor of jujube fruits when the content was too high. The odor of high content of ethyl acetate was
not described as “fruity” but rather as an oﬀ-ﬂavor. Its elevated levels are usually associated with the
over-ripeness and/or anaerobic metabolism of the fruit [53].
Two alcohols, including linalool and citronellol, showed the same variation tendency of the whole
storage period, which was not detected at the initial stages of storage but appeared at a later time.
For DZ they were detected with high signal intensity when the storage time was 60 days, but they
appeared earlier in JS, showing a high content after 45 days of storage. This condition might have
occurred because, with the prolongation of storage time, the glycoside precursors and other precursors
for linalool and citronellol synthesis were formed in the jujube fruits. He et al. found that the content
of linalool was closely related to the temperature of lemon-ﬂavored hard tea during storage. At
room temperature, its content increased slightly but decreased signiﬁcantly when the temperature
increased [54]. An interesting phenomenon was that the monoterpene alcohol of transgenic citrus peels
could induce resistance against fungal invasion [55]. Therefore, whether jujube fruits were infected by
fungi in the late storage period was uncertain, and the increased in linalool and citronellol content may
be related to the self-defensive mechanism of fruits.
Meanwhile, 2-ethylpyrazine and acetylpyrazine with weak signal in fresh jujube fruits, and
eye-catching signals have emerged in the ﬁngerprints until storage for 45 days. Pyrazines were the
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characteristic ﬂavor of the Maillard reaction and were often found in dried jujube fruits, which show a
roasted or nutty ﬂavor [56]. During drying, heat treatment could accelerate the progress of the Maillard
reaction, resulting in more furans and pyrazines were formed. In this study, jujube fruits were stored
at low temperature, which did not provide a good condition for the formation of pyrazines compared
with drying.
Some substances with the highest content during the middle of storage. Amyl acetate, 2-pentyl
furan, 2-butoxyethanol, diallyl sulﬁde, heptanal, 1-pentanol dimer, and (E)-2-undecenal were the
characteristic VOCs when DZ was stored at 4 ◦ C for 15–30 days. Among these compounds, 2-pentyl
furan, 2-butoxyethanol, and (E)-2-undecenal were the characteristic VOCs in JS in the same period.
Heptanal, 2-methyl-1-propanol, and 2-butoxyethanol remained in DZ and were maintained at a high
content during the subsequent storage period. In addition, the content of furfuryl alcohol continued to
increase during storage, reaching a maximum of 60 days. Linalool and citronellol were synthesized in
large quantities at the late storage stage. Most alcohols showed increased contents in the later stages,
indicating that aldehydes were reduced and converted into corresponding alcohols at this stage, thus
promoting the esteriﬁcation of alcohols with acids produced by anaerobic respiration during storage.
However, the signal intensity of 2-butoxyethanol disappeared later in JS, but the heptanal dimer was
largely accumulated.
Dipropyl disulﬁde was only detected when the storage period was 15 days in DZ samples, but its
content increased in JS after storage for 45 days. Three other sulﬁde compounds, namely, dimethyl
sulﬁde, diallyl sulﬁde, and dimethyldisulphide were identiﬁed. The signal of dimethyl sulﬁde was
observed in the whole storage process, and minor changes in signal intensity were observed in all
samples. Diallyl sulﬁde and dimethyldisulphide were the characteristic VOCs of fresh JS and DZ,
respectively. Sulfur-containing compounds are widely found in vegetables [57]. Diallyl sulﬁde was the
characteristic ﬂavor of garlic, dipropyl disulﬁde was associated with onion, and dimethyldisulphide
was abundant in the volatile components of cabbage. Sulfur-containing compounds commonly arise
from sulfur-bearing precursors, and in jujube fruits, sulfur-containing amino acids primarily exist,
such as methionine. Low content of sulfur compounds can enhance the aromatic ﬂavor of jujube
fruits. Pyrazines and sulfur-containing compounds had low odor thresholds, and they acted with
other compounds to enhance the overall aroma in jujube fruits [58,59]. Some substances, such as
ethyl propanoate, amyl acetate dimer, 2-methyl-3-heptanone, and 3-hydroxy-2-butanone, existed in all
periods of two jujube fruits, and the signal had minor changes.
2.5. PCA of Jujube Fruits at Diﬀerent Storage Periods
PCA is a multivariate statistical analysis method that uses multiple variables to linearly transform
to select a few signiﬁcant variables. The main features are extracted for linear analysis by reducing
the dimensionality of the data, and the main information is retained in several unrelated principal
components [60]. Generally, when the cumulative contribution rate reaches 60%, PCA model is selected
as the separation model [61]. Li et al. found the volatile components of diﬀerent tissue parts of tomato
showed disparate distributions among four varieties by PCA [62]. In this study, PCA was performed
to analyzed the variation of 53 identiﬁed volatile compounds in the two cultivars of jujube. Firstly,
all data were normalized to calculate the covariance matrix and its eigenvalues and eigenvectors,
which derived from the corresponding peak area of each volatile component of jujube fruits. Then, the
principal component was determined, and the corresponding contribution rate was calculated. Finally,
a classiﬁcation program was adopted in a smaller space to illustrate the relationship of jujube fruits
during diﬀerent storage periods. The results were shown in Figures 6 and 7, a clear separation trend of
jujube fruits at diﬀerent storage periods in two principal components can be observed.
As shown in Figures 6 and 7, the ﬁrst principal component (PC1) and the second principal
component (PC2) explained 82% and 84.6% of the total variables of the model in DZ and JS, respectively.
A remarkable diﬀerence was found between fresh jujube fruits and refrigerated ones in volatile
components. On the axis, a large distance is found between fresh DZ and the other samples, the four
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other samples in diﬀerent storage periods can be distinguished easily. Among them, the ones stored
for 15 days and 30 days are closer (Figure 6A), which indicates that the volatile components of DZ
in these two periods are similar. In JS, changes of the sample are distributed from right to left in the
PCA, as the storage time was extended (Figure 7A). Jujube fruits stored for 0–30 days are distributed
in the right quadrant, while the ones stored for 45–60 days are in the left quadrant with a higher
similarity. Based on the PCA, the jujube fruits at diﬀerent periods of two cultivars are separated well.
Additionally, some information on the volatile compounds was lost during the statistical re-modeling.
As shown in the loading plots (Figures 6B and 7B), the length of the arrow reﬂects the extent of
information loss, the shorter the arrow, the more information lost [20]. For example, linalool oxide and
5-methyfurfural suﬀered the most with the loss of their information of DZ, but in JS, dimethyl sulﬁde
loss was the highest.
To get more details, the biplots were used (Figures 6C and 7C). From the biplots, it can be clearly
seen that 2-methoxy-4-cresol, heptanal and some ketones (1-octen-3-one and 2,3-butanedione) were
positively related to the fresh DZ. However, for JS, 3-hydroxy-2-butanone contributed a lot to the
ﬂavor of the fresh fruits. When storage for 15 days, (E)-undecenal and 2-penty furanl were closely
related to the DZ, 2-butoxyethanol was positively related to JS. In the biplots, the relationship between
speciﬁc volatile components and jujube fruits in a certain period was demonstrated. While at the end
of the storage, most esters were positively related to the jujube fruits, while 2-methylbutanoic acid and
2-methylpropanoic acid were found to be positively related to JS. These results were in accordance
with the above ﬁngerprints.

Figure 6. Cont.
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Figure 6. PCA analysis of Dongzao. (A) score plot of the ﬁrst two principal components, D0, D15, D30,
D45, and D60 represent refrigeration for 0, 15, 30, 45, and 60 days, respectively. (B) loading plot of
diﬀerent variances, (C) biplot of PCA.
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Figure 7. Cont.
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Figure 7. PCA analysis of Jinsixiaozao. (A) Score plot of the ﬁrst two principal components, J0, J15,
J30, J45, and J60 represent refrigeration for 0, 15, 30, 45, and 60 days, respectively. (B) Loading plot of
diﬀerent variances, (C) biplot of PCA.

2.6. Cluster Analysis of VOCs of Jujube Fruits from Diﬀerent Periods Based on the Heat Map
To further understand the diﬀerences in VOCs of two jujube fruits at diﬀerent storage periods,
cluster analysis was performed using a heat map (Figure 8). According to the vertical direction of the
heat map, all samples were classiﬁed into two main categories. Jujube fruits from JS that were stored
for 45 and 60 days and those from DZ that were stored for 60 days were clustered together to form a
group (J45, J60, and D60 in Figure 8), the rest of the samples were clustered together to form another
group (J0 to J30, and D0 to D45 in Figure 8). At the late period of storage, the volatile components of
DZ were very similar to those in JS and were quite diﬀerent from those in the early storage period. The
second group can also be divided into four categories. Among them, fresh jujube fruits from diﬀerent
cultivars were clustered into two diﬀerent groups. Jujube fruits from JS, which were stored for 15 and
30 days, were grouped together (J15 and J30 in Figure 8), and those from DZ were stored for 15, 30 and
45 days, which were from the same class (D15, D30, and D45 in Figure 8).
According to the above results, we can infer that the volatile components of DZ and JS largely
diﬀer due to the diﬀerences in their varieties. The content of 1-octen-3-one and 2-methoxy-4-cresol
was higher in fresh DZ than that in JS. Samples from D60, J45, and J60 were similar in 2-pentyl furan,
1-octen-3-one, ethyl acetate and propyl acetate content. Cluster analysis show that the storage time
greatly inﬂuenced the volatile components of jujube fruits, and the ﬂavor of jujube fruits varied during
diﬀerent periods. This ﬁnding was consistent with the ﬁngerprint and PCA.
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Figure 8. Heat map and cluster analysis of jujube fruits at diﬀerent periods. D0, D15, D30, D45, and D60
represent DZ refrigerated for 0, 15, 30, 45, and 60 days, respectively; J0, J15, J30, J45, and J60 represent
JS refrigerated for 0, 15, 30, 45, and 60 days, respectively.

3. Materials and Methods
3.1. Experimental Materials
Two cultivars of jujube fruits were used for this experiment, namely, Zizyphus jujuba Mill. cv.
‘Dongzao’ and Zizyphus jujuba Mill. cv. ‘Jinsixiaozao’. Fresh DZ were harvested in September 2018,
from a garden in Zhanhua County, Shandong province, China (118◦ 7 56” E, 37◦ 41 53” N). JS were
harvested from an experimental ﬁeld station in Qidong County, Hengyang City, Hunan Province,
China (111◦ 59 14” E, 26◦ 48 3” N). After harvest, they were transported to the laboratory within 24 h
with a cold chain. Jujube fruits with intact appearance, similar morphological properties, and free from
visible blemish, disease, and mechanical injury were selected as raw materials. Samples were stored
at 4 ◦ C with a humidity of 90% and obtained every 15 days until storage for 60 days. The collected
samples (500 g) were de-nucleated and freeze-dried, then the dried jujube fruits were crushed into
powder with a grinder (RoyalstarRS-FS1401, Zhongshan Rongshida Kitchen & Bathroom Appliance
Co., Ltd., Zhongshan, China), after that, collected samples were passed through a 60-mesh sieve, sealed,
and stored at −80 ◦ C for subsequent analyses.
3.2. Apparatuses
Vacuum freeze dryer LGJ-25C (Beijing Sihuan Instrument Factory Co., Ltd. Beijing, China),
HS-GC-IMS instrument: the GC-IMS FlavourSpec® Gesellschaft für Analytische Sensorsysteme mbH
(G.A.S., Dortmund, Germany). The device was equipped with an autosampler unit (CTC Analytics
AG, Zwingen, Switzerland).
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3.3. HS-GC-IMS Analysis
Analyses of jujube fruits were performed using the HS-GC-IMS instrument as described by
Xin et al. with slight modiﬁcations [31]. Speciﬁcally, 1.0 g of ﬁne powder was weighed and placed
into a 20 mL headspace-glass sampling vial. The samples were incubated at 60 ◦ C for 10 min. After
incubation, 500 μL of headspace was automatically injected into the injector under splitless injection
mode with a syringe at 85 ◦ C. The GC was performed with an RTX-WAX (30 m, 0.53 mm ID, 1 μm
ﬁlm thickness, Restek Co., Bellefonte, PA, USA) capillary column to separate volatile components and
coupled to IMS at 45 ◦ C. Nitrogen (99.999% purity) was used as the carrier gas under the following
programmed ﬂow: 2 mL/min for 2 min and maintenance for 8 min, 20 mL/min for 10 min and
50 mL/min for 15 min, and ﬂow then stopped. The instrument was performed under ambient pressure.
The analytes were separated at 40 ◦ C in the column and then ionized in the IMS ionization chamber of
45 ◦ C. The drift gas (nitrogen gas) was set at 150 mL/min.
In this experiment, the instrument was standardized with n-ketones whose retention index was
linear, because IMS had no response to alkanes. The retention index (RI) of volatile compounds was
calculated by using n-ketones C4-C9 (Sinopharm Chemical Reagent Beijing Co., Ltd., Beijing, China) as
external references. Volatile compounds were identiﬁed by comparing RI and the drift time (the time
it takes for ions to reach the collector through drift tube, in milliseconds) of standard in the GC-IMS
library (Gesellschaft für Analytische Sensorsysteme mbH, Dortmund, Germany).
3.4. Data Analysis
The instrumental analysis software included laboratory analytical viewer (LAV, G.A.S., Dortmund,
Germany), three plug-ins (G.A.S., Dortmund, Germany), and GC × IMS library search, which can
be used for sample analysis from diﬀerent perspectives. The spectra were analyzed using the LAV
software, and the diﬀerence proﬁles and ﬁngerprints of volatile components were constructed using
the Reporter and Gallery plug-ins. The NIST and IMS databases were built into the software for
qualitative analysis of the materials. The principal component analysis (PCA) and heat map were used
for clustering analysis of samples. The heat map and PCA were generated using Origin 2018 software
(OriginLab, Northampton, MA, USA).
4. Conclusions
In this study, 47 volatile compounds were identiﬁed in jujube fruits at diﬀerent storage periods at
4 ◦ C via HS-GC-IMS. Among the identiﬁed substances, alcohols, esters, ketones and aldehydes were
predominant, and a few organic acids were found. At the same time, some new compounds were found,
namely, four sulfur-containing compounds (dimethyldisulphide, dimethyl sulﬁde, dipropyl disulﬁde,
diallyl sulﬁde), linalool oxide, and 2-methoxy-4-cresol. The diﬀerences of the volatile compounds at
diﬀerent cold storage times between varieties and individuals were revealed by using topographic
plots and ﬁngerprints. Aldehydes and ketones were the main volatile components in fresh fruits and
the early storage, while esters changed obviously and became the main VOCs at the end of the storage,
which synthesized in large quantities at 45 days (JS) and 60 days (DZ), respectively. According to the
PCA and heat map, the samples from diﬀerent periods were well separated, the stored jujube fruits
kept a long distance from the fresh one on the PCA map. The results showed that HS-GC-IMS could
identify the characteristic volatile compounds of jujube fruits. It could provide an eﬃcient method for
determining the storage period of jujube fruits due to simple sample preparation steps and shorter
analysis time.
Supplementary Materials: The following are available online, Table S1: Relative amount percentage (%) of the
same compound at diﬀerent refrigerated times.
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Abbreviations
HS-GC-IMS
DZ
JS
VOCs
PCA

headspace-gas chromatography-ion mobility spectrometry
Zizyphus jujuba Mill. cv. Dongzao
Zizyphus jujuba Mill. cv. Jinsixiaozao
volatile organic compounds
PCA principal component analysis
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compounds in ‘Bartlett’ pear in relation to harvest date, storage conditions, and shelf-life. Postharvest Biol.
Technol. 2016, 117, 71–80. [CrossRef]
He, F.; Qian, Y.L.; Qian, M.C. Flavour and chiral stability of lemon-ﬂavored hard tea during storage. Food Chem.
2018, 239, 622–630. [CrossRef] [PubMed]
Rodríguez, A.; Kava, V.; Latorre-García, L.; da Silva, G.J., Jr.; Pereira, R.G.; Glienke, C.; Ferreira-Maba, L.S.;
Vicent, A.; Shimada, T.; Peña, L. Engineering d-limonene synthase down-regulation in orange fruit induces
resistance against the fungus Phyllosticta citricarpa through enhanced accumulation of monoterpene alcohols
and activation of defence. Mol. Plant Pathol. 2018, 19, 2077–2093. [CrossRef] [PubMed]
Wang, D.; Duan, C.Q.; Shi, Y.; Zhu, B.Q.; Javed, H.U.; Wang, J. Free and glycosidically bound volatile
compounds in sun-dried raisins made from diﬀerent fragrance intensities grape varieties using a validated
HS-SPME with GC-MS method. Food Chem. 2017, 228, 125–135. [CrossRef] [PubMed]
Kremr, D.; Bajerová, P.; Bajer, T.; Eisner, A.; Adam, M.; Ventura, K. Using headspace solid-phase
microextraction for comparison of volatile sulphur compounds of fresh plants belonging to families
Alliaceae and Brassicaceae. J. Food Sci. Technol. 2015, 52, 5727–5735. [CrossRef]
Mishra, P.K.; Tripathi, J.; Gupta, S.; Variyar, P.S. Eﬀect of cooking on aroma proﬁle of red kidney beans
(Phaseolus vulgaris) and correlation with sensory quality. Food Chem. 2017, 215, 401–409. [CrossRef]
Müller, R.; Rappert, S. Pyrazines: Occurrence, formation and biodegradation. Appl. Microbiol. Biotechnol.
2010, 85, 1315–1320. [CrossRef]
Jo, D.; Kim, G.R.; Yeo, S.H.; Jeong, Y.J.; Noh, B.S.; Kwon, J.H. Analysis of aroma compounds of commercial
cider vinegars with diﬀerent acidities using SPME/GC-MS, electronic nose, and sensory evaluation. Food Sci.
Biotechnol. 2013, 22, 1559–1565. [CrossRef]
Wu, Z.B.; Chen, L.Z.; Wu, L.M.; Xue, X.F.; Zhao, J.; Li, Y.; Ye, Z.H.; Lin, G.H. Classiﬁcation of Chinese honeys
according to their ﬂoral origins using elemental and stable isotopic compositions. J. Agric. Food Chem. 2015,
63, 5388–5394. [CrossRef]
Li, J.; Di, T.J.; Bai, J.H. Distribution of volatile compounds in diﬀerent fruit structures in four tomato cultivars.
Molecules 2019, 24, 2594. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

269

molecules
Article

Tracking Sensory Characteristics of Virgin Olive Oils
During Storage: Interpretation of Their Changes from
a Multiparametric Perspective
Ana Lobo-Prieto 1 , Noelia Tena 2 , Ramón Aparicio-Ruiz 2 , María T. Morales 2
and Diego L. García-González 1, *
1
2

*

Instituto de la Grasa (CSIC), Ctra. de Utrera, km. 1, Campus Universitario Pablo de Olavide-building 46,
41013 Sevilla, Spain; ana.lobo@ig.csic.es
Department of Analytical Chemistry, Faculty of Pharmacy, University of Seville, Prof. García González, 2,
41012 Seville, Spain; noelia.tena@ig.csic.es (N.T.); aparicioruiz@cica.es (R.A.-R.); tmorales@us.es (M.T.M.)
Correspondence: dlgarcia@ig.csic.es; Tel.: +34-954-611-550

Academic Editor: Eugenio Aprea
Received: 2 March 2020; Accepted: 3 April 2020; Published: 7 April 2020

Abstract: Virgin olive oil is inevitably subject to an oxidation process during storage that can
aﬀect its stability and quality due to oﬀ-ﬂavors that develop before the oil surpasses its ‘best
before’ date. Many parameters are involved in the oxidation process at moderate conditions.
Therefore, a multiparametric study is necessary to establish a link between physico-chemical changes
and sensory quality degradation in a real storage experiment. In this context, a storage experiment
of 27 months was performed for four monovarietal virgin olive oils, bottled in transparent 500-mL
PET bottles and subjected to conditions close to a supermarket scenario. Volatile composition,
quality parameters and phenolic compounds were determined monthly. Simultaneously, an accredited
sensory panel assessed their sensory characteristics. The stability of the fresh samples was also
studied with the oxidative stability index (OSI) and mesh cell-FTIR. (E)-2-hexenal, (Z)-3-hexen-1-ol
and (E)-2-hexen-1-ol were identiﬁed as markers of the fruity attribute. Hexanal and nonanal were
also identiﬁed as compounds that were associated with the rise of median of defect during storage.
Some disagreements were observed between the sensory assessment and the OSI analyzed by
Rancimat. However, the increase of concentration of rancid markers agreed with the increase of
aldehyde band measured with mesh cell-FTIR.
Keywords: virgin olive oil; volatile compounds; sensory assessment; storage; SPME-GC; oxidation;
oxidative stability; mesh cell-FTIR

1. Introduction
The production of virgin olive oil (VOO) is limited to several months per year; this leads to the
necessity of storing the oil to ensure a continuous supply for consumers. This storage is carried out
at various levels in the food chain, for example, in tanks during trading, or in bottles in retailers.
During storage, VOO is exposed to external variables that cause changes to its composition that lead
to a loss of its nutritional quality and changes of its sensory characteristics [1]. It is well known that
VOO is more resistant to oxidation than other edible oils because of its composition. In spite of this,
numerous studies [2–5] have demonstrated that storage conditions have a strong inﬂuence in the
degradations of oils that may cause some problems in retailing. Thus, light and temperature—even
in mild conditions—can aﬀect considerably the stability and quality of VOO [6–11] during the shelf
life, leading to a loss of its nutritional properties and ultimately, a development of oﬀ-ﬂavors that
result in rancidity. This problem of stability has sometimes led to discrepancies between the results of
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control-testing and information declared on the label. This is the case of some extra virgin olive oils
that—after a storage period—may be unexpectedly downgraded to virgin olive oil category. For this
reason, regulatory bodies have stablished some speciﬁc requirements concerning the storage conditions
of olive oil [12,13]. Additionally, International Olive Council has recently approved a document with
the best practice guidelines for the storage of VOO [14].
The need of a major control of VOO stability is not new, although the increasing importance of
sensory quality of this product and the stricter standards today [15] have encouraged producers and
standardization bodies to ﬁnd new methods to evaluate and understand VOO stability. Some methods
are based on the study of the quality parameters during oil storage under conditions that are similar to
real ones. These methods require a long period of study (several months), so they are not useful when
a rapid answer is required. Other methods use accelerated conditions to obtain results in a shorter
time (i.e., several hours/days), such as Rancimat, but they accelerate the oxidation process by means of
drastic conditions and the results do not correlate well with the real oxidation process and do not take
photooxidation into account [7].
Several studies have proposed rapid methods that assess VOO stability under conditions
that are close to the real ones. Thus, Schaal oven test allows determining stability of the oils at
63 ◦ C [16]. Other techniques, such as electron spin resonance spectroscopy [17,18] and diﬀerential
scanning calorimetry [19], have been also used to assess oil stability at 70 ◦ C or lower temperatures.
Recently, our group developed a new procedure based on mesh cell-FTIR spectroscopy [6] to assess
VOO stability at room temperature considering the eﬀect of photooxidation [7,20]. The methods that
use moderate conditions provide information that is easily correlated with the real degradation taking
place in VOO under real storage. However, the interpretation of results is hindered by the fact that
many parameters (chemical, physico-chemical, sensory) are evolving at the same time with diﬀerent
kinetics. Thus, it is diﬃcult to establish a simple rule based on these parameters to assess if an oil is
clearly out of the ‘best before’ date for its consumption. A comprehensive study of all these parameters
and their inter-relationships among them is necessary to understand VOO shelf-life.
In the last decade, numerous authors have focused on tracking diﬀerent compounds and
parameters of VOO during its shelf life. The majority of these studies have aimed to monitor the
changes in the quality parameters of VOO during the storage under diﬀerent conditions and with
diﬀerent types of containers [5,21]. Other authors have centered their studies on the loss of VOO
healthy compounds, such as phenols, during the shelf life under diﬀerent storage conditions [22–24].
Due to the changes in sensory characteristics that take place during shelf-life, some of the studies were
based on volatile analysis during storage at diﬀerent conditions [3,8,25,26]. Some of these studies do not
use conditions that are commonly used in a supermarket, where oils are exposed to room temperature
and light/dark cycles of 12 h. Therefore, currently a disparity of results is observed when the volatile
compounds and other parameters are evaluated during the storage of VOOs, with a resulting diﬃculty
in the interpretation of oxidation processes at moderate conditions.
Aroma has a strong inﬂuence on the consumer’s rejection or acceptability of VOOs that have been
stored for several months [7]. For this reason, stablishing a link between the chemical changes taking
place in the oils during the storage and the sensory changes during this time is needed to predict better
the ‘best before’ date of the oil. The aim of this study was to evaluate the VOO quality changes generated
by the oxidation process to which the oil is inevitably subjected during its storage. Thus, a long
storage experiment of 27 months was performed, period during which VOOs from three diﬀerent
cultivars were exposed under moderate conditions simulating a supermarket scenario. When moderate
conditions of temperature and light intensity are used, the changes on sensory properties can be subtle
and diﬃcult to interpret. In order to facilitate this interpretation, in addition to the volatile composition
and sensory assessment, chemical parameters directly or indirectly related to virgin olive oil quality
were analyzed month by month. Furthermore, the oxidative stabilities of fresh oils evaluated with
accelerated procedures (Rancimat and mesh cell-FTIR) were also considered. With all this information,
the moments in which a remarkable sensory change take place was identiﬁed and explained by changes
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produced in the volatile composition and the other indexes of quality. Finally, the results of stability
assessment on the fresh samples carried out by Rancimat and mesh-cell FTIR were analyzed according
to the development of the oﬀ-ﬂavors during the storage of the four monocultivar samples.
2. Results and Discussion
2.1. Characterization of Fresh VOOs
Four VOOs were selected from three diﬀerent cultivars (Hojiblanca, Picual and two from
Arbequina) for this study. These cultivars were selected to cover diﬀerent chemical composition and
for their genuine sensory characteristics [27,28].
The quality parameters were determined for the fresh four VOOs before starting the storage
(“time zero”) with the aim of characterizing their actual quality at the moment of bottling. Free acidity,
extinction coeﬃcients (K270 and K232 ), peroxide value (PV), fatty acid composition, total phenol content,
and results from Rancimat and sensory assessment (medians of the defect and the fruity attribute) are
shown in Table 1, together with date of extraction and cultivar of each VOO. According to the results
obtained for PV, K270 and K232 , all the values were below the limits stated in EC regulation [13] for
the classiﬁcation as “extra virgin olive oil” category. However, the sample VOO2 was pointed out as
the most oxidized sample before starting the experiment despite all the samples were collected from
the vertical centrifuge and the storage experiment started shortly after. Thus, in all these parameters,
VOO2 showed the highest values, although far from the maximum limits for the “extra virgin olive oil”
category. However, the sensory quality parameters (medians of defect and the fruity attribute showed
in Table 1) revealed that VOO4 was initially categorized within the “virgin olive oil” category instead
of “extra virgin olive oil” category. In this sample, panelists detected a winey-vinegary defect (median
of defect = 2.1) before starting the storage. The organoleptic assessment before the storage experiment
reported the sensory diﬀerences associated to the cultivars [27,28]. Thus, assessors identiﬁed an intense
fruity and green odor in the fresh sample of VOO1 (VOO1-0m), which explained the highest median
value for the fruity attribute (Table 1). VOO3-0m was characterized by a high median of the fruity
attribute and the panelists described it as a fruity, bitter and pungent oil with some ﬁg and wood
notes, typical from Picual cultivar [29]. Whereas, VOO2-0m and VOO4-0m, from Arbequina cultivar,
showed a delicate fruitiness with slight bitter and pungent notes, showing the lowest median of the
fruity attribute.
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Mf a
Organoleptic
Md b
characteristics
Free fatty acid (% m/m of oleic acid)
Peroxide value (PV) (meq O2 /kg)
K232 (K1%
1cm )
K270 (K1%
1cm )
Total phenols (mg/kg)
Oil stability index (OSI) at 100 ◦ C (h)
C16:0 (%)
C16:1 (%)
C17:0 (%)
C17:1 (%)
C18:0 (%)
C18:1 (%)
C18:2 (%)
C18:3 (%)
C20:0 (%)
C20:1 (%)
C22:0 (%)
C24:0 (%)
C12:0, C14:0, tC18:1, tC18:2, tC18:3 (%)

SFA (%)

MUFA (%)

PUFA (%)

UFA (%)

Cultivar
Extraction Date (dd/mm/yy)

Chemical Parameters

a
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Median of the fruity attribute.

3.5
0
0.21
5.13
1.87
0.19
338.90
22.95
15.46
1.77
0.11
0.24
1.95
66.71
12.22
0.66
0.40
0.30
0.13
0.07
<0.01
18.11
69.01
12.88
81.89

3/12/2015

4.7
0
0.15
4.30
1.52
0.06
226.71
38.71
14.30
0.93
0.18
0.29
2.56
72.38
7.29
1.08
0.47
0.31
0.14
0.09
<0.01
17.73
73.90
8.37
82.27

Arbequina

31/10/15

b

Median of defect.

3.8
0
0.20
3.63
1.72
0.04
534.82
82.80
10.79
1.19
0.04
0.08
2.49
80.28
3.45
0.82
0.41
0.28
0.12
0.065
<0.01
13.91
81.82
4.27
86.09

12/11/2015

Picual

VOO3

Virgin Olive Oil Codes
VOO2

Hojiblanca

VOO1

3
2.1
0.22
4.80
1.84
0.18
468.10
53.60
16.02
1.87
0.15
0.27
1.91
65.93
12.36
0.65
0.39
0.28
0.12
0.06
<0.01
18.64
68.35
13.01
81.36

20/11/2015

Arbequina

VOO4

>0
=0
≤0.8
≤20
≤2.50
≤0.22

Quality Criteria
(EVOO)

Table 1. Quality parameters, together with the quality criteria of extra virgin olive oil (EVOO) according to EC regulation No 2568/91 and updates; stability index,
fatty acid composition and total phenol content in the fresh virgin olive oils, before of the bottling. The virgin olive oil codes, dates of the extraction and the cultivars
are shown.
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In order to assess the oil susceptibility to oxidation, the content of total phenols and the fatty acids
composition were determined (Table 1). Furthermore, the oil stability index (OSI) was determined by
Rancimat method, which values are shown in Table 1. The results show the following stability order
of the oils (from more to less stable): VOO3, VOO4, VOO1, VOO2. Thus, VOO3 showed the highest
oxidative stability (82.80 h), which can be explained by its high concentration of phenols (534.82 mg/kg)
and monounsaturated fatty acids (81.82%). VOO2 and VOO4, which were characterized by a medium
phenol content and the highest percentage of polyunsaturated fatty acids (Table 1), showed totally
diﬀerent oxidative stability values between them. Thus, VOO4 showed better stability (53.60 h) than
VOO2 (22.95 h), the former showing a higher phenol concentration (468.10 mg/kg) than the latter
(338.90 mg/kg). Sample VOO1 showed an intermediate situation because its oxidative stability value
was 38.71 h. Although this sample had a high monounsaturated fatty acid percentage, it showed the
lowest total phenol content (226.71 mg/kg).
Regarding the volatile composition, Table 2 shows the concentration of the identiﬁed volatile
compounds of the fresh oils before starting the storage experiment, their odor thresholds and their
sensory attributes. These volatile concentrations provide useful information about their oxidation
state or the presence of some oxidative/fermentative defects [1,3,30,31] before the storage. Table 2
shows the high content of C6 aliphatic compounds, such as hexanal, (E)-2-hexenal, hexyl acetate,
hexanol, (E)-3-hexen-1-ol, (Z)-3-hexen-1-ol, (E)-2-hexen-1-ol, (Z)-2-hexen-1-ol and (Z)-3-hexenyl acetate,
which derived from linoleic and linolenic acids through the lipoxygenase (LOX) pathway [1,32,33].
The total concentration for this group of compounds, which provide pleasant notes to the oil, represented
more than 20% of the total concentration of volatiles in all samples. Thus, the highest concentration for
C6 lipoxygenase products was found in VOO1-0m, representing 33% of its total volatile compounds,
with a value of 18.26 mg/kg. Whereas, the percentages and concentrations values for the rest of
samples were 25.33% and 11.13 mg/kg for VOO2-0m, 24.41% and 15.45 mg/kg for VOO3-0m and 25.90%
and 11.09 mg/kg for VOO4-0m. (E)-2-hexanal is one of the most abundant compounds in all fresh
samples, with a concentration value that ranged from 4.53 to 5.81 mg/kg. Hexanal and hexanol showed
high concentration values as well, in the range of 1.08–3.83 mg/kg. These three compounds strongly
contributed to the aroma of all fresh samples since their concentrations exceeded their odor threshold
value (Table 2). The high amount of (Z)-3-hexen-1-ol in VOO1 (1.10 mg/kg) and (Z)-3-hexenyl acetate in
VOO3 (1.73 mg/kg) are also remarkable. These compounds are characterized by ripe fruity, bitter and
green sensory attributes.
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30
31
32
33
34
35
36

29

28

27

0.31 a
0.05 a,b
0.01 a
3.54 a,b
0.06 a
0.45 a
0.29 a,b
0.04 a,b
0.23 a
0.43 a

0.63 a

0.08 a,b

0.01 a

3.56 a,b
0.46 a
1.10 a
0.22 a,b
0.14 a,b
0.83 a
1.43 a

4.24 a,b
0.59 a,b
0.03 a,b
0.61 a
0.37 a
0.03 a,b
0.03 a,b
15.59 a
0.64 a,b
4.04 a,b
0.04 a
2.33 a,b
0.02 a
0.65 a,b
0.23 a
0.07 a
0.09
0.01
0.03
1.21 a,b
0.03 a
0.01 a
0.07 a
1.96 b
0.03 a
1.38 b

0.33
0.51 a,b
0.05 a,b
0.70 a
0.48 a
0.04 a,b
0.02 a,b
19.63 a
0.76 a,b
4.83 a,b
0.07 a
3.83 a,b
0.12 a
0.96 a,b
0.46 a,b
0.30 a
0.10
0.01
0.03
4.53 a,b
0.08 a
0.03 a
0.17 a
1.87 b
0.08 a
0.07

Octane
Methyl acetate
Butanal
Ethyl acetate
Butan-2-one
2-methylbutanal
3-methylbutanal
Ethanol
Ethyl propanoate
3-pentanone
Butan-2-ol
Hexanal c
2-methylpropan-1-ol
1-penten-3-ol
(E)-2-pentenal
Butan-1-ol
Heptanal
2-methylbutan-1-ol
3-methylbutan-1-ol
(E)-2-hexenal c
Octan-3-one
Pentanol
1-octen-3-one
Hexyl acetate c
Octan-2-one
Octanal
(Z)-3-hexenyl
acetate c
(E)-2-heptenal
6-methyl-5-hepten-2
-one
Hexanol c
(E)-3-hexen-1-ol c
(Z)-3-hexen-1-ol c
Nonanal
1-octen-3-ol
(E)-2-hexen-1-ol c
(Z)-2-hexen-1-ol c

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

a

27

0

Months of Storage

CODE

1.57 a,b
0.10 a
0.16 a
0.19 a,b
0.05 a,b
0.50 a
0.29 a

0.01

0.02 a,b

0.56 a

1.06 a,b
1.28 a,b
0.05 a,b
1.11 a,b
0.29 a
0.15 a,b
0.06 a,b
12.17 a
0.32 a,b
2.41 b
0.09 a
2.08 a,b
0.04
0.44 a,b
0.16
0.01 a
0.06 a
Nd d
0.04 a
5.03 a,b
0.04 a
0.01 a
0.16
0.85
0.02 a
0.42 b

0

27

1.41 a,b
0.11 a
0.12 a
0.80 a,b
0.08 a,b
0.37 a
0.30 a

0.02

0.10 a,b

0.50 a

12.87 a,b
0.89 a,b
0.02 a,b
1.01 a,b
0.28 a
0.11 a,b
0.11 a,b
5.96 a
0.26 a,b
2.20 b
0.05 a
3.75 a,b
0.01
0.31 a
0.16
0.01 a
0.47 a
Nd d
0.04 a
3.87 a,b
0.01 a
0.06 a
0.43
0.75
0.01 a
0.98 b

VOO2
Arbequina

VOO1

Hojiblanca
a

1.65 a,b
0.21 a
0.29
0.24 a,b
0.14 a,b
0.85 a
0.59 a

0.02 a

0.02 a,b

1.73 b

0.65
0.13 a
0.07 a,b
0.16 a
0.55 a
0.05 a,b
0.04 a,b
21.09 a
0.24 a,b
3.46 a,b
0.09 a
2.62 a,b
0.02 a
0.51 b
0.26
0.10
0.05 a
0.01 a
0.02 a
5.81 a,b
0.15
0.06
0.11
1.69 a,b
0.12 b
1.01 b

0

Picual

VOO3

1.43 a,b
0.09 a
0.16
0.39 a,b
0.04 a,b
0.44 a
0.23 a

0.02 a

0.08 a,b

0.98

13.95 a,b
0.18 a
0.03 a,b
0.19 a
0.41 a
0.08 a,b
0.08 a,b
15.67 a
0.29 a,b
2.82 a,b
0.04 a
2.19 a,b
0.01 a
0.52 b
0.30 b
0.01
0.30 a
0.05 a
0.01 a
3.31 a,b
0.09
0.03
0.11
1.52 a,b
0.04
1.00 b

27

1.08 a,b
0.05 a
0.05 a
0.22 a,b
0.05 a,b
0.25 a
0.16 a

0.01 a

0.02 a,b

0.48 a

2.012 a,b
1.03 a,b
0.04 a,b
1.59 a,b
0.12 a
0.16 a,b
0.09 a,b
15.88 a
0.10 a
2.23 a,b
0.06 a
2.41 a,b
0.01 a
0.40 a
0.12 a
0.04 a
0.08 a
0.02
0.08
5.71 a,b
0.02 a
0.01 a
0.10 a
0.89 a
0.02 a
0.55 a,b

0

27

0.88 a,b
0.03 a
0.04 a
0.61 a,b
0.09 a,b
0.19 a
0.13 a

0.01 a

0.09 a,b

0.31 a

14.13 a,b
0.49 a,b
0.03 a,b
1.00 a,b
0.10 a
0.12 a,b
0.05 a,b
9.45 a
0.05 a
1.60 a,b
0.02 a
2.72 a,b
0.02 a
0.31 a
0.31 a,b
0.03 a
0.42 a
0.03
0.06
2.57 a,b
0.08 a
0.01 a
0.20 a
0.70 a
0.01 a
0.31 a,b

Arbequina

VOO4

0.40
1.00
1.10
0.15
0.001
5.00
1.00

1.00

0.005

0.20

0.94
0.20
0.08
0.94
40.00
0.005
0.005
30.00
0.10
70.00
0.15
0.08
1.00
0.40
0.30
0.40
0.50
0.30
0.10
0.42
0.75
0.47
0.01
1.04
0.51
0.32

Odor Threshold
(mg/kg)

Fruit, banana, soft
Green
Green
Fatty, waxy, pungent
Moldy, earthy
Green grass, leaves
Green

Pungent, green

Oxidized, tallow

Green

Sweet, alkane
Solvent, fruit
Green, pungent
Sticky, sweet
Ethereal, fruit
Malty
Malty
Alcohol
Fruit, strong
Sweet, fruit
Winey
Green-sweet
Wine, solvent
Pungent, butter
Green, apple
Fatty–medicine
Oily, fatty, Woody
Winey, spicy
Woody, whiskey
Green, apple-like
Herb, butter
Fruity
Mushroom, mold
Green, fruity, sweet
Mold, green
Fatty, sharp, citrus-like

Aroma Sensory Descriptor

Table 2. Volatile compounds identiﬁed in the studied virgin olive oils, with their codes, their concentrations (mg/kg) at two diﬀerent moments (before and after the
storage experiment), the odor threshold and the sensory attributes of each volatile compound.
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1.56 a,b
0.24 a
0.23 a
0.04 a
0.07 b
0.25
1.78 b
2.97 a,b
2.62 a
0.08 a
49.54

1.63 a,b
0.14 a
0.47 a

0.08 a

0.13 b
0.24
1.50 b
1.27 a,b
1.07 a
0.02 a
55.00

Acetic acid
Propanoic acid
Butanoic acid
2-methylpropanoic
acid
(E)-2-decenal
Pentanoic acid
Hexanoic acid
Heptanoic acid
Octanoic acid
Nonanoic acid
Total volatiles

37
38
39

0.12 a,b
0.13 a
0.57 a
3.99 a,b
1.77 a
0.02 a
43.94

0.07 a

5.16 b
0.18 a
0.13 a

0

0.80 a,b
0.24 a
1.22 a,b
1.52 a,b
1.57 a
0.05 a
50.47

0.05 a

6.36 b
0.19 a
0.06 a

27

2.75 a,b
0.29
2.51 a,b
4.96 a,b
4.47 a
0.12 a
63.29

0.10 a

2.94 a,b
0.13 a
0.25

0

Picual

VOO3

3.37 a,b
0.15
0.57 a
1.16 a,b
1.33 a
0.02 a
57.91

0.06 a

3.78 a,b
0.20 a
0.24

27

2.55 a,b
0.11 a
0.63 a
1.15 a,b
1.03 a
0.02 a
42.65

0.06 a

0.63 b
0.10
0.25

0

VOO4

27

3.47 a,b
0.20 a
1.23 a,b
4.00 a,b
2.14 a
0.05 a
49.36

0.04 a

0.79 b
0.13
0.15

Arbequina

0.01
0.60
0.70
0.10
3.00
-

-

0.50
0.72
0.65

Odor Threshold
(mg/kg)

Painty, ﬁshy, fatty
Unpleasant, pungent
Pungent, rancid
Rancid, fatty
Oily, fatty
Fat, must, sweat, sour

Butter, cheese, rancid

Sour, vinegary
Pungent, sour
Rancid, cheese

Aroma Sensory Descriptor

a Signiﬁcant diﬀerence (p > 0.05) in the concentration of the compound at the beginning and end of the storage; b the concentration of the compound exceeds its odor threshold (Odor
Activity Value, OAV >1). c Compounds derived from the lipoxygenase (LOX) pathway. d Not detected.

41
42
43
44
45
46

40

27

0

Months of Storage

CODE

VOO2
Arbequina

VOO1

Hojiblanca

Table 2. Cont.
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On the other hand, the analysis of the fresh samples pointed out that the compounds responsible
for rancid defect [31], such as heptanal, octanal, (E)-2-heptanal, nonanal and (E)-2-decenal were
found at low concentrations before the storage. The Hojiblanca oil (VOO1-0m) was characterized
by the lowest concentration of octanal (0.07 mg/kg for VOO1-0m vs. 0.42 mg/kg, 1.01 mg/kg and
0.55 mg/kg for VOO2-0m, VOO3-0m and VOO4-0m, respectively). The total amount of carboxylic acids
also pointed out a higher degradation of VOO2-0m (12.02 mg/kg) and VOO3-0m (15.75 mg/kg) oils
compared to VOO1-0m (6.41 mg/kg) and VOO4-0m (3.97 mg/kg). Furthermore, ethanol and acetic acid,
which are typically found at high concentrations in oils with fermentative defects (e.g., winey-vinegary
defect) [31,34], were identiﬁed in the fresh samples, although their concentrations were not enough to
produce a remarkable sensory impact. Thus, the concentrations of ethanol were lower than its odor
threshold in all cases. On the contrary, in the case of acetic acid, the concentrations were higher than
the odor threshold in all the oils (Table 2). Only VOO2-0m showed a particularly high concentration of
acetic acid (5.16 mg/kg), which was at least 2 times the concentration found in the other oils (Table 2).
2.2. Chemical Changes during the Storage Experiment
In order to assess the chemical changes that take place during the VOO shelf life,
a storage experiment was carried out for 27 months under controlled conditions (see Section 3.1).
Quality parameters, volatile composition and sensory characteristics (panel test) were monthly
determined during this period of storage.
The indicators of the VOO quality alteration showed an increase during the storage experiment at
moderate conditions. Figure 1 shows the evolution of quality parameters and total phenol concentration
per each sample during the long-term storage.
In all cases, the ﬁnal values were inside the “extra virgin olive oil” category according to the
limits stated in EC regulation [13], except for K270 . Thus, this parameter exceeded the legislative limit
stablished for the “extra virgin olive oil” category in the ﬁrst months of storage (1–5 month) for the
four VOOs. Furthermore, the increase of the K270 is faster in VOO1 and VOO3 than in the other two
VOOs in the ﬁrst ﬁve months of storage. On the other hand, the total phenol concentration decreased
during the storage experiment in all cases. Their concentrations showed a higher decrease during the
ﬁrst twenty months of storage compared to the seven last months in all VOO. These results agree with
the results found by other authors [22,23]. VOO3 and VOO4 underwent the highest concentration
decrease, which were respectively 297.21 and 329.88 mg/kg. The other two samples showed a slighter
decrease of their concentrations, with a reduction value of 133.24 mg/kg for VOO1 and 155.09 mg/kg
for VOO2.
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Figure 1. Time-course plots of peroxide value (PV), free acidity (FFA), ultraviolet absorbance at 270 nm
(K270 ) and 232 nm (K232 ) and total phenols concentration per each virgin olive oil (VOO) (polynomial
ﬁtting). According to [13]: Limits for extra virgin olive oil (EVOO): PV ≤ 20 meq O2 /kg, FFA ≤ 0.8%,
K270 ≤ 0.22, K232 ≤ 2.50. Limits for virgin olive oil (VOO): PV ≤ 20 meq O2 /kg, FFA ≤ 2.0%, K270 ≤ 0.25,
K232 ≤ 2.60.

In the course of the storage experiment, panelists identiﬁed some ﬂavor changes in the samples,
which resulted in a variation in their medians of the fruity attribute and the defect. Figure 2 shows the
evolution of the medians of the defect and the fruity attributes for each sample during the storage.
This ﬁgure also shows the variations of VOO category of the oils during the storage, according to
the limits established in European regulation [13]. The sensory assessment results revealed that the
pleasant odor attributes decreased during the storage. In all cases, a reduction of the median of the
fruity attributes was observed. VOO2 showed the fastest decrease, so displaying a drop from 3.5
to 2.0 units in the median of the fruity attribute during the ﬁrst ﬁve months of storage, while the
rest of the samples kept their initial values at this time. On the other hand, the median of defect
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showed that VOO2 was downgraded to “virgin olive oil” category rapidly, in the ﬁfth month of storage
(VOO2-5m) because assessors detected a winey-vinegary defect at this time. The time-trend changes
of K232 and FFA also pointed out that this sample was the least stable, since the ﬁnal values of these
parameters (2.45% and 0.32% respectively) were the highest compared with the rest of the VOOs
(Figure 1). The next VOO undergoing a downgrade of category was VOO3. Thus, this oil changed
to “virgin olive oil” category in the tenth month of storage (VOO3-10m) when assessors detected
a winey-vinegary defect as well. Although the evolution of K270 for this oil pointed out that this
oil was unstable (the ﬁnal value after 27 months of storage was 0.38), the time-trend changes of the
other parameters pointed out its stability during the storage. Thus, this oil showed the lowest values
of K232 , PV and FFA compared with the rest of the stored VOOs at the end of the storage period
(Figure 1). The oﬀ-ﬂavors detected by the panelist after 10 months may have been in the oil from the
beginning of the storage and been masked by the high intensity of green and fruity attributes (Figure 2).
Finally, VOO1 changed to “virgin olive oil” category in the ﬁfteenth month of storage (VOO1-15m),
because an incipient rancid defect was detected, this sample being the one that needed more time to
undergo a change of category. These results do not match with the low phenol content of this VOO
and its rapid evolution of PV and K270 (Figure 1). Furthermore, despite the changes in the medians of
the fruity attribute and the defect were more moderate during the last months (months 15–27) than in
the ﬁrst ones (months 0–14) in VOO1 (Figure 2), this sample underwent another change of category
to “lampante virgin olive oil” at month 27 (VOO1-27m). This oil was identiﬁed as the least stable
according to the evolution of PV, which is associated with the ﬁrst step of the oxidation process and
reached its maximum value (15.27 meq O2 /kg) at the end of the storage period. With respect to VOO4,
which was initially categorized as “virgin olive oil”, this oil showed an incipient rancidity in the fourth
month of storage and the median of defect raised above 3.5 in month 18 (VOO4-18m) and consequently
the oil was downgraded to “lampante virgin olive oil” category at this time.
The total concentration of volatile compounds is showed in Table 2, where the initial (month 0) and
ﬁnal values (month 27) per sample are displayed. Furthermore, Tables S1–S4 (Supplementary Material)
show the concentrations of the volatile compounds in the VOOs during the storage experiment.
These values revealed a moderate change in the total concentration of volatiles during the storage
time. Thus, a maximum of 15% of variation was observed when comparing the total concentration
of volatile compounds between the beginning and the end of the storage experiment (Table 2).
However, the panelists detected important changes in the sensory characteristics of the samples that
led to a change in the category. In order to extract more information about the changes taking place
during the storage, the total concentration of volatiles was studied regarding 5 diﬀerent chemical series:
aldehydes, alcohols, esters, ketones and carboxylic acids. Table S5 shows the concentration of these
chemical series at the beginning and the end of the storage. In this case, the maximum variation of
concentration was found in carboxylic acids. Thus, the concentration of this chemical series was up to
54.56% higher at the end of the storage experiment in VOO4 (Table S5). The maximum percentages of
variation for the other chemical series were 39.40% for aldehydes (VOO1), 43.18% for alcohols (VOO2),
37.26% for esters (VOO4) and 21.41% for ketones (VOO3).
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Figure 2. Changes of the oil category, the median of the fruity attribute (Mf) and the median of defect
(Md) for the four virgin olive oils (VOO1–VOO4) during the storage.

The interpretation of the sensory changes during storage by means of volatile compounds requires
the study of the individual compounds, in particular of those that are odor-active. In a ﬁrst stage,
the content of all the individual compounds (Table 2) was studied during the storage experiment in
order to identify which compounds underwent signiﬁcant changes (p-value < 0.05) during the storage
experiment and an ANOVA analysis was performed comparing concentration values from the months
0–3 vs. 24–27 (fresh vs. aged oils). Most of the volatile compounds (at least 75%) showed statistically
signiﬁcant changes in all the oils (Table 2). Overall, the storage time showed a great eﬀect on the
volatile compound’s concentration in all cases except for some alcohols, such as 2-methylbutan-1-ol.
The relative standard deviation (RSD%) of the concentration values was calculated for those compounds
presenting signiﬁcant changes (p-value < 0.05) comparing the initial and the last sample stored in the
experiment (0 and 27 months). The objective was to identify the compounds whose concentration
varied in a greater extent. Table 3 shows the compounds whose concentration changed with a RSD%
higher than 50% in the four VOOs. These compounds were diﬀerent in each oil and the total number
of compounds with RSD% > 50% per oil points out the oxidation state of them at the end of the
experiment. These compounds show that VOO1 and VOO3 underwent a decrease in the concentration
of the majority of the selected compounds, which have pleasant attributes, such as (E)-3-hexen-1-ol,
which explains the loss of their initial positive attributes (median of the fruity attribute) during the
storage (Figure 2). Sample VOO3 showed a large increase of the concentration of heptanal and
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(E)-2-heptenal, which are related to oily and oxidized aroma descriptors [1,31,35]. Finally, VOO2 and
VOO4 were in an advanced oxidation state at the end of the storage, as it is pointed out by the
increase of the content of the volatiles related to the rancid defect [36], such as nonanal, heptanal and
hexanoic acid.
In a next step—and in order to gain a better understanding about which compounds have more
inﬂuence on the virgin olive oil aroma—the odor activity value (OAV) of each volatile compound was
determined at every month during the entire storage time for the diﬀerent oils. This value results from
the ratio of the concentration of the compound to its odor threshold [37]. Many of the compounds
derived from the lipoxygenase (LOX) pathway, which contribute with a green and fruit aroma sensory
descriptors [1], showed an OAV > 1 in all samples during the entire storage time, such as hexanal,
(E)-2-hexenal, hexyl acetate, hexanol and (Z)-3-hexenyl acetate. The OAV of hexanal and (E)-2-hexenal
were particularly high: they were in the ranges of 51.10–27.69 and 13.69–2.84, respectively.
Other compounds with unpleasant sensory descriptors showed a high OAV from the beginning of
the storage, such as 1-octen-3-ol in VOO1 (135.94), VOO2 (47.57) and VOO4 (47.99), heptanoic acid in
VOO3 (49.49) and (E)-2-decenal in VOO4 (255.44). 1-octen-3-ol provides moldy odor to the oil, whereas
heptanoic acid and (E)-2-decenal are volatile markers of the rancid defect [31,38]. Other compounds
related to the rancid defect also showed OAV > 1 but at lower extent, such as nonanal and (E)-2-heptenal.
They were found at low concentrations although their odor thresholds were low enough (0.005 mg/kg
and 0.15 mg/kg for (E)-2-heptenal and nonanal respectively) to have some impact on the sensory
characteristics of the oil. Thus, their OAV in the fresh samples were 2.96–3.49 and 1.26–1.63 for
(E)-2-heptenal and nonanal, respectively.
Once the compounds that underwent the most signiﬁcant changes were identiﬁed (Table 3),
all volatile compounds from Table 2 were studied to identify those whose concentration changes were
better correlate to sensory changes. For this purpose, a correlation matrix was performed between the
OAV of the volatile compounds (Table 2) and the results from the sensory assessment (medians of
the fruity attribute and the defect) monthly obtained. Only (E)-2-hexanal, which exceeded its odor
threshold in all samples during the storage experiment, showed a high correlation coeﬃcient (0.70–0.96)
with the median of the fruity attribute in the studied oils. Particularly, a strong correlation was found
between these two variables in VOO1 (R = 0.96). This compound, which is considered as a freshness
marker in vegetables oils [31,39], contributes with green and fruity attributes (Table 2). Figure 3 shows
a double-y graph where the median of the fruity attribute and the OAV for (E)-2-hexenal are plotted per
each VOO. Although (E)-2-hexenal concentration was reduced in a range of 1.16–3.33 mg/kg (Table 2),
this compound with pleasant sensory descriptor showed an OAV higher than 1 during the entire storage
time in all samples (OAV > 2.84 in all cases). Other compounds showing high correlation coeﬃcients
(>0.70) with median of the fruity attribute in some particular oils were (Z)-3-hexen-1-ol (R = 0.93 and
0.70 in VOO1 and VOO4, respectively) and (E)-2-hexen-1-ol (R = 0.96 in VOO1). The concentration of
these two compounds is highly inﬂuenced by the stage of ripeness [1].
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Table 3. Selected volatile compounds that showed statistically signiﬁcant changes (p-value < 0.05) and
RSD% higher than 50% during the storage at moderate conditions.
VOO1

VOO2

Compound

RSD%

Compound

RSD%

Octane a
Butan-2-ol
2-methylpropan-1-ol
Butan-1-ol
(E)-2-hexenal
Octan-3-one
Pentanol
Octan-2-one
Octanal a
1-octen-3-one

120.82
50.00
93.90
90.08
82.03
70.06
78.22
74.39
128.77
59.92

119.81
58.59
75.00
69.05
107.53
92.07
68.64
56.58
64.17
99.97

(E)-2-heptenal a

71.08

Octane
Butanal
2-methylpropan-1-ol
Butan-1-ol
Heptanal a
Octan-3-one
Octan-2-one
Octanal a
1-octen-3-one a
(E)-2-heptenal a
6-methyl-5-hepten-2-one
a

64.13

6-methyl-5-hepten-2-one
(E)-3-hexen-1-ol
(Z)-3-hexen-1-ol
1-octen-3-ol
(E)-2-hexen-1-ol
(Z)-2-hexen-1-ol
Heptanoic acid a
Octanoic acid a
Nonanoic acid a

61.66
107.40
59.21
72.03
79.88
76.50
56.85
59.30
94.12

Nonanal a
Butanoic acid
(E)-2-decenal a
Hexanoic acid a
Heptanoic acid
Nonanoic acid a

87.46
51.36
104.44
50.98
63.61
78.26

Compound

RSD%

Compound

RSD%

Octane a
Butanal
Butan-2-ol
2-methylpropan-1-ol
Butan-1-ol
Heptanal a
2-methylbutan-1-ol a
Octan-2-one
(E)-2-heptenal a
6-methyl-5-hepten-2-one
(E)-3-hexen-1-ol
1-octen-3-ol
(Z)-2-hexen-1-ol
Hexanoic acid
Heptanoic acid
Octanoic acid
Nonanoic acid

128.80
56.41
64.18
71.54
118.65
100.26
99.86
77.44
95.01
97.30
58.40
74.51
63.51
88.83
87.90
76.55
105.60

Octane a
Methyl acetate
Butan-2-ol
2-methylpropan-1-ol a
(E)-2-pentenal a
Heptanal a
(E)-2-hexenal
Octan-3-one a
Pentanol a
(E)-2-heptenal a
6-methyl-5-hepten-2-one
Nonanal a
Heptanoic acid a
Octanoic acid a
Nonanoic acid a

106.09
50.03
80.69
64.37
62.07
94.48
53.76
79.59
53.96
95.28
80.14
66.11
78.27
49.46
80.15

VOO3

a

VOO4

Compounds that underwent an increase of their concentrations during the storage.
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Figure 3. Median of the fruity attribute (Mf), median of defect (Md) and (E)-2-hexenal OAV (odor
activity value) of the four virgin olive oils (VOO) during the storage experiment. The regression
coeﬃcients (R) between Mf and Md in relation to the OAV of (E)-2-hexenal are shown.

The OAV values of hexanal was also highly correlated (>0.70) with medians of the fruity attribute,
although only in two oils. Thus, the correlation coeﬃcients were 0.91 and 0.76 for VOO1 and VOO3,
respectively, while a negative value (−0.66) was obtained for VOO2 and VOO4. Hexanal was not
selected by ANOVA when comparing its concentration in the initial and last months of storage (Table 2)
and it did not show a change in its concentration with a RSD% > 50% (Table 3). However, the study
of its concentration and OAV during the storage under moderate conditions may provide useful
information about the oxidation state of the samples since this compound is also produced during
oxidation and it has an evident implication in virgin olive oil rancidity [3,40]. Figure 4 shows the OAV
of hexanal and the medians of the fruity attribute and the defect represented on a double-y graph
with respect to the storage time. Two kinds of trends of its OAV during the storage was observed.
Thus, the hexanal OAV decreased in VOO1 and VOO3 during the storage; it shows the opposite trend
in both Arbequina samples, VOO2 and VOO4, in which its concentration increased from the beginning
of the storage. The decrease of OAV in VOO1 and VOO3 can be explained by a loss of hexanal present
in the fresh oil originated from the LOX pathway while hexanal was later produced during oxidation
at lower extent [1]. Figure 4 shows a similar trend in the decrease of median of the fruity attribute for
VOO1—and in lesser degree—for VOO3, which explains the high correlation coeﬃcients in these two
cases. On the contrary, the opposite time-trends of OAV and median of the fruity attribute in VOO2
and VOO4 explain the negative value of the correlation coeﬃcient (−0.66). However, the correlation
coeﬃcients when comparing OAV and median of defect in these two oils were positive although
always below 0.8 (0.56 and 0.61 for VOO2 and VOO4, respectively) (Figure 4).
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Figure 4. Double-y graph of the median of the fruity attribute (Mf), median of defect (Md) and the
OAV (odor activity value) of hexanal for each virgin olive oil (VOO) during the storage experiment.
The regression coeﬃcients (R) between Mf and Md in relation to the OAV of hexanal are shown.

The increase of hexanal OAV and concentrations in VOO2 and VOO4 is explained by the
decomposition reactions of hydroperoxides formed from the fatty acids [3,41], contributing to the
oﬀ ﬂavor of the sample with an intense greasy odor [42]. In fact, these oﬀ-ﬂavors associated with
rancidity is detected by the assessors at month 5 in VOO2 (sample VOO2-5m) and at month 19 in VOO4
(sample VOO4-19m) (Figure 2). These results indicate that VOO2 and VOO4 were in a more advanced
oxidation state than the rest of the studied oils in the course of the storage experiment. This ﬁnding
was not in agreement with the oxidative stability index from Rancimat method in the particular case
of VOO4. Thus, VOO4 showed a high stability for Rancimat (53.60 h, the second most stable VOO)
(Table 1). However, in the storage experiment, this VOO was undergraded to lampante category in the
19th month, while the rest of oils never were classiﬁed as lampante (VOO2, VOO3) or were classiﬁed
as lampante later (VOO1 in 25th month). The evolution of PV values in VOO4 also shows a faster
oxidation compared with the others, except for VOO1 (Figure 1). These results agree with the already
reported relationship of hexanal with rancidity in aged oils [31,34,42].
In order to study the changes in the sensory characteristics and the volatile composition of the
oils from a multivariate perspective, a principal component analysis (PCA) was carried out with the
concentration values of the selected volatile compounds that showed a RSD% > 50% in the storage
experiment (Table 3) and the medians of the fruity attribute and the defect. Figure 5 shows the resulting
PCA plots for the 4 VOOs. The PCA plots show that the median of the fruity attribute and the median
of defect were well separated by factor 1 in all VOOs, which were located in opposite quadrants.
On the other hand, the plotted compounds were clustered by factor 1 according to their link to the
median of the fruity attribute and the median of defect during the storage period. The median of
the fruity attribute and the compounds associated to it were found in the left quadrant while the
median of defect and the compounds related to it were located in the right quadrant. These results
revealed than some compounds show a higher correlation with median of defect; this relationship
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was diﬀerent depending on the oxidative state of the oil in the storage experiment. The PCA results
show that the selected compounds that originated from the lipoxygenase pathway (Table 2), such
as (E)-2-hexenal and (Z)-2-hexen-1-ol and the median of fruity attribute were plotted in the same
quadrant in VOO1, VOO3 and VOO4. In the case of VOO2, however, the median of the fruity
attribute appears to be only associated to (Z)-2-hexen-1-ol and (Z)-3-hexen-1-ol, but not with the rest
of these compounds, which can be explained by the slight change in their concentrations in this oil
during the storage time instead of a reduction in their concentration as in the other oils (Table 2).
Furthermore, other compounds, such as butanal and butan-1-ol, were associated to the median of
the fruity attribute in all VOOs, due to their concentration decrease during the storage, except for
butan-1-ol in VOO2. This compound contributes with an aroma that is closer to the negative attributes
(fatty and medicine for butan-1-ol) [43]. Other compounds contributing with negative attributes were
plotted near the median of the fruity attribute, which is explained by the fact that their concentrations
also decreased over time: methyl acetate in both VOO2 and VOO4, octan-2-one and 1-octen-3-one in
VOO1 and nonanoic acid in VOO3.

Figure 5. Principal component analysis plots (PCA) of volatile compounds that showed signiﬁcant
changes (p < 0.05) and RSD% > 50% in the storage experiment, the median of the fruity attribute (Mf)
and the median of defect (Md) for the storage time. An individual plot was performed for each virgin
olive oil (VOO). Note. Codes are indicated in Table 2.

Regarding the median of defect value, the PCA plots show an association of this median
with the concentrations of octane, (E)-2-heptenal and (E)-2-decenal in all cases, these compounds
being related with sensory defects and the two latter contributing with oxidized and fatty notes [1].
Moreover, nonanal and the median of defect were plotted in the same quadrant in VOO1, VOO2 and
VOO3, which points out that the autooxidation process takes place during the storage experiment.
However, this association was not observed in the PCA for VOO4, in which nonanal and median
of defect were plotted in diﬀerent quadrants despite this oil was the ﬁrst one that downgraded to
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lampante at the end of the storage. These results may point out that the relationship of nonanal
concentration and median of defect is more evident at earlier stages of oxidation as it is the case in
VOO1, VOO2 and VOO3. On the other hand, a strong association was found for heptanal and the
median of defect in VOO2, VOO3 and VOO4. In VOO1, this association was not found in the PCA
plot, probably due to the fact that it was the oil that underwent the oxidation at lower extent in the
ﬁrst half of the storage experiment and the downgrading of category (from “extra virgin olive oil “to
“virgin olive oil”) took place the latest (month 15) (Figure 2). Finally, the PCA plots showed that the
hexanoic acid is related to the median of defect in the cases of VOO2 and VOO4.
In a second PCA, only the concentrations of the same volatile compounds (Table 3) were studied
without including the medians of the fruity attribute and the defect in the data set. The objective was
to check the score plot (samples) to study the changes of the volatile proﬁle of the oils during the
storage experiment with a multivariate perspective. Thus, Figure S1 shows a score plot per each VOO
stored, in which the samples collected every month are represented against the factors. The score plot
of VOO1 shows a change in the distribution of the samples from month 15 (VOO1-15m), which is
the moment when this sample downgraded to “virgin olive oil” category (Figure 2). The score plot
for VOO2 pointed out a change in the distribution of the monthly collected samples in the month 8
(VOO2-8m) when the assessors identiﬁed an incipient rancidity in this oil for the ﬁrst time (Figure 2).
Furthermore, in VOO3, the change of the trend of the samples was identiﬁed at month 10 (VOO3-10m)
when assessors detected a winey-vinegary defect in this samples that caused an increase of 2.6 in
its median of defect and, consequently, its downgrading to “virgin olive oil” category (Figure 2).
Finally, in sample VOO4 two changes in the trend of the samples were observed in the score plot.
Thus, a change in the distribution of the samples was identiﬁed at month 8 (VOO4-8m) and another
change was detected at month 19 (VOO4-19m). In this last month, the oil downgraded to “lampante
olive oil” according to the panel test (Figure 2). These results evidence that the selected compounds
were able to explain the sensory changes identiﬁed by the assessor during the storage period.
The results obtained by Rancimat method (Table 1) before the storage experiment and the sensory
assessment carried out during the storage (Figure 2) showed a diﬀerent order in the stability of VOO.
Thus, the order of oils from more to less stable according to Rancimat was VOO3, VOO4, VOO1 and
VOO2, while this order was diﬀerent according to the month in which a change of category takes place
(from later to sooner): VOO1, VOO3, VOO2 and VOO4. That means that the results from Rancimat
tests do not necessarily correlate with the actual stability in sensory terms. The evolution of PV values
also pointed out VOO4 as one of the samples that faster was oxidized (Figure 1).
Finally, the results from the mesh cell-FTIR experiment, an innovative method to evaluate stability
of the oils under moderate conditions, was examined with the aim of comparing these results with
the actual stability of the oils according to the sensory changes. Mesh cell-FTIR allowed monitoring
the chemical changes of the oils during an incubation time of 576 h under conditions of light and
temperature (400 lx and 35 ◦ C) that were closer to the real storage conditions compared with other
accelerated tests that use high temperatures (>100 ◦ C) [41]. The mesh cell-FTIR experiment was carried
out with the fresh oils before starting the storage experiment. The spectral band assigned to the C=O
stretching of unsaturated aldehydes (1685 cm−1 ) was monitored during the incubation time since
it is related with secondary oxidation products and it rises during oxidation [6,20]. The maximum
intensity for the aldehydes band was found in sample VOO2 and VOO4 with a value of 0.35 and
0.33 respectively. The other two oils showed lower values, these values being 0.28 for VOO3 and
0.25 for VOO1. These results revealed that both Arbequina VOOs were more susceptible to oxidation
at moderate condition than the other two oils (VOO1 and VOO3). Considering this measurement,
the order of stability (from high to low) was VOO1, VOO3, VOO4 and VOO2, which is close to the
stability order according to the sensory testing (VOO1, VOO3, VOO2 and VOO4). Thus, mesh cell-FTIR
pointed out that VOO1 was the most stable sample and, in fact, this sample changed of quality category
the latest. On the contrary, Rancimat test pointed out that this sample was the second most unstable.
These diﬀerences in results can be explained by the diﬀerent mechanisms of oxidation that are involved
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depending on the conditions [44]. It illustrates the necessity of studying the VOO oxidative stability at
moderate conditions and including light as a relevant variable.
In a farther study, with the aim of studying the ability of the mesh cell-FTIR band assigned
to aldehydes to represent the changes of volatile composition of VOO during the storage,
the results obtained by mesh cell-FTIR were compared with the concentration increment of the
compounds associated to the rancid defect and that showed signiﬁcant changes during the storage.
The concentration increment was calculated using the ﬁnal and initial concentrations of these
compounds (showed in Table 2). Figure 6 shows a double-y column graph in which the mesh
cell-FTIR absorbance of the band assigned to aldehydes and the concentration increment (mg/kg) of
nonanal, heptanal and (E)-2-heptenal of each VOO during the storage period are shown. Although the
concentration increment of the selected volatiles revealed more diﬀerences between the samples than
the results obtained by mesh cell, they revealed the same order of oxidative stability of the samples.

Figure 6. Double-y column graph in which the absorbance of the band assigned to aldehydes and the
concentration increment (Δ) of nonanal, heptanal and (E)-2-heptenal are represented for the all studied
virgin olive oils (VOOs) during the storage period.

3. Materials and Methods
3.1. Samples
Four monovarietal VOOs from the cultivars Picual, Hojiblanca and Arbequina (2 diﬀerent samples
of the last cultivar) provided by diﬀerent producers were selected. These cultivars were chosen to cover
diﬀerent chemical compositions. The codes used to identify the VOOs and their respective cultivars
were: VOO1, Hojiblanca; VOO2, Arbequina-1; VOO3, Picual; and VOO4, Arbequina-2. In order to
guarantee that the samples VOO1–VOO4 were fresh at the beginning of the experiment, they were
directly collected from the vertical centrifuge at the oil mills and then ﬁltered to remove water. This time
was considered as “time zero” and the storage experiment started just after collecting the samples.
VOOs was packaged in 27 transparent PET bottles of 500 mL—which are commonly used to
bottle VOO—and they were hermetically sealed. The oil bottles were stored during 27 months in
a compartment specially designed for it, where samples were exposed to light intensity of 1000 lx in
12 h light/dark cycles, simulating the conditions of a supermarket shelf under controlled conditions
of temperature and humidity. The maximum and minimum of temperature and humidity were
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measured daily, being 29.7 ◦ C–16.3 ◦ C and 70%–21%, respectively. A bottle per oil was taken from
the compartment monthly, analyzed and discarded afterwards. Thus, the analyses were carried out
on VOOs from bottles newly opened. In order to identify the samples corresponding to each month,
the number of each month and the letter “m” was added to the initial code (e.g., VOO1-5m means
VOO of Hojiblanca cultivar after 5 months of storage).
3.2. Quality Parameters
The fatty acid composition and the trans fatty acid content were determined in the fresh samples
(month 0) following the standard method (COI/T.20/Doc. No 33) [45].
Quality parameters were determined to conﬁrm the quality category before starting the storage and
to track their change during the experiment. These parameters were peroxide value (PV), free acidity
(free fatty acids or FFA), which were determined by titration according to their respective standard
methods (COI/T.20/Doc. No 35 and COI/T.20/Doc. No 34) [46,47]; and ultra-violet absorbance measured
through the extinction coeﬃcients (K270 and K232 ), which were determined according to the standard
method (COI/T.20/Doc. No 19) [48].
3.3. Oil Stability Index (OSI)
The VOOs were analyzed to determine their oxidative stability by Rancimat method, also called
oil stability index (OSI), before starting the storage experiment. OSI was determined according to
the standard method AOCS Cd 12b-9 [49]. This method consists in heating samples at 100 ◦ C while
a continuous stream of air (20 L/h) is passing through the samples. The air is bubbled through a vessel
with 60 mL of deionized water. The reported result is increase of the conductivity of the water due to
the formation of volatile organic acids.
3.4. Mesh Cell-FTIR Analysis
Mesh cell-FTIR analyses were carried out with the fresh VOOs, following the method proposed by
Tena et al. [6]. Aliquots of the fresh oils (20 μL) were deposited onto the mesh and they were stored at 35 ◦C
and 400 lx. The spectral changes during the experiment were monitored daily during an incubation time of
576 h using a Bruker vertex 70 FTIR spectrometer (Bruker, Optics, Germany) equipped with a deuterated
triglycine sulfate (DTGS) detector. The spectra were collected and manipulated with OPUS software version
7.2 (Bruker Optics, Ettlingen, Germany). The band assigned to the C=O stretching of unsaturated aldehydes
(1685 cm−1) was selected to track the changes during incubation. The peak heights of this band were
measured relative to a selected single-point baseline at 1576 cm−1 by implementing a macro programed on
Omnic 7.3 (Thermo Electron Inc., Madison, WI, USA).
3.5. Determination of Volatile Compounds
The volatile compounds were determined by solid phase microextraction-gas chromatography
(SPME-GC) including a preconcentration step carried out on a multipurpose sample autosampler
(Gerstel, Mülheim an der Ruhr, Germany) in which temperature and time of the process were
automatically controlled by Gerstel Maestro (v1.4) software (Gerstel GmbH et Co.KG, Mülheim an der
Ruhr, Germany).
The oil sample (2 g) was placed in a 20 mL glass vial, tightly capped with polytetraﬂuoroethylene
(PTFE) septum and left for 10 min at 40 ◦ C to allow for the equilibration of the volatiles in
the headspace. After the equilibration time, the septum covering each vial was pierced with
a SPME needle and the ﬁber was exposed to the headspace for 40 min. A 1-cm StableFlex
divinylbenzene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) composite SPME ﬁber (50/30 μm
ﬁlm thickness) was used (Supelco, Bellefonte, PA, USA). The ﬁber was previously conditioned following
the instructions of the supplier.
The volatiles adsorbed by the ﬁber were thermally desorbed in the hot injection port of a 7820A
gas chromatograph (Agilent Technologies, Madrid, Spain) with a ﬂame ionization detector for 5 min
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at 260 ◦ C, with the purge valve oﬀ (splitless mode). An Agilent J&W GC DB-WAX capillary column
(60 m × 0.25 mm internal diameter, 0.25 μm coating) (Agilent Technologies, Santa Clara, CA, USA) was
used. The carrier gas was hydrogen, at a ﬂow rate of 1.5 mL/min. The oven temperature was held at
40 ◦ C for 10 min and then programmed to rise 3 ◦ C/min to a ﬁnal temperature of 200 ◦ C.
The identiﬁcation of the volatiles was carried out with standards [29].
Additionally, the identiﬁcation was checked by analyzing the samples with mass spectrometry
(GC7820-MSD5975, Agilent Technology, Santa Clara, CA, USA) following the strategy described in
previous works [38,50]. Thus, the information from mass spectra, and their comparison with standards
in the FID chromatograms, and linear retention indexes (LRIs) were considered for a full identiﬁcation.
The quantiﬁcation of volatiles was carried out by using 4-methyl-2-pentanol as internal standard and
correcting the concentrations by the relative response factors. These factors were calculated following
the procedure described by Oliver-Pozo et al. [51] using two ranges of concentration, 0.05–5.0 and
0.5–30 mg/kg.
The odor activity values (OAVs) [52,53] of the volatile compounds were calculated in all the
monthly collected samples, in order to study the sensory inﬂuence of each compound on the total
aroma of VOO and its evolution during the storage.
3.6. Sensory Assessment
The organoleptic assessment of the olive oil samples was carried out monthly by the accredited
panel of Instituto de la Grasa (UNE-EN-ISO/IEC 17025) (Seville, Spain) [54] using the standard method
COI/T.20/Doc. No 15/Rev.10 [55]. Eight-twelve trained assessors qualiﬁed the samples by odor
descriptors and established if the samples had any defects, to determine the progression of oﬀ-ﬂavors
during the storage under moderate conditions.
The results monthly generated from the sensory assessment were based on the calculation of the
medians of the fruity attribute and the defect for the four stored VOOs. This test provided a sequential
information about the sensory characteristics of the samples and allowed identifying changes in the
category of the oils and in their sensory proﬁle.
3.7. Determination of Phenol Content
The method for the determination of phenol composition was based on the method described
by Aparicio-Ruiz et al. [56]. The sample (2.5 g) was solved in 6 mL of hexane together with
p-hydroxyphenylacetic (0.12 mg/mL) and o-coumaric (0.01 mg/mL) as internal standards. The phenolic
fraction was extracted with methanol by solid phase extraction using diol-bonded phase cartridges.
The extracted phenolic fraction was concentrated and injected in the HPLC system (Agilent Technologies
1200, Waghaeusel–Wiesental, Germany), equipped with a diode array detector. The column was
a LiChrospher 100RP-18 column (4.0 mm i.d. × 250 mm; 5 μm, particle size) (Merck KGaA, Darmstadt,
Germany) maintained at 30 ◦ C. The gradient elution, at a ﬂow rate of 1.0 mL/min, was achieved by
using a mixture of water/ortho-phosphoric acid (99.5:0.5 v/v) (solvent A) and methanol/acetonitrile
(50:50 v/v) (solvent B). The change in solvent gradient was programed as follows: from 95% (A)-5% (B)
to 70% (A)-30% (B) in 25 min; 65% (A)-35% (B) in 10 min; 60% (A)-40% (B) in 5 min; 30% (A)-70%(B) in
10 min and 100% (B) in 5 min, followed by 5 min of maintenance. The chromatographic signals were
obtained at 235, 280 and 335 nm. The quantiﬁcation of the phenols, cinnamic acid and lignans was
carried out at 280 nm using p-hydroxyphenylacetic acid as internal standard. The quantiﬁcation of
ﬂavones was done at 335 nm by using o-coumaric acid as internal standard. The response factors and
recoveries were based on the procedure developed by Mateo et al. (2001) [57].
3.8. Statistical Analysis
The STATISTICA 8 package (Statsoft, Tulsa, OK, USA) was used to carry out the statistical analysis.
A one-way ANOVA analysis was performed comparing concentration values from the months 0–3 vs.
24–27 (fresh vs. aged oils). Signiﬁcance was accepted when p < 0.05.
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Principal component analysis (PCA) was carried out on the concentration values of volatile
compounds and the medians of defect and fruity attribute to explore the data from a multivariate
perspective and to support the relationship between compounds and the observed changes in the
sensory assessment.
4. Conclusions
This study shows the complexity of predicting the shelf-life of VOO overall when the sensory quality
is considered as a relevant criterion in addition to physico-chemical parameters. Thus, the sensory
defects that can appear during storage can be detected by consumers with a resulting refusal of the
product. On the other hand, this change of quality can be marked enough to result in a downgrading of
category (from “extra virgin olive oil” to “virgin olive oil” and even to “lampante olive oil”), with the
consequent non-conformity result when the oil category is checked by a panel test. This change
of quality is explained by the changes in the concentrations of volatile compounds during storage.
Thus, while the compounds contributing with positive sensory attributes (C6 and C5 compounds)
reduce their concentration, those compounds coming from oxidation (mainly aldehydes and acids)
increase their concentration. The panel tests revealed that the reduction of the compounds contributing
to positive notes can result in the detection of fermentative sensory defects (e.g., winey-vinegary) that
the oil already contained but they were masked by the intense green aroma. The oil stability studied
by Rancimat at the beginning of the storage produced results that disagreed with the actual sensory
changes detected in the storage experiment. The stability studied by mesh-cell FTIR revealed that the
band assigned to aldehydes permitted to establish a stability order of the oils that was closer to the
order of stability according to the sensory changes (determined by panel test). This result underscores
the importance of considering light and moderate temperatures when studying the oil stability in
order to avoid unexpected quality-category downgrading. The results also showed that the changes
on sensory characteristics and volatile proﬁle followed a diﬀerent trend depending on the studied oil
and there is not a uniform change rate that could be stablished for all the oils.
Supplementary Materials: The following are available online: Figure S1. PCA score plots of cases (monthly
collected samples) calculated using the volatile compounds which showed signiﬁcant changes (p<0.05) and
RSD%>50% during the storage time. The numbers indicate the month when the sample was collected and
analyzed in the storage experiment. Table S1. Concentration of volatile compounds (mg/kg) in VOO1 during
the storage experiment. Table S2. Concentration of volatile compounds (mg/kg) in VOO2 during the storage
experiment. Table S3. Concentration of volatile compounds (mg/kg) in VOO3 during the storage experiment.
Table S4. Concentration of volatile compounds (mg/kg) in VOO4 during the storage experiment. Table S5.
Concentration of the chemical series of the volatile compounds identiﬁed in the oils (mg/kg) in two diﬀerent
moments (before and after the storage experiment).
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Abstract: Knowledge of composition of beverages volatile fraction is essential for understanding their
sensory attributes. Analysis of volatile compounds predominantly resorts to gas chromatography
coupled with mass spectrometry (GC-MS). Often a previous concentration step is required to quantify
compounds found at low concentrations. This work presents a liquid-liquid microextraction method
combined with GC-MS (LLME/GC-MS) for the analysis of compounds in fermented beverages and
spirits. The method was validated for a set of compounds typically found in fermented beverages
comprising alcohols, esters, volatile phenols, and monoterpenic alcohols. The key requirements for
validity were observed, namely linearity, sensitivity in the studied range, accuracy, and precision
within the required parameters. Robustness of the method was also evaluated with satisfactory
results. Thus, the proposed LLME/GC-MS method may be a useful tool for the analysis of several
fermented beverages, which is easily implementable in a laboratory equipped with a GC-MS.
Keywords: fermented beverages;
microextraction; GC-MS

volatile compounds;

analytical method;

liquid-liquid

1. Introduction
The ﬂavor, which is one of the most important sensory attributes of fermented, alcoholic, and
distilled beverages (cider, wine, beer, vinegar, spirits, vodka, whiskey, among others), is determined by
a vast and diverse number of volatile compounds, arising either from raw material (e.g., grapes, barley,
hops), yeast/bacteria fermentations, which are secondary metabolites [1–3], or from ageing when applied
(e.g., in oak wood) [4]. These volatile compounds belong to diverse chemical families like alcohols,
esters, aldehydes and carbonyls, volatile fatty acids, volatile phenols, sulphur compounds, terpenes,
norisoprenoids, lactones, furans, and more [3,5–7], which are often found in very low concentrations.
Since volatile compounds of fermented/alcoholic beverages are highly correlated with the sensory
characteristics of the products, its identiﬁcation and quantiﬁcation acquires crucial signiﬁcance for
understanding beverages organoleptic properties and further develop product quality. In addition,
the presence/absence or the amount of each individual component may be a marker of the used
technology or the indication of a product defect. The analysis of individual volatile compounds must
comprise a chromatographic separation, which is followed by a generic or a selective identiﬁcation (e.g.,
ﬂame ionization detector, electron capture detector, ﬂame photometric detector, mass spectrometric
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detector) [8]. Recently, some authors have correlated FTIR spectra with some speciﬁc compounds or
groups of compounds [9,10].
Apart from the major volatile compounds present in amounts of mg/L (e.g., 3-methyl-1-butanol),
which may be analyzed by direct injection, those presented in lower amounts ranging from a few μg/L
(e.g., linalool) or even scarce ng/L (e.g., 4-methyl-4-mercapto-2-pentanone) must be concentrated before
the chromatographic separation. This step could be achieved by mixing a solvent with the sample,
as in liquid-liquid extraction (LLE) [11,12] and liquid-liquid microextraction (LLME) [13,14]. Several
adaptations/modiﬁcations of LLE/LLME methods can be envisioned, e.g., the evaporation of solvent
for increasing concentration, adsorption of volatiles in a solvent drop (single-drop microextraction –
SDME) [15], or even adsorption/desorption of the compounds using a polymeric phase (sorbent-phase
extraction – SPE) [16]. Solvent-free techniques include solid-phase micro-extraction (SPME) [17,18],
usually in the headspace of the sample (HS-SPME) [19,20], and stir-bar sorptive extraction (SBSE) [21,22].
Some of these methods, developed to analyze volatiles in alcoholic/fermented beverages, are generic
considering that they allow the identiﬁcation and quantiﬁcation of the majority of compounds, where
their range of application depends on the solvents and/or the sorbents’ polarity. Speciﬁc methodologies
based on polymeric materials, sometimes applying derivatization procedures, were developed to
quantify speciﬁc compounds or classes of compounds [23].
For a method to be applied in the laboratory, it must be validated to ensure its reliability and the
quality of the obtained results. Several points must be addressed for a method to be valid, namely its
linearity, speciﬁcity, quantiﬁcation range, limits of detection and quantiﬁcation, sensitivity, precision,
and accuracy. Optionally, robustness and reproducibility studies can be performed to reinforce the
methods applicability and eﬃciency [24–26].
This work aims to validate a liquid-liquid microextraction method (LLME) ﬁrst published by
Oliveira and collaborators [27], which only reported its use for the analysis of three C6-alcohols
(1-hexanol, E-3-hexenol and Z-3-hexenol), exclusively in wine. As the method provided satisfactory
performance and results, its feasibility for the analysis of a broader range of compounds and a wider
variety of matrices remained to be validated. The presented LLME method combined with GC-MS
poses as an additional alternative to analyze volatile compounds in alcoholic/fermented beverages.
This procedure can be applied in any laboratory equipped with a GC-MS by any technician, using
only ordinary glassware and low amounts of sample and solvents. High throughput applications are
envisioned as the procedure enables handling a substantial number of samples and screening a large
number of volatiles in a short period of time.
2. Results and Discussion
2.1. Linearity and Sensitivity
Linearity and sensitivity of the proposed LLME method were evaluated by outlining calibration
curves for each analyte, using a solution of pure standards. Compounds selected for calibration of
the method were chosen on the basis of their contribution for the volatile and aromatic fraction of
fermented products, which are considered to be representative of the analytes generally found in beer,
wine, spirits, and vinegar. Acids were left out of the validation study by considering the diﬃculties
of maintaining them in a standard solution due to their reaction with some other components in
the mixture.
Regressions were performed from the obtained data with the corresponding coeﬃcients presented
in Table 1. Good linear regressions were obtained for extraction and quantiﬁcation using the LLME
method, with values of R2 > 0.995 for all of the studied analytes. The R2 value is a useful indicator of
the regression quality. However, according to Kruve and collaborators [26] and Araújo [28], it cannot
be considered as a standalone measure to validate a method linearity, which must be further validated
by a statistical lack-of-ﬁt F-test. Lack–of-ﬁt tests were performed for the regression curves obtained for
each analyte, according to the recommendations of Araujo [28], since all regressions were demonstrated
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to be linear, with the F obtained being lower than the tabulated one for the corresponding degrees of
freedom. This linearity reﬂects not only the directly proportional response of the MS detector, but also
the direct proportionality in the extraction of analytes by LLME.
Table 1. Reference, purity (P), and concentration range (C) for each analyte, and Pearson correlation
coeﬃcient (R2 ), limit of quantiﬁcation (LOQ), and response factor of the method (Rf ), with respective
conﬁdence limits (p = 0.05), obtained from the calibration curves.
Compound

Reference

P/%

Range
C/(μg/L)

R2

LOQ/(μg/L)

Rf

4-methyl-2-pentanone
Ethyl butyrate
Ethyl 2-methylbutyrate
Ethyl 3-methylbutyrate
3-methyl-1-butyl acetate
Ethyl hexanoate
Hexyl acetate
3-methyl-1-pentanol
Ethyl lactate
1-hexanol
E-3-hexen-1-ol
Z-3-hexen-1-ol
Linalool
Diethyl succinate
α-terpineol
Citronellol
Nerol
2-phenylethyl acetate
Geraniol
Guaiacol
4-ethylphenol

Fluka 02474
Aldrich E15701
Aldrich 306886
Aldrich 112283
Aldrich 306967
Aldrich 148962
Aldrich 108154
Aldrich 111112
Aldrich E34102
Fluka 73117
Aldrich 224715
Fluka 53056
Aldrich L2602
Aldrich 112402
Merck 8.21078
Aldrich C83201
Aldrich 268909
Fluka 46030
Aldrich 163333
Aldrich G10903
Aldrich E44205

≥ 99.7
99
99
98
≥ 99
≥ 99
99
99
98
> 99.9
97
≥ 98
97
99
≥ 98
95
97
> 99
98
98
99

24.8 to 248
5.76 to 576
2.48 to 248
3.12 to 312
21.32 to 2132
9.64 to 964
2.76 to 276
25.6 to 256
113.2 to 1132
14.72 to 1472
6.32 to 632
7.20 to 720
4.76 to 476
6.12 to 612
2.60 to 260
2.72 to 272
3.04 to 304
10.32 to 1032
3.08 to 308
2.92 to 292
4.88 to 488

0.9991
0.9995
0.9997
0.9993
0.9990
0.9978
0.9983
0.9968
0.9978
0.9976
0.9971
0.9968
0.9998
0.9977
0.9979
0.9999
0.9988
0.9995
0.9994
0.9984
0.9983

6.9
4.7
1.8
2.2
3.9
2.2
2.9
14.2
107.4
6.7
5.1
5.9
3.2
2.4
2.6
2.2
3.1
2.6
2.4
5.1
4.2

1.32 ± 0.05
1.58 ± 0.04
0.87 ± 0.02
0.91 ± 0.03
2.00 ± 0.07
1.32 ± 0.07
1.57 ± 0.08
4.63 ± 0.30
44.90 ± 2.45
3.63 ± 0.20
5.11 ± 0.32
5.23 ± 0.34
1.71 ± 0.03
1.25 ± 0.07
1.37 ± 0.07
1.43 ± 0.02
1.83 ± 0.07
1.39 ± 0.03
1.26 ± 0.04
2.65 ± 0.12
2.03 ± 0.10

Extraction selectivity was maintained throughout the tested concentrations, which enabled proper
quantiﬁcation of the analytes in the mixture. All regressions presented intercept values not signiﬁcantly
diﬀerent from zero (p > 0.05) and, therefore, equations are only based on the slope, similarly to the
previously reported works for other LLE methods [12]. Moreover, the baseline value is subtracted for
the integration of peaks in the chromatogram using background correction in the software, which also
justiﬁes the absence of the intercept value.
Sensitivity is deﬁned as the change in the method response, which corresponds to a change in the
measured quantity and is intrinsically related to the slope of the calibration curve [29]. In this case, Rf
is the inverse of the slope. This factor is, therefore, a measure of the method’s sensitivity in terms of
the relative response of each compound in relation to the response of the internal standard. A higher
response factor means a higher variation of the compound’s concentration for a given variation of the
signal, which, therefore, accounts for a lower sensitivity. Overall, response factors obtained for esters
ranged between 1 and 2, with the exception of ethyl lactate for which the response factor was highly
superior while attaining the value of 44.9 and accounting for a lower sensitivity of the method toward
this compound. Similar to esters, monoterpenic alcohols as well as 4-methyl-2-pentanone presented
response factors between 1.2 and 1.8, which was followed by volatile phenols that presented slightly
higher Rf values of about 2. With higher response factors, and, therefore, lower sensitivity alcohols,
presented Rf values between 3.6 and 5.1. This variation in the response factor is a combination of
diﬀerent extraction selectivity by the LLME method and diﬀerences in ionization and detection in the
MS. Response factors seem to be similar within groups of compounds, which, despite not excluding the
need for determining a speciﬁc analyte response for a proper quantiﬁcation, can aid in the prediction
of the response for compounds within the same group. With response factors between 1 and 5 for the
majority of compounds, it is believed that the method has good sensitivity. Therefore, the method
complies with the ﬁrst base requirements for validation, being that the LLME method in the study
presents proper sensitivity and linearity.
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2.2. Limits of Detection and Quantiﬁcation
Limits of detection (LOD) and quantiﬁcation (LOQ) deal with the minimum amount of compound
possible to detect and quantify, respectively. As stated by Brettell and Lester [30], two strategies can
be used for determining LOD: a statistical approach, which is more likely to generate artiﬁcially low
LOD values, and an experimental approach, which is attained by decreasing the analyte concentration
until the identiﬁcation criterion is no longer met. This generates higher and closer values to reality
LOD values [30]. Since the mass spectrum of a given compound/peak can be compared with spectra of
private or commercial spectrum libraries, the occurrence of a match at a given retention time ensures
reliability of compound detection and identiﬁcation. Additionally, considering the GC-MS method
used, the LOD value will be related with the LOQ value as, if a given compound identiﬁcation is
reliable, its quantiﬁcation from the chromatogram is possible. Hence, the statistical calculation of the
LOD value has no practical application, and the experimental approach was performed for determining
the LOQ value, which is of greater use. Several recommendations can be found for determining the
LOQ value but considering the focus of the method. A conservative approach was chosen for its
establishment by following the recommendations of Kruve and collaborators [25]. Therefore, the
minimum amount of analyte detected and quantiﬁed was taken into account for determining LOQ,
with the obtained values presented in Table 1. As demonstrated, LOQ values ranged from 2 μg/L
to 7 μg/L for most compounds, with the exception of 3-methyl-1-pentanol (14.2 μg/L) for which the
minimum tested concentration was higher, and ethyl lactate (107.4 μg/L) due to the lower sensitivity
obtained. The obtained values are, in their majority, about 2 to 10 folds lower when compared with
the values reported by Ferreira and collaborators [13], which worked with similar compounds and
concentrations. As a cross validation for acceptance of this value, the measurements are within the
20% of the relative standard deviation (RSD), as stipulated by Brettel and Lester [30].
2.3. Precision
As reported by Kruve and collaborators [26], precision can be quantiﬁed as the relative standard
deviation/coeﬃcient of variation of replicate analysis. In this work, we evaluated two types of precision,
the repeatability (a single operator in the same run conditions), and the intermediate precision (diﬀerent
operators, diﬀerent run conditions but the same laboratory). The RSD values were calculated for the
two scenarios which were presented in Table 2. For evaluating the intermediate precision, analyses
using the proposed LLME method were performed by two operators with one experienced in its
execution and one with reduced experience in the laboratory and with the method. Five replicates
were measured by each operator using an independent equipment and apparatus, where the GC-MS is
the only equipment in common for the analysis of extracts.
As visible in Table 2, RSD observed for evaluation of repeatability was considerably low, ranging
from 3.3% to 9.0%. When analysing the RSD values obtained for intermediate precision (involving
two diﬀerent operators), a higher variation can be observed ranging from about 6.0% to 19.7%. This
higher dispersion of the measurements can be justiﬁed by the diﬀerences in the experience of the
operators, where deviations in the addition of an internal standard or diﬀerences in the interpretation
and integration of chromatograms can lead to a higher dispersion of results. Establishment of critical
RSD values for a method to be precise depends strongly on the application intended. Several limits
have been proposed, which are the most common considered RSD < 15% of the nominal value [26,31] or
as high as 20% for environmental or food samples [32]. As seen in the results, values of RSD regarding
repeatability were all below the minimum level accepted. In addition, despite the higher RSD values
obtained for intermediate precision, the majority of compounds were still below the acceptable limit
of 15% with the exception of 3-methyl-1-pentanol, ethyl lactate, E-3-hexen-1-ol, and Z-3-hexen-1-ol,
which still fall below the limit of 20% proposed by Huber [32]. Thus, the method is considered precise
and can be performed with satisfactory outputs.
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Table 2. Values obtained for evaluation of precision, measured as relative standard deviation (RSD),
accuracy, expressed as relative error (RE), and robustness, quantiﬁed by compound recovery (Rec).
Repeatability

Intermediate
Precision

Accuracy

RSD/%

RSD/%

RE/%

Rec/%
(t = 30 min)

Rec/%
(Synthetic
Wine)

Rec/%
(Synthetic
Vinegar)

6.5
5.3
9.0
5.3
4.5
3.3
3.8
6.3
8.4
5.0
7.0
6.8
4.0
3.3
4.9
4.4
5.9
3.4
2.6
6.3
4.5

9.3
7.4
9.3
6.7
5.7
6.0
11.2
18.0
18.9
12.5
18.0
19.7
10.8
10.3
10.2
12.5
13.8
7.9
9.6
14.0
9.9

11.2
10.8
13.2
20.5
1.6
2.9
15.5
2.3
2.8
15.8
14.2
15.9
9.5
13.3
10.8
6.6
13.7
0.7
16.7
1.6
5.0

103.2
99.9
96.6
98.0
104.7
100.6
98.0
96.1
88.5
91.3
86.0
85.8
103.8
113.0
109.7
87.8
108.6
108.6
107.2
97.3
72.9

100.6
91.0
86.0
88.8
93.9
101.9
92.3
148.6
161.6
115.3
116.3
116.4
98.6
117.7
112.7
90.6
100.0
109.6
97.3
120.5
112.5

103.1
95.2
83.0
91.8
96.2
100.3
97.8
113.6
106.7
95.9
96.2
90.5
93.4
113.4
105.6
86.1
93.2
109.9
93.9
105.5
97.1

Robustness

Compound

4-methyl-2-pentanone
Ethyl butyrate
Ethyl 2-methylbutyrate
Ethyl 3-methylbutyrate
3-methyl-1-butyl acetate
Ethyl hexanoate
Hexyl acetate
3-methyl-1-pentanol
Ethyl lactate
1-hexanol
E-3-hexen-1-ol
Z-3-hexen-1-ol
Linalool
Diethyl succinate
α-terpineol
Citronellol
Nerol
2-phenylethyl acetate
Geraniol
Guaiacol
4-ethylphenol

2.4. Accuracy
Accuracy was determined by the addition of a known amount of the analytes in the study to a real
sample (spiking) and quantiﬁcation of the analytes in the spiked sample. For this purpose, a commercial
beer was analyzed using the proposed LLME method both in its original state and after spiking, as
recommended by the guidelines for method validation [26]. To better assess accuracy, the theoretical
expected concentration (Cexpect = Cbeer + Cspik ) was compared with the concentration measured
using the LLME method (Cdetermin ). According to multiple t-tests for comparisons (p ≤ 0.05), no
diﬀerences were found between the expected and the measured concentrations. As a more appropriate
measure of accuracy, the deviation of the measured concentrations regarding the expected values
was calculated, and expressed as a relative error (RE) [31]. In agreement with the results reported by
González and collaborators [31], this value cannot exceed 15% for the method to be accurate (except
for determinations at the LOQ where 20% is accepted). As shown in Table 2, RE values were within the
15% limit established for the studied compounds. Thus, the method is considered to be accurate when
complying with another key requirement for validity.
2.5. Robustness
As stated, robustness can be deﬁned as the ability of the method to endure slight variations and
maintain its result [25]. To assess the robustness of the method, two criteria were evaluated including
variation of contact time and the matrix eﬀect, which were identiﬁed as the main variables aﬀecting
the LLME method. The eﬀect of an increased stirring and extraction time was tested to evaluate
the possible occurrence of diﬀerences in compound extraction. Again, as performed for accuracy,
possible diﬀerences in compound recovery and quantiﬁcation were statistically determined by the
t-test, comparing the measured concentration with the expected concentration of the compounds, and
evaluating the recovery of target analytes by taking into account the known dilution and concentration
of the solution of standards.
Regarding the increase of stirring time, no statistically signiﬁcant diﬀerences were observed for
the measurements performed with 30 min of stirring (p > 0.05). Extraction of the compounds using
15 min stipulated in the method is shown to be suﬃcient for the total recuperation of analytes, which is
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maintained independently of the longer contact time. For a better assessment of robustness, recovery
was calculated for each compound in accordance with Kruve and collaborators [26], with the values
presented in Table 2. Similarly, when observed for accuracy, critical recovery values can be established
for the acceptance of recovery in determining robustness. In this sense, values of recovery between
70% and 110% for measurements ranging from 10 μg/L to 100 μg/L, or 80% to 110% for measurements
above 100 μg/L, are considered acceptable [33]. Therefore, the recovery values obtained with increased
stirring time were within the acceptable range.
Regarding the matrix eﬀect, the main focus was to evaluate if the recovery and quantiﬁcation of
the analyses would be aﬀected by other components in the mixture. For control purposes, two synthetic
matrixes were tested including a solution mimicking wine composition and another mimicking vinegar
composition. For the majority of compounds, recovery values were also within the acceptable ranges
previously referred, with the exception of those obtained for 3-methyl-1-pentanol and ethyl lactate
in the synthetic wine matrix. The higher recovery observed for these compounds can be caused by
a higher eﬃciency and selectivity in their extraction and, therefore, an accuracy test or validation
in wine would be advised for the speciﬁc quantiﬁcation of these compounds. Nevertheless, only
two compounds in one matrix showed recovery values outside the acceptable range. The remaining
compounds were properly quantiﬁed in the synthetic wine as well as all compounds in the synthetic
vinegar matrix. Considering the overall results obtained under multiple conditions, global robustness
of the method can be considered satisfactory.
3. Materials and Methods
3.1. LLME-GC/MS Method
3.1.1. Liquid-Liquid Microextraction of Volatile Compounds
In a 10 mL culture tube (Pyrex, ref. 1636/26MP), 8 mL of sample, clariﬁed by centrifugation if
necessary, 2.46 μg of internal standard (4-nonanol, Merck ref. 818773), and a magnetic stir bar were
added. Extraction was done by stirring samples with 400 μL of dichloromethane (Merck, ref. 106054),
at room temperature for 15 min, using a magnetic stirrer. Tubes were placed vertically and agitation
was regulated in order to maintain dispersion of solvent micro-drops without reaching the sample
surface. After cooling at 0 ◦ C for 10 min, the magnetic stir bar was removed and the organic phase
was detached by centrifugation (5118 g, 5 min, 4 ◦ C). Using a glass Pasteur pipette, the extract was
recovered into a vial, dried with anhydrous sodium sulphate (Merck, ref. 1.06649), and transferred to a
new vial for storage at –20 ◦ C before analysis.
3.1.2. Chromatographic Analysis
Gas chromatographic analysis of volatile compounds was performed using a GC-MS Varian Saturn
2000 (Varian, Walnut Creek, CA, USA) equipped with a 1079 injector, an ion-trap mass spectrometer,
and a Sapiens-Wax MS capillary column (30 m × 0.15 mm, 0.15 μm ﬁlm thickness, Teknokroma,
Barcelona, Spain). The temperature of the injector and the MS transfer line were both set to 250 ◦ C.
The oven temperature was held at 60 ◦ C, for 2 min, then programmed to rise from 60 ◦ C to 234 ◦ C, at
3 ◦ C/min, and from 234 ◦ C to 260 ◦ C at 5 ◦ C/min. Lastly, it was held for 10 min at 260 ◦ C. The carrier gas
was helium GHE4× (Praxair, Maia, Portugal), at a constant ﬂow rate of 1.3 mL/min. A 1 μL injection
was made in the split-less mode, for 30 s (split vent of 30 mL/min). The detector was set to an electronic
impact mode (70 eV) with an acquisition range (m/z) from 35 to 300 at an acquisition rate of 610 ms.
3.1.3. Identiﬁcation of Volatile Compounds
Identiﬁcation of volatile compounds was preformed using the software Star – Chromatography
Workstation version 6.9.3 (Varian), by comparing mass spectra and retention indices with those of pure
standard compounds.
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3.2. Method Validation
3.2.1. Base Standard Solution
To perform the method validation, a hydroalcoholic solution (7%, by volume; ethanol Fisher,
99.8%), using Milli-Q water, was initially prepared, which was the solvent used for compound dilution.
First, a concentrated solution of the volatile compounds was prepared by adding each compound, by
weighing using an analytical scale (Kern ABJ), to the hydroalcoholic solution, at a concentration of
1000× the highest concentration presented in Table 1. The base standard solution was then prepared
by diluting the concentrated solution by a factor of 1000 with the hydroalcoholic solution to attain the
highest concentrations speciﬁed in Table 1 (maximum value of the cited range). Compounds were
chosen as being representative of the chemical groups with the higher impact in the volatile fraction
and sensory properties of fermented beverages, such as wine, beer, and vinegar. These were purchased
as pure standards with the purity and suppliers indicated in Table 1.
3.2.2. Linearity
Calibration curves were constructed by using six points, corresponding to diﬀerent concentrations
obtained by the dilution of the base standard solution in the hydroalcoholic solution. Each solution
was analyzed in triplicate by the proposed method. The average area ratios (i.e., peak area of the
compound x, Ax , to the peak area of the internal standard, AIS ) were plotted against the concentration
ratios (i.e., concentration of the compound x, Cx , to the concentration of the internal standard, CIS ) to
obtain the calibration curves in accordance with Equation (1).
Cx
Ax
= b×
AIS
CIS

(1)

From each curve, slope (b) and regression coeﬃcient (R2 ) were calculated, and linearity was
evaluated by a lack-of-ﬁt
 F-test.
 Response factors (Rf ) were also calculated for each compound as
the inverse of the slope Rf = 1b . The limit of quantiﬁcation (LOQ) was determined as the minimum
concentration of the compound that could be trustily quantiﬁed.
3.2.3. Precision
Two diﬀerent measures of precision were evaluated for validation of the LLME method such as
repeatability and intermediate precision. Repeatability was evaluated by the analysis of ﬁve replicate
samples in the same conditions of the proposed method. As a measure of repeatability, the relative
standard deviation (RSD) was calculated according to Equation (2).
s
RSD
= × 100
%
x

(2)

where s stands for standard deviation and x represents the average of the measured values. To evaluate
intermediate precision, independent measurements of dissimilar samples were performed at diﬀerent
times by independent operators, where the RSD was also calculated as stated in Equation (2).
3.2.4. Accuracy
In the absence of reference materials, accuracy was investigated by spiking and recovery. A
commercial beer was used for analysis by the proposed method in its original state and after the
addition (spiking) of a known mass of the analyte to the sample. The relative error (RE) of the
determined concentration was calculated based on Equation (3), i.e., calculating the concentration of
each compound in the spiked beer (Cdeterm ) against its expected concentration (Cexpect ).
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Cdeterm − Cexpect
RE
=
× 100
%
Cexpect

(3)

3.2.5. Robustness
Other parameters were studied to evaluate the susceptibility of the method to changes that might
occur during routine analysis (use a diﬀerent matrix or an extended extraction time). The matrix
eﬀect was evaluated using two diﬀerent matrices mimicking a wine and a vinegar, respectively, by
adding the same volatile compounds under evaluation at an intermediate concentration. Apart from
volatile compounds, the synthetic wine comprises ethanol (12% by volume, Fisher, 99.8%), tartaric acid
(5 g/L, Sigma, 99.5%), glycerol (7.5 g/L, Himedia, 99.5%), and malic acid (2 g/L, Acros Organics, 99%).
Synthetic vinegar was prepared using 10 g/L of citric acid (Panreac, 99.5%) and 50 g/L of acetic acid
(Sigma). Three replicates were carried out for each matrix. The eﬀect of the change of the duration
of the extraction time was also evaluated. Accordingly, three replicates of the extraction procedure
were done by stirring the sample for 30 min instead of 15 min of the proposed method. Recovery
(Rec) of target compounds, expressed as a percentage, was evaluated by calculating the measured
concentration (Cmeasur ) vs. the expected concentration (Cexpect ), as stated in Equation (4).
Rec
Cmeasur
=
× 100
%
Cexpect

(4)

4. Conclusions
The LLME method presented in this work is a reliable alternative for the analysis of compounds
participating in the volatile fraction of fermented beverages. The method is linear for the studied ranges
and has good sensitivity, which varies depending on the chemical group of compounds. The method
is precise and has shown good repeatability and intermediate precision. Variations were performed
for the analytical matrix and for protocol execution. The LLME method was also demonstrated to be
robust. Lastly, the method is accurate and adequate for application in real samples. Having complied
with all the parameters needed, the LLME method presented in this work is, therefore, valid for
application in the analysis of fermented beverages and, certainly, to distilled beverages/spirits, after a
convenient dilution with water to reach an alcoholic strength, by volume, of about 15%.
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Abstract: Mascarpone, a soft-spread cheese, is an unripened dairy product manufactured by the
thermal-acidic coagulation of milk cream. Due to the mild ﬂavor and creamy consistency, it is a
base ingredient in industrial, culinary, and homemade preparations (e.g., it is a key constituent of
a widely appreciated Italian dessert ‘Tiramisù’). Probably due to this relevance as an ingredient
rather than as directly consumed foodstuﬀ, mascarpone has not been often the subject of detailed
studies. To the best of our knowledge, no investigation has been carried out on the volatile
compounds contributing to the mascarpone cheese aroma proﬁle. In this study, we analyzed the
Volatile Organic Compounds (VOCs) in the headspace of diﬀerent commercial mascarpone cheeses
by two diﬀerent techniques: Headspace-Solid Phase Microextraction-Gas Chromatography-Mass
Spectrometry (HS-SPME GC-MS) and Proton-Transfer Reaction-Mass Spectrometry coupled to a Time
of Flight mass analyzer (PTR-ToF-MS). We coupled these two approaches due to the complementarity
of the analytical potential—eﬃcient separation and identiﬁcation of the analytes on the one side
(HS-SPME GC-MS), and eﬀective, fast quantitative analysis without any sample preparation on
the other (PTR-ToF-MS). A total of 27 VOCs belonging to diﬀerent chemical classes (9 ketones,
5 alcohols, 4 organic acids, 3 hydrocarbons, 2 furans, 1 ester, 1 lactone, 1 aldehyde, and 1 oxime)
have been identiﬁed by HS-SPME GC-MS, while PTR-ToF-MS allowed a rapid snapshot of volatile
diversity conﬁrming the aptitude to rapid noninvasive quality control and the potential in commercial
sample diﬀerentiation. Ketones (2-heptanone and 2-pentanone, in particular) are the most abundant
compounds in mascarpone headspace, followed by 2-propanone, 2-nonanone, 2-butanone, 1-pentanol,
2-ethyl-1-hexanol, furfural and 2-furanmethanol. The study also provides preliminary information
on the diﬀerentiation of the aroma of diﬀerent brands and product types.
Keywords: mascarpone cheese; dairy product; VOCs; PTR-ToF-MS; HS-SPME GC-MS; aroma;
ketones; alcohols; Tiramisù; milk cream

1. Introduction
Mascarpone cheese is a soft-spread dairy unripened product manufactured by the thermal-acidic
coagulation of milk cream [1]. Mascarpone represents an interesting cheese processing method, in
Molecules 2020, 25, 1242; doi:10.3390/molecules25051242
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which direct acidiﬁcation is applied. The raw materials for its production are milk cream (containing
80% dry weight lipids, 2.8% to 6% protein) and acidifying substances (single or mixed), such as acetic,
citric, tartaric, or lactic acids, vinegar or lemon juice, with a ﬁnal pH ranging from 5.7 to 6.6 [2]. The
cream is heated up to 85–95 ◦ C and, while stirring, acid is added in order to force matrix coagulation [3,4].
During the intensive heating, the whey protein denatures and aggregates or sticks to the casein micelles
and the fat globule membrane [3]. As a result of this reaction, whey proteins partly remain in the cheese
matrix during the draining step (about 20 h), obtaining the typical texture and ﬂavor of mascarpone
cheese [3]. This typical Italian cheese was once produced domestically by the farmers of some northern
regions and consumed immediately after production. Due to its traditional importance, mascarpone is
included in the list of traditional agro-food products (Prodotto Agroalimentare Tradizionale) [5], a list of
Italian traditional regional food products. More recently, it has been industrially produced to satisfy
the increasing demand driven by two main sensory characteristics—the mild ﬂavor and the creamy
consistency. In fact, due to these attributes, mascarpone cheese is a base ingredient in industrial,
culinary, and homemade preparations. The best example is its use in the preparation of one of the
most widely appreciated Italian desserts—the Tiramisù. In spite of its popularity and its increasing
economic relevance, the scientiﬁc literature does not report a characterization of Volatile Organic
Compounds (VOCs) released by this peculiar dairy matrix. In order to characterize for the ﬁrst time
the VOCs associated with the headspace of mascarpone cheese, among various analytical techniques,
we exploit the complementarity of Gas Chromatography-Mass Spectrometry (GC-MS) and Proton
Transfer Reaction-Mass Spectrometry coupled to a Time of Flight mass analyzer (PTR-ToF-MS) [6].
Gas Chromatography-Mass Spectrometry (GC-MS) is the reference method in the analysis of VOCs in
the ﬁeld of environmental, food, ﬂavour and fragrance, medical and forensic sciences [7]. Solid-Phase
Microextraction (SPME) combined with static headspaces (HS-SPME), in particular, oﬀers relatively
high-throughput performance and does not require extended sample preparation [8]. Moreover, it is
reproducible, simple, and eﬀective, and eliminates interference compounds from the sample matrix
with improvement in the selectivity of the analysis. PTR-ToF-MS uses proton transfer to induce
chemical ionization of the sample headspace directly introduced into a drift tube, where volatile
organic compounds can react with H3 O+ ions formed in a hollow cathode ion source. The protonated
particles are analyzed according to their mass/charge ratio (m/z) using a quadrupole or Time-of-Flight
(ToF) mass analyzer and eventually detected as ion counts/second (cps) by a secondary electron
multiplier or multichannel plates [9]. The outcome is a rapid (< 1 s) mass resolved ﬁngerprint of the
total volatile proﬁle of the sample, measuring most VOCs at ultralow concentrations (a few pptv) and
high mass resolution [10]. These analytical approaches are complementary. In fact, PTR-MS provides
analytical information that is mostly limited to concentration and m/z ratios, i.e., sum formula, while
isobar separation and compound identiﬁcation needs usually the support of GC analysis [6]. PTR-MS,
however, guarantees rapid and direct analysis and high sensitivity [11].
Using this integrated approach, the present study represents a ﬁrst step towards the comprehension
of the molecular basis of sensory perceptions associated with the consumption of mascarpone cheese
and, more relevantly, of products that use mascarpone as raw material. Furthermore, within the panel
of tested samples, we preliminary explored variables such as diﬀerent manufacturers and delactosed
mascarpone productions.
2. Results and Discussion
2.1. HS-SPME GC-MS Results
Solid-phase microextraction (SPME) is a very popular analytical extraction technique used before
GC-MS headspace (HS) analysis thanks to its ease-to-use, the possibility of automation, and good
sensitivity. SPME utilizes a short, thin, solid rod of fused silica coated with an absorbent/adsorbent
polymer. The coated fused silica (the SPME ﬁber) is attached to a metal rod, and both are protected by
a metal sheath that covers the ﬁber when not in use. SPME is particularly well suited to the analysis
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of dairy products being capable of extracting a broader range of analytes than most other sample
preparation methods [12]. Moreover, thanks to the relatively low temperatures and short times at
which headspace SPME extraction is performed, the risks to induce thermal artifacts are extremely low
if compared with other techniques such as simultaneous distillation-extraction (SDE) [13].
Methods developed for the analysis of organic compounds from aqueous samples
by SPME coupled to GC have been used to analyze VOCs in fresh and ripened dairy
productions [8,14]. A wide range of ﬁbers with varying aﬃnities for speciﬁc classes of volatile
organic compounds is available. After a preliminary screening of seven diﬀerent types of
SPME ﬁbers (100 μm PDMS (polydimethylsiloxane), 60 μm PEG (Carbowax-Polyethylene Glycol),
85 μm PA (Polyacrylate), 75 μm CAR/PDMS (Carboxen/Polydimethylsiloxane), 85 μm CAR/PDMS,
50/30 μm DVB/CAR/PDMS (Divinylbenzene/Carboxen/Polydimethylsiloxane), and 65 μm PDMS/DVB
(Polydimethylsiloxane/Divinylbenzene)) 75 μm CAR/PDMS was chosen, because it provides the
higher number of extracted volatiles. This ﬁber has been suggested to work particularly well for
the analysis of volatiles in dairy products [12]. Extraction conditions have also been preliminarily
explored by checking the eﬀect of diﬀerent times (10 min up to 4 h) and temperature (40 and 60 ◦ C). A
good compromise between the multiplicity of extracted volatiles and peak intensity was found by
headspace exposing the ﬁber for 60 min at 60 ◦ C and this experimental condition was selected for the
present characterization.
A total of 27 compounds belonging to diﬀerent chemical classes (nine ketones, ﬁve alcohols,
four acids, three hydrocarbons, two furans, one ester, one lactone, one aldehyde, and one oxime)
have been identiﬁed. Ketones, which might induce fruity and ﬂoral sensory notes, are common
constituents of most dairy products [15–17] and by far the most important class of compounds
contributing to the mascarpone cheese aroma. In particular, 5 diﬀerent ketones (2-heptanone >
2-pentanone > 2-propanone > 2-nonanone ≈ 2-butanone) represent almost 75–80% of the sample
headspace. The compounds 2-heptanone and 2-pentanone characterized by odor descriptors including
sweet, fruity, orange peel, and herbaceous [15] are the dominating volatile organic compounds in
all samples. Several alcohols have been detected, but diﬀerently from ketones, are not present in
all samples—1-pentanol and 2-ethyl-1-hexanol, both common primary alcohols detected in dairy
products [15], are ubiquitous, and ethanol and 1,2 propandiol have been detected only in one sample
(Manufacturer B), suggesting a possible technological origin. Other minor compounds, including
short- and moderate-chain even-numbered fatty acids (C4 –C12 ), ethyl acetate, δ-hexalactone, toluene,
benzaldehyde and methoxyphenyl oxime have been already found in cheese products [16,18,19]. The
two hydrocarbons 2,4-dimethylheptene and 2,2,4,6,6-pentamethylheptane have been detected only in
one sample (Manufacturer A) and the latter has been detected in the volatile fraction of butter [20].
Furfural and 2-furanmethanol, identiﬁed in all mascarpone cheese samples, have been found to
contribute to the nutty and roasted aroma of Parmigiano-Reggiano cheese [21].
In order to provide a general overview of volatile composition of three diﬀerent samples (M1-M3)
of Mascarpone cheese analyzed by HS-SPME GC-MS, we performed multivariate data analysis using
Principal Component Analysis (PCA), reporting the graphical result in Figure 1.
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Figure 1. Principal Component Analysis (PCA) biplot of the 3 diﬀerent commercial samples of
mascarpone (M1, M2, and M3). For each sample, the mean (n = 4) is represented by the sample name.
Score plot was given by the Volatile Organic Compound (VOC) content for each sample and loading
plot of the single volatile organic compounds. The codes correspond to the samples indicated in Table 1.

In the ﬁgure, it is possible to observe the samples (scores) and variables (loadings) plots related
to the ﬁrst two principal components, which (cumulated) explain the 77% of the total variance (PC1,
50.0%; PC2, 27.0%) associated with the data set. A clear separation of mascarpone cheese M1 from the
other samples is observable along the PC1. PC2 explains the parting between M2 and M3 mascarpone
samples. The replicates belong to the same commercial mascarpone batch that is well-clustered
together, while is possible to highlight a clear separation of the three samples on the biplot. Observing
the loadings (i.e., the involvement of the single volatiles), it is possible to have an idea of the diﬀerent
inﬂuence of the diverse volatiles in justifying variance observed trends.
Table 1. List of commercial ‘Mascarpone’ samples analyzed in the present study. All samples (M1–M12)
were investigated by PTR-ToF-MS analysis. Underlined samples (M1–M3) were evaluated also by
HS-SPME GC-MS.
Sample

Claimed Characteristics

Manufacturer

M1
M2
M3
M4
M5
M6
M7
M8
M9
M10
M11
M12

Mascarpone
Mascarpone
Mascarpone
Mascarpone
Mascarpone
Mascarpone
Mascarpone
Mascarpone
Mascarpone without lactose
Mascarpone without lactose
Mascarpone without lactose
Mascarpone without lactose

A
B
C
B
C
C
M
M
M
M
C
C

2.2. PTR-ToF-MS Results and Comparison with HS-SPME GC-MS Findings
As other Direct-Injection Mass Spectrometric (DIMS) technologies, PTR-MS ﬁnds application in
many sectors, from environmental sciences to food chemistry, and from biological studies to medical
applications. With this regard, we recently described a tailored system, that found application in this
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study, achieved connecting PTR-ToF-MS with an automated sampler, and associated custom-made
data analysis applications that improve the versatility of the analytical approach in the determination
of VOCs in association with i) huge numbers of samples, ii) bioprocesses monitoring, and iii) high
numbers of variables to be considered [11].
PTR-MS has been already exploited to study VOCs associated to dairy products such as mozzarella
cheese [22], Grana Padano, Parmigiano Reggiano, and Grana Trentino cheeses [23], liquid whey [24],
butter and butter oils (by means of quadrupole-based PTR-MS analyses, sensory analyses and classical
chemical analyses) [25], milk and whey powders [26], anhydrous milk fat [26], and fermented
milk-based beverages (yogurt and keﬁr) [27,28].
All samples included in this study have been analyzed by PTR-ToF-MS. A total of 411 mass
peaks were detected and extracted. Upon comparison with the blanks, 92 peaks were kept that
are signiﬁcantly diﬀerent between various manufacturers (p < 0.01 with Bonferroni correction) and
tentatively identiﬁed on the basis of exact mass, isotopic ration, and literature [29]. PTR-MS allowed
the detection and characterization of a larger number of VOCs/VOC fragments, which was larger than
the number of volatiles identiﬁed by GC. For the PTR analysis, all vials were incubated alternatively
at 40 ◦ C or at 60 ◦ C (data not shown) for 30 min before PTR-MS analysis. The last one was the
temperature at which good results were obtained by HS-SPME GC-MS. However, with PTR, even at
40 ◦ C, the analysis was successfully performed and results were reliable. For this reason, we report
the data performed at 40 ◦ C, a temperature closer to the real mascarpone cheese testing conditions.
One-way ANOVA followed by Tukey HSD test was carried out to compare and underline signiﬁcant
diﬀerences among the assessed mascarpone samples. For each peak, we obtained the concentration of
the corresponding VOC ion in the headspace of all explored samples. Boxplots reported in Figure 2
illustrate the observed trends for 6 ions among the tested samples, as illustrative cases. In detail,
the ﬁgure proposes the behaviors corresponding to the peaks at m/z 73.065 (tentatively identiﬁed as
2-butanone), m/z 75.044 (tentatively identiﬁed as propionic acid), m/z 83.086 (tentatively identiﬁed as
hexanol fragment), m/z 87.080 (tentatively identiﬁed as 2-pentanone/isoprenol), m/z 98.105, and m/z
101.096 (tentatively identiﬁed as 2-hexanone). The intensity corresponding to the mass peak m/z 73.065
reaches the highest values in the delactosed samples produced by Manufacturer C, while the standard
productions belonging to the same manufacturer registered the lowest values (as all mascarpone
batches of Producer M) (Figure 2a). Samples from Manufacturers A and B present intermediate
intensities for this peak (Figure 2a). In accordance with these results, 2-butanone was found to be
variable in diﬀerent types of whey [30]. In only the M2 batch did we detected a relevant intensity for
the mass peak m/z 75.044 (Figure 2b), tentatively identiﬁed as propionic acid, a compound that can be
responsible for a dairy taste/odor with a pronounced fruity lift [31].
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Figure 2. The boxplots indicated by letters (a–f) represent selected volatiles found in association
with the diﬀerent commercial mascarpone samples such as m/z 73.0649—C4 H9 O+ —t.i. 2-Butanone,
75.0437—C3 H7 O2 + —t.i. Methyl acetate, 83.0860—C6 H11 + —t.i. fragment of Hexanal/Hexenol,
87.0809—C5 H11 O+ —t.i. 2-Pentanone/3-Buten-1-ol, 3-methyl-, 98.1048—isotope of C7 H13 + —t.i.
Heptanal, 101.0968—C6 H13 O+ —t.i. 2-Hexanone. Diﬀerent letters indicate a signiﬁcant diﬀerence
between diﬀerent samples (p < 0.05, one-way ANOVA, Tukey HSD).

The mass peak m/z 83.086 has been found with pronounced intensities in the samples produced
by the Manufacturers A and B (Figure 2c). Hexanal was included among the high-content compounds
identiﬁed in samples belonging to dairy products [32] and described as having a fatty, green, grassy,
powerful, penetrating characteristic fruity odor and taste [31]. A similar trend can be underlined for the
intensities of mass peak m/z 101.096 (Figure 2f). Finally, a considerable variability can be highlighted
for the intensities corresponding to the mass peaks m/z 87.080 and 98.105 (Figure 2d,e).
Other than this kind of punctual analysis, PTR analysis oﬀers also the opportunity to depict a
global analysis of molecular ﬁngerprinting associated with the headspaces of the diﬀerent samples.
Considering that the present work deals with an integrated analytical approach, we propose a PTR
data set selected in light of the comparison with GC data. In fact, we deﬁned a new subset of the
PTR-ToF-MS data including only the mass peaks that were found also using the HS-SPME GC-MS
technique. As a result, we have a new matrix (Table 2) of twenty peaks corresponding to the masses of
protonated molecular ions of compounds such as acetic acid (sour pungent, cider vinegar, slightly
malty with a brown nuance; naturally occurring in various dairy products, it has a role in butter and
cheese ﬂavors), acetoin (acidic, sour, cheesy, dairy, creamy with a fruity nuance; normally occurs
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in butter, milk, and cheeses), acetone (characteristic aromatic odor, pungent, somewhat sweet taste;
naturally occurring in fermented dairy products), ethanol (slight, characteristic odor and a burning taste;
naturally occurring in blue cheese, cheddar cheese, Swiss cheese), furfural (characteristic penetrating
odor typical of cyclic aldehydes; naturally occurring in cheeses), hexanoic acid (sickening, sweaty,
rancid, sour, sharp, pungent, cheesy, fatty, unpleasant odor reminiscent of copra oil; naturally occurring
in cheeses, butter, milk), and octanoic acid (mildly unpleasant odor and a burning, rancid taste, also
reported as having a faint, fruity-acid odor and slightly sour taste; natural component of butter fat,
occurring in cheeses) [31,33].
Table 2. Volatile compounds detected by both Proton Transfer Reaction-Mass Spectrometry coupled to a
Time of Flight mass analyzer (PTR-ToF-MS) and SPME/GC-MS in association with mascarpone samples.
Compound

Chemical Class

Ethanol
2-Propanone
Acetic acid
2-Butanone
1,2-Propanediol = Propylene glycol
2-Pentanone/3-Buten-1-ol, 3-methyl2-Butanone, 3-hydroxy- (B) / Butanoic
acid/Acetic acid ethyl ester
Toluene
Furfural
2-Hexanone
Benzaldehyde
5-Methyl-delta-valerolactone
2-Heptanone
Hexanoic acid
2,4-Dimethyl-1-heptene
2-Octanone
1-Hexanol, 2-ethyl2-Nonanone
Octanoic acid
Oxime-, methoxy-phenyl2-Undecanone
Heptane, 2,2,4,6,6-pentamethyl

Alcohols
Ketones
Organic acids
Ketones
Alcohols
Ketones/Alcohols

Protonated Ion
m/z

Sum Formula

47.049
59.049
61.028
73.065
77.060
87.080

C2 H7 O+
C3 H7 O+
C 2 H 5 O2 +
C4 H9 O+
C 3 H 9 O2 +
C5 H11 O+

Ketones/Organic acids/Esters

89.060

C 4 H 9 O2 +

Hydrocarbons
Furans
Ketones
Aldehyde
Lactones
Ketones
Organic acids
Hydrocarbons
Ketones
Alcohols
Ketones
Organic acids
Oxime
Ketones
Hydrocarbons

93.070
97.028
101.096
107.049
115.075
115.112
117.091
127.148
129.127
131.143
143.143
145.122
152.071
171.174
171.211

C7 H9 +
C 5 H 5 O2 +
C6 H13 O+
C7 H7 O+
C6 H11 O2 +
C7 H15 O+
C6 H13 O2 +
C9 H19 +
C8 H17 O+
C8 H19 O+
C9 H19 O+
C8 H17 O2 +
C8 H10 NO2 +
C11 H23 O+
C12 H27 +

Statistical tests were performed on the new matrix in an attempt at understanding the impact
of these VOCs on the characterization of the diﬀerent mascarpone cheese samples. The results
obtained for the twelve experimental modes were visualized by means of principal component analysis
(PCA), with each point representing a distinct sample (Figure 3), maximizing explained variability in
two dimensions.
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Figure 3. Analysis of mascarpone VOCs proﬁle assessed by PTR-ToF-MS. Plot depicts the VOC proﬁle
distribution of the twelve Mascarpone over the PCA score plot deﬁned by the ﬁrst two principal
components. The codes correspond to the samples indicated in Table 1.

Separation among Mascarpone samples according to the ﬁrst two components accounted for
about 62% of the total variance. It is possible to highlight how the replicates belonging to the same
sample generally clustered together. In addition, a good separation among the diﬀerent samples is also
depicted. Considering all variables connoting the panel of diﬀerent mascarpone cheese analyzed, it is
mandatory to underline that the studied diversity in terms of diﬀerent producers and classic versus
delactosed was not selected in order to delve into the eﬀect of these parameters. In fact, it was just a
heterogeneous panel selected in order to provide a broad description of the overall VOCs associated
with this traditional dairy production. However, it is possible to foresee some preliminary diﬀerences,
such as clear groups among mascarpone cheese samples belonging to the same manufacturer and
a general (more or less pronounced) separation between classic and delactosed samples within the
same producer (Figure 3). These pieces of evidence suggest the need for further studies with tailored
sampling in order to test the potential of a PTR-based approach as a discriminatory tool to monitor
these variables. Considering the sensory changes among mascarpone cheese samples, our study
conﬁrmed the presence of a diversiﬁcation comparing diﬀerent batches and diﬀerent producers already
described in terms of spreadability [34]. In fact, Cattaneo et al. [34], studying eighteen batches from
six diﬀerent manufacturers, noticed diﬀerences in four viscometric parameters they selected to assess
changes of rheological aptitude of mascarpone cheeses. This sensory variability calls attention to the
need for versatile tools for the industrial quality control also in the case of mascarpone cheese, a topic
of generally signiﬁcant interest in the food industry [35,36].
In Table 3, it is possible to delve into the results for a more representative number of mass peaks,
underlining signiﬁcant diﬀerences among concentrations reported for 22 protonated ions out of the
92 selected after comparison with the blanks. From this analysis, it is possible to notice how the
trends for selected mass peak intensities follow a certain producer-dependent behavior. It is also
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clear how the probabilities to ﬁnd selected mass peaks associated to given experimental variables
considerably increase using the PTR-based technique, due to the potential of an untargeted approach.
The opportunity to have a wide (untargeted analysis) and fast (rapid time of analysis without any
sample preparation/extraction/destruction) view of the VOCs associated with mascarpone headspaces
conﬁrmed the aptitude of this analytical approach to allow rapid noninvasive quality control for the
food industry (e.g., [37,38]), already explored in the dairy industry but on other matrices (e.g., [25,26]).
An approach that can i) simplify the selection of mascarpone as an ingredient in the food industry and
ii) boost the quality improvements in the production of this fresh cheese.
Table 3. Organic compounds associated to mascarpone headspace detected by PTR-ToF-MS. Black color
indicates compounds identiﬁed also by SPME/GC-MS. For each compound, diﬀerent letters indicate a
signiﬁcant diﬀerence between diﬀerent samples according to ANOVA and Tukey HSD (p < 0.05). The
codes correspond to the samples indicated in Table 1. In the parenthesis, the diﬀerent producers.
MM

TM

SF

M1 (A)

M2 (B)

M3 (C)

M4 (B)

M5 (C)

p-Value

41.039
43.018
43.054
45.033
47.049
55.054
57.070
59.049
61.029
63.026
69.070
71.086
73.065
75.044
83.086
87.044
87.081
89.060
97.102
101.097
115.113
143.145

41.039
43.018
43.054
45.033
47.049
55.054
57.070
59.049
61.028
63.026
69.07
71.086
73.065
75.044
83.086
87.044
87.08
89.06
97.101
101.096
115.112
143.143

C3 H5 +
C2 H3 O+
C3 H7 +
C2 H5 O+
C2 H7 O+
C4 H7 +
C4 H9 +
C3 H7 O+
C2 H5 O2 +
C2 H7 S+
C5 H9 +
C5 H11 +
C4 H9 O+
C3 H7 O2 +
C6 H11 +
C4 H7 O2 +
C5 H11 O+
C4 H9 O2 +
C7 H13 +
C7 H7 O+
C7 H15 O+
C9 H19 O+

21.2 ± 0.9 b
30.0 ± 0.7 b
11.5 ± 0.6 c
113 ± 6 b
8±3a
13.3 ± 0.4 c
6.0 ± 0.1 c
1062 ± 35 c
10 ± 3 a
15.1 ± 0.3 c
6.4 ± 0.2 a
1.2 ± 0.1 ab
77 ± 2 b
1.4 ± 0.2 a
1.6 ± 0.1 b
3.7 ± 0.5 bc
61 ± 2 c
2.2 ± 0.6 a
2.3 ± 0.1 c
1.7 ± 0.1 c
28 ± 1 c
2.1 ± 0.1 c

27 ± 3 c
44 ± 3 c
16 ± 1 d
175 ± 12 c
52 ± 39 c
14.9 ± 0.8 d
5.6 ± 0.6 c
976 ± 72 c
26 ± 6 b
16 ± 1 c
8.3 ± 0.6 b
1.7 ± 0.8 b
82 ± 7 b
20 ± 1 b
1.7 ± 0.1 b
3.8 ± 0.9 bc
66 ± 5 c
5.2 ± 0.6 c
2.7 ± 0.2 d
2.0 ± 0.1 d
30 ± 2 c
2.5 ± 0.2 d

11.4 ± 0.6 a
24 ± 2 a
3.5 ± 0.5 a
81 ± 3 a
10 ± 8 a
8.1 ± 0.3 b
3.9 ± 0.2 b
563 ± 29 b
18 ± 5 ab
7.2 ± 0.4 b
6.0 ± 0.4 a
0.7 ± 0.1 a
24 ± 1 a
1.2 ± 0.2 a
0.7 ± 0.0 a
3.0 ± 0.4 ab
43 ± 2 b
2.9 ± 0.3 ab
1.8 ± 0.0 b
1.0 ± 0.0 b
20.5 ± 0.6 b
1.7 ± 0.1 b

21 ± 1 b
33 ± 2 b
6.7 ± 0.4 b
114 ± 10 b
16 ± 1 ab
15 ± 1 d
12 ± 1 d
1230 ± 116 d
11 ± 2 a
20 ± 2 d
9.0 ± 0.8 b
1.3 ± 0.1 ab
76 ± 7 b
1.4 ± 0.3 a
1.8 ± 0.2 b
4.3 ± 0.4 c
61±6c
2±1ab
2.6±0.1d
2.0±0.2d
30±2c
2.4±0.2d

10 ± 1 a
24 ± 5 a
3.1 ± 0.4 a
88 ± 23 a
44 ± 5 bc
6.0 ± 0.4 a
2.7 ± 0.1 a
355 ± 26 a
24 ± 10 b
3.3 ± 0.5 a
6.2 ± 0.6 a
0.72 ± 0.05 a
17.2 ± 0.9 a
1.4 ± 0.2 a
0.71 ± 0.04 a
2.0 ± 0.3 a
23 ± 2 a
3.5 ± 0.3 b
1.1 ± 0.1 a
0.6 ± 0.1 a
12 ± 1 a
1.1 ± 0.1 a

1 × 10−13
3 × 10−9
4 × 10−17
2 × 10−9
2 × 10−3
7 × 10−16
7 × 10−17
9 × 10−15
4 × 10−4
4 × 10−16
2 × 10−8
1 × 10−3
1 × 10−16
1 × 10−21
4 × 10−14
2 × 10−5
6 × 10−13
2 × 10−6
4 × 10−14
5 × 10−14
7 × 10−14
2 × 10−12

This panel of 22 peaks includes only 9 masses detected also by the GC analysis, thus providing a
broader overview of the diversity among samples associated with VOCs content. Comparing these
ﬁndings with a recent PTR headspace analysis of other dairy product of industrial interest (milk powder,
whey powder and anhydrous milk fat), the mass peaks 47.049, 63.026, 73.065, 87.081, 89.060, 101.097,
115.113, 143.145 seem to be peculiar of mascarpone headspace [26], indicating a potential role of the
corresponding volatiles in shaping perceptions associated to Mascarpone consumption. Additionally,
on the other hand, we found variable trends in mass peaks already detected in association with the
headspaces of skim milk powder (43.018, 61.029, 87.044, 97.102), whole milk powder (41.039, 43.018,
45.033, 55.054, 61.029, 71.086, 75.044, 83.086, 87.044), whey powder (43.018, 59.049, 61.029, 75.044), and
anhydrous milk fat (43.018, 43.054, 57.070, 69.070) [26]. This partial and speciﬁc overlapping, in terms
of volatiles content, with the headspaces of other dairy ingredients/products, can be probably of help
in the understanding of the unique sensory properties of mascarpone matrix.
Finally, in order to provide more complete information about the preliminary potential that arises
from the PTR data in terms of separation of delactosed products, we propose two PCA representations,
analyzing samples with or without lactose for the Manufacturers C and M, respectively (Figure 4).
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(a)

(b)

Figure 4. Analysis of mascarpone VOCs proﬁle assessed by PTR-ToF-MS for the Manufacturers C (a)
and M (b) plotted by the ﬁrst and the third principal components. The labels and the selected areas
indicate the separation between samples with or without lactose.

Figure 4a (Manufacturer C) and 4b (Manufacturer M) show that mascarpone samples classic and
delactosed in this subset (diﬀerent producers) are separated along the ﬁrst and third PC (explaining
47.6% and 57.9% of the total variance, respectively). Even if preliminary, these results conﬁrm the
potential of PTR-TOF-MS analysis for the quality evaluation of lactose-free dairy products. In fact,
recently, this analytical approach found application to monitor VOC variability in ultrahigh temperature
lactose-free milk samples (assessing the impact of storage time and the of the use of diﬀerent lactase
preparations) [39]
3. Materials and Methods
3.1. Sample Selection and Preparation
A total of 12 diﬀerent mascarpone batches were studied in this project that are listed in Table 1.
The corresponding chemicophysical characteristics are reported in Table S1.
We obtained the samples from diﬀerent local markets and stored them at 4 ◦ C. The samples
represent diﬀerent manufacturers, all analyzed within the expiration date, and both plain and
delactosed Mascarpone.
3.2. HS-SPME GC-MS Measurements
Aliquots of 8 mL of sample were placed in a 20 mL vials that were immediately sealed with a
silicone rubber Teﬂon cap and crimped with aluminium seal. Then samples were heated at 60 ◦ C
and kept at the same temperature for 30 min while a polydimethylsiloxane/divinylbenzene SPME
ﬁbre (Supelco, Bellefonte, PA, USA) was exposed to the headspace over the surface of each sample in
order to collect the compounds in the vapour phase. The exposure time was optimized in preliminary
experimental trials. The SPME coating containing the headspace volatile compounds was inserted
into the GC injection port and then thermally desorbed at 250 ◦ C for 10 min in a 6890 GC (Agilent
Technologies, Santa Clara, CA, United States). Compounds were eluted by a He gas ﬂow of 1,4 mL/min
in split mode (split 1:4) and separated using a 60 m Varian FactorFour WAXms capillary column (ﬁlm
thickness 0.25 mm, 0.25 mm internal diameter) (Varian, Middelburg, The Netherlands). The oven
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temperature, initially set to 35 ◦ C, was increased to 210 ◦ C at 4 ◦ C/min, then to 240 ◦ C at a rate of
20 ◦ C/min, and then this ﬁnal temperature was held for 5 min. The mass spectrometer was set to
electron ionization mode (MS-EI) generated at 70 eV, and mass spectra were collected in full scan mode,
collecting ions from 39 to 250 m/z. The volatile compounds studied were identiﬁed by comparing their
mass spectra and their retention times to those of reference standards analyzed at the same conditions
and by comparison with spectra recorded in the Wiley 6 N mass spectral library (Wiley, Hoboken, NJ,
USA) and, when needed, to literature references. Due to the lengthy HS-SPME GC/MS analysis, only
four samples have been analysed by this method. For each sample, four replicates were analyzed.
3.3. PTR-ToF-MS Measurements
A commercial PTR-ToF-MS 8000 instrument (Ionicon Analytik GmbH, Innsbruck, Austria)
was used for the headspace measurements. The instrumental conditions in the drift tube were as
following—drift voltage 550 V, drift temperature 110 ◦ C, drift pressure 2.30 mbar aﬀording an E/N
value of 140 Townsend (1 Td = 10−17 V.cm2 ). Sampling was performed with a ﬂow rate of 40 sccm.
The mass resolution (m/Δm) was at least 3800. Measurements were performed in an automated way
by using a multipurpose GC automatic sampler (Gerstel GmbH, Mulheim am Ruhr, Germany) as
previously described [11]. The measurement order, both samples and replicates, was randomized
to avoid memory eﬀects. All vials were incubated at 40 ◦ C for 30 min before PTR-MS analysis.
Each sample was measured for 30 s, at an acquisition rate of 1 spectrum per second with an overall
throughput of one sample every 5 min. The experiment was repeated at 60 ◦ C, the temperature at
which HS-SPME GC-MS provided better results. The entire experiment was repeated three times
and empty vials, containing lab air, were measured together with the sample set and considered as
“blanks”. Data processing of PTR-ToF-MS spectra included dead time correction, external calibration
and peak extraction steps performed according to a procedure described elsewhere [40]. The baseline
of the mass spectra was removed after averaging the whole measurement and peak detection and
peak area extraction was performed by using modiﬁed Gaussian to ﬁt the data [41]. To determine the
concentrations of volatile compounds in ppbv (part per billion by volume) the formulas described by
Lindinger et al. were used by assuming a constant reaction rate coeﬃcient (kR =2 × 10−9 cm3 /s) for
H3 O+ as primary ion [42].
3.4. Statistical Analyses
Data exploration was based on Principal Component Analysis (PCA) of centered and scaled
data. Analysis of variance (ANOVA) with Bonferroni correction was performed for selection of mass
peaks in the sample headspace which are signiﬁcantly higher than blanks. After this step, one-way
ANOVA followed by Tukey’s HSD (p < 0.05) was applied to evaluate the signiﬁcant diﬀerences among
mascarpone samples. All analyses were performed with core functions of R programming language
(R Development Core Team, R Foundation for Statistical Computing, Vienna, Austria, 2014) and its
external packages (ChemometricsWithR, DiscriMiner, prospectr). In some cases, in order to interpret
the results of the experiment, the entire dataset was divided into smaller subsets based on diﬀerent
criteria (e.g., producer, lactose content).
4. Conclusions
Using two complementary analytical approaches, Headspace-Solid Phase Microextraction-Gas
Chromatography-Mass Spectrometry (HS-SPME GC-MS) and Proton-Transfer Reaction-Mass
Spectrometry coupled to a Time of Flight mass analyzer (PTR-ToF-MS), the present work provides a
ﬁrst description of Volatile Organic Compounds (VOCs). In addition, we underline the diﬀerences in
VOC content susceptible to characterize the aroma of diﬀerent brands and product types (classic and
lactose-free). On the whole, the dominance of volatiles generally associated to ﬂoral, fruity, sweet, and
nutty notes might contribute to explain the delicate sensory impression perceived by smelling this
fresh dairy product. Unfortunately, the aroma proﬁle of the present investigation cannot be discussed
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in light of previous literature that is, as mentioned, very scarce. Considering the wide number of
products that use mascarpone as raw material, such as the popular Tiramisù and coﬀee mascarpone
cream, this study provides information to design future studies conceived to assess the contribution of
this unripened cheese to the sensory characteristics of ﬁnal products.
Supplementary Materials: The following are available online, Table S1: Monitored chemico-physical
characteristics for the list of ‘Mascarpone’ samples analyzed in the present study.
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Abstract: Watercore is a so-called physiological disorder of apple (Malus domestica L.) that commonly
occurs in several well-known cultivars. It is associated with a rapid softening of the ﬂesh that causes
a marked changed in ﬂavor and texture. In Asia, apples with watercore are preferred and considered
a delicacy because of their enhanced sweet ﬂavor. The ‘Fuji’ cultivar, the ﬁrst cultivar with rich
watercore that is free from texture deterioration, has played a key role in the development of the
market for desirable watercored apples. This review aimed to summarize and highlight recent studies
related to the physiology of watercore in apples with special focus on ‘Fuji’ and related cultivars.
Keywords: ‘Fuji’; watercore; sweetness; ﬂavor; texture; ﬂesh browning disorder; apple

1. Introduction
The ‘Fuji’ cultivar has maintained a large share of the global apple production market over the
last two decades [1]. Originally, ‘Fuji’ was selected from cross between ‘Ralls Janet’ and ‘Delicious’ in
the Tohoku region of Japan and gained popularity because it is extremely juicy and crisp with a sweet
ﬂavor similar to that of ‘Delicious’ [2]. ‘Fuji’ is also susceptible to watercore development. Watercore is
a phenomenon that presents as a translucent appearance at the core and/or ﬂesh of the fruit, and it is
caused by the intercellular spaces of the aﬀected tissue being ﬁlled with ﬂuid. It has been reported
that watercore development is related to sugar metabolism during the maturation process and fruit
mineral composition. Watercored apple is prone to several physiological disorders, such as browning
and breakdown during storage [3–9]. Furthermore, strains of the ‘Delicious’ cultivar are also highly
susceptible to watercore, which is typically accompanied by changes in texture traits, such as softening
and mealiness. These undesirable characteristics that commonly occur in watercored ‘Delicious’ strains
have caused watercoring in apples to be viewed negatively.
In spite of this, watercored ‘Fuji’ has gradually become desirable in Japan and other Asian
countries, and the palatability of ‘Fuji’ and watercored apples has been identiﬁed in the last decade.
Today, Japanese producers and consumers generally value watercored apple owing to its excellent fruit
ﬂavor, which occurs when it fully matures on the tree. In fact, watercored apples are often advertised
using phrases such as aroma-rich and pineapple-like. Furthermore, the rich watercore trait has become
a breeding target with the aim of increasing the sweet ﬂavor in apple [10]. Aprea et al. [11] proposed
that apple breeding programs must take into account factors such as volatile compounds, texture
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parameters, minor components, and information from sensory panels. However, perceived sweetness
is diﬃcult to be described because it is always perceived in combination with other sensory properties,
which inﬂuence its evaluation. Sweetness perception is a complex and multisensory process, and only
gustatory stimuli are insuﬃcient to fully understand and predict it [12]. In this work, we focus on
‘Fuji’ and the related cultivars and review the mechanism of watercoring in apple palatability. We also
assess various characters, such as ﬂavor, texture, and genetic properties, employing integrated analysis
of instrumental and sensory proﬁling.
2. Flavor Characteristics
2.1. Sensory Analysis
Although watercored apple has been extremely popular among Japanese consumers, there were
little published data regarding the overall acceptance for watercored apple available. In order to
characterize the unique ﬂavor and overall acceptance, Tanaka et al. [13] conducted sensory analysis
using watercored and nonwatercored ‘Fuji’ with 29 trained panelists. With respect to overall acceptance,
watercored apples scored signiﬁcantly higher than nonwatercored apples (Table 1). Overall intensities
of aroma and taste and ﬁve sensory attributes were scored using a seven-point scale. Taste intensity
was evaluated with nose clip. Overall aroma intensity and perception of sweet and fruity ﬂavors were
enhanced in watercored apple, whereas green and sour perception was enhanced in nonwatercored
apple (Table 1). Overall taste intensity, in which the inﬂuence of aroma was eliminated by clips, was
not signiﬁcantly diﬀerent, indicating that the contribution of aroma to the overall acceptance and
characteristics of ﬂavor was remarkably large in this case.
Table 1. Sensory evaluation for watercored and nonwatercored ‘Fuji’ apples.
Sample Status

Overall Acceptability

Nonwatercored
Watercored
Signiﬁcance

Overall Intensity

Sensory Attribute

Aroma

Taste

Green

Fruity

Floral

Sweet

Sour

3.0
3.5

4.0
4.5

4.1
4.2

4.3
3.6

4.0
4.4

3.1
4.2

3.9
4.6

4.0
3.2

**

**

ns

**

*

***

**

***

Apple: Products of a commercial orchard, peeled, cored, and cut into bite-size pieces just before being served.
Evaluation: a seven-point categorical scale (1–7); 29 panelists trained for quantitative destructive analysis, 10 females
and 19 males. Taste was evaluated with nose clip to eliminate the inﬂuence of aroma. Signiﬁcance: *, **, *** indicate
signiﬁcant diﬀerences at the level of p < 0.05, p < 0.01, or p < 0.001, respectively, using paired t-test; ns means not
signiﬁcant. Reproduced with permission from Tanaka et al. [13].

2.2. Analysis of Volatile and Water-Soluble Compounds
Volatile and water-soluble components were proﬁled for watercored and nonwatercored ‘Fuji’ and
’Koutoku’, a progeny of ’Fuji’ (Tables S1 and S2) [13]. In both cultivars, ethyl esters and methyl esters
of fatty acids were detected in watercored fruit; their peak intensities were as large as several to several
hundred times those of nonwatercored apple (Table S1). In addition, principal component analysis
of the intensities of the 109 components suggested that the PC1 score was diﬀerentiated by cultivar,
whereas the PC2 score was diﬀerentiated by the presence of watercore (Figure 1). The PC2 loadings
suggested that ethyl esters, methyl esters, sorbitol, galactaric acid, erythronic acid, and dehydroascorbic
acid were associated with watercore. Increase in sorbitol was consistent with previous reports [14–17].
This integrated proﬁling analysis suggested that an increase in methyl esters and ethyl esters is crucial
to the attributes and desirability of watercored apple. Similar phenomena have been revealed by
Dixon et al. [18] when, following a short-term exposure to hypoxic conditions, time courses of apple
aroma components and odor units for 10 apple cultivars were analyzed, and their results indicated
that odor unit values highly corresponded to ethyl ester levels.
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Figure 1. Principal component analysis score plots of the volatiles and solubles of fruit juice. PC1
and PC2 scores were discriminated by cultivars and watercore existence, respectively. Top 10 of PC2
loadings were (1) ethyl butanoate, (2) ethyl propanoate, (3) ethyl 2-methylbutanoate, (4) ethyl acetate,
(5) ethyl hexanoate, (6) sorbitol, (7) galactaric acid, (8) methyl 2-methylbutanoate, (9) methyl acetate,
and (10) ethyl tiglate. Reproduced with permission from Tanaka et al. [13].

Ethyl esters have been reported to have an apple-like, fruity, sweet aroma with an extremely low
threshold value. For example, Komthong et al. [19] analyzed head-space volatiles of ‘Fuji’ using aroma
extract dilution analysis and determined ﬂavor dilution factor, which is the lowest dilution ratio of the
volatile compounds. Then, methyl 2-methylbutanoate and ethyl 2-methylbutanoate were estimated and
determined to be the most potent odorants in the volatiles based on their lowest threshold odor values.
Moreover, we demonstrated that an increase in ethyl esters signiﬁcantly enhanced the perception
of apple-like sweetness by sensory evaluation using a series of ‘Fuji’ samples that had chemically
modiﬁed aroma (Figure 2). Based on these data, ethyl esters appear to be potent, key ﬂavor compounds
in watercored apples.

Figure 2. Ethyl hexanoate and aroma intensity in ester-enhanced ‘Fuji’ by incubation with ethanol
mixture. Ethyl hexanoate is shown as a representative of ethyl esters because major ethyl esters of ‘Fuji’
correlate with one another in their peak intensities.

The diﬀerence among sugar and sorbitol contents, soluble solid contents (SSC), and gene expression
related to sugars in watercored and nonwatercored tissues has been studied extensively [14,16,20,21].
Speciﬁcally, sorbitol accumulation in the watercored tissues was observed in several cases, whereas
fructose, glucose, sucrose, total sugar contents, and SSC were only observed in a few cases [13,15,16,20].
Fructose, the sweetest sugar of the apple components [22,23], tended to be lower in watercored tissues.
Sorbitol tends to be present at a low content and exhibits weaker perceptive sweetness compared
with other sugars, even though it increases in content in watercored tissues. [23,24]. The comparison
between watercored and nonwatercored tissues often found decreases in sweetness in the watercored
tissues. According to Melad-Herreros [15] and Williams et al. [16], nonaﬀected tissues of watercored
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apples, often edible parts, scored higher for fructose and sucrose than the aﬀected tissues (Table 2),
indicating that watercored apples may in fact be sweeter. Harker et al. [25] stated that two apples
needed to diﬀer in ◦ Brix (SSC) by more than 1 before evoking a change in response to a perceived sweet
taste for the median panelist. A diﬀerence of 1 ◦ Brix corresponds to 1% diﬀerence in sucrose. Table 2
presents the estimated sweetness using two equations that deﬁned sucrose sweetness as 1 [26,27].
Our estimation (a) took sorbitol into account based on the estimation summarized by Kitahata and
Machinami [22], whereas (b), known as the total sweetness index, did not [23]. Williams et al. [17]
also found that the diﬀerence between nonwatercored and nonaﬀected tissues of watercored apples
was nearly 1. In this case, there was a perceived sweetness diﬀerence between the edible part of a
watercored and that of a nonwatercored apple at a near-threshold level. These ﬁndings are in agreement
with the results of sensory evaluation (Table 1) of taste intensity, which found that while watercored
apples were generally evaluated a little intense, they did not diﬀer signiﬁcantly from control samples.
Given these ﬁndings, the signiﬁcant diﬀerence in sweetness is likely aﬀected by components other
than sugars.
Table 2. Sugar proﬁles and estimated perceived sweetness of various apple cultivars.
Watercore
Cultivar

Sugar Contents (g/100 g FW)

Estimated Sweetness
Ref.

Fructose

Glucose

Sucrose

Sorbitol

(a)

(b)

‘Fuji’

absent
present (richest level)

5.7
5.5

3.1
2.2

1.5
3.4

0.4
1.2

12.0
12.7

12.3
13.2

‘Fuji’

absent
present

6.6
5.6

2.3
1.9

1.8
1.8

0.5
1.5

12.3
11.3

13.4
11.7

‘Gloster’

absent
present

5.2
3.8

1.9
1.7

3.2
2.6

0.3
0.9

11.5
9.2

12.4
9.6

‘Delicious’

absent
present

6.4
5.1

1.7
1.5

2.2
2.0

0.2
1.0

11.9
10.2

13.1
10.7

‘Esperiega’

absent
present (nonaﬀected site)
present (aﬀected site)

7.2
6.9
6.3

1.51
2.0
2.2

2.8
3.2
1.5

0.8
1.5
2.9

13.7
14.4
13.0

14.7
15.0
12.6

[16]

‘Winesap’

absent
present (nonaﬀected site)
present (aﬀected site)

3.2
3.4
3.0

4.0
4.2
3.7

3.8
4.1
3.8

0.9
1.3
1.8

11.3
12.2
11.4

11.6
12.4
11.1

[17] 1

[14] 1

[15]

1 Original sugar contents were converted to g/100 g FW. Estimated sweetness: (a) (1.0 [sucrose]) + (1.3 [fructose]) +
(0.7 [glucose]) + (0.7 [sorbitol]) [22]; (b) = (1.0 [sucrose]) + (1.5 [fructose]) + (0.76 [glucose]) [23].

Recently, the importance of aroma components in the characteristics of ﬂavor and preference
in apple has been widely recognized. Aprea et al. [11] reported that sorbitol content correlated
with perceived sweetness better than any other single sugar or total sugar content. Furthermore,
their predictive model based on partial least squares regression included not only SSC but also volatile
compounds and revealed that several volatiles are possibly contributing to ﬂavor. Having a sweet
taste is an important but diﬃcult attribute to be predicted using objective measurements [25]. The
contribution of sugars to the enhancement of perceived sweetness in watercored apple is likely limited,
whereas the proﬁle of aroma components varies widely and accounts for several of the unique ﬂavor
proﬁles. Aroma components between watercored and nonwatercored apples can be markedly diﬀerent.
For instance, our analysis revealed that the detected levels of most ethyl esters that created an aroma
proﬁle with characteristics similar to pineapple or ginjoshu (high-quality sake) were ten times their
levels in nonwatercored apples (Table S1) [13,28–31]. Considering these proﬁles of ﬂavor components
and sensory attributes, the contribution of aroma components, such as ethyl esters, is crucial in
producing the ﬂavor characteristics in watercore-rich apples.
2.3. Mechanism of Enhanced Ethyl Ester Synthesis in Watercored Apples
Because ethyl esters are crucial in aroma and ﬂavor proﬁles in apples, diﬀerent analyses have
already focused on the synthesis. Dixon and Hewett [18] reported that apple volatile compounds
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increased in ethanol and ethyl ester concentrations after exposure to hypoxic conditions. Speciﬁcally, the
synthesis of ethyl esters was high in watercore-susceptible cultivars ‘Red Delicious’, synonymous with
‘Delicious’, and ‘Fuji’ and low in nonsusceptible cultivars ’Golden Delicious’ and ’Cox’s Orange Pippin’.
It has also been reported that ethyl esters from apples subjected to controlled-atmosphere (CA) storage
exhibited a temporary increase in ethanol and ethyl ester concentrations. Hypoxia likely activates
anaerobic glycolysis and ethanol synthesis, causing an increase in ethyl ester production [32,33].
One study found that a decrease in respiration and an increase in ethanol and acetaldehyde
concentrations in watercored tissues of ’Richard Delicious’, a sport of ‘Delicious’, shared similarity
with apples that were exposed to hypoxic conditions or CA-stored [3]. Furthermore, Tanaka et al. [13]
analyzed oxygen distribution within a fruit and demonstrated low-oxygen status at the watercored
position (Figure 3), whereas nonwatercored fruits were ﬂat. These phenomena support the concept
that ethyl ester synthesis is enhanced under hypoxic conditions within watercored tissues, resulting in
distinctive, fermented ﬂavor.

Figure 3. Oxygen distribution related to watercore of ‘Fuji’ apple. Three fruits were measured
for each class. Thick red line corresponds to the photograph. Reproduced with permission from
Tanaka et al. [13].

Questions also arise regarding discrimination of volatiles and related gene expression in a fruit
associated with oxygen levels. This highly variable, cultivar-dependent response of apple cultivars to
hypoxic conditions may also be associated with the physiological processes involved in the development
of watercore, which has not been fully elucidated to date. To better understand the metabolism of the
characteristic aroma proﬁles, a fusion analysis of molecular biology and metabolomics will be required.
3. Texture Characteristics
3.1. Apple Cultivars and Texture Measurement
Texture is a key factor that aﬀects consumer preference of apple [34–36]. Texture comprises
crispness, mealiness, juiciness, ﬁrmness, and other traits and has been reported to inﬂuence perceived
sweetness [25,37]. Among the texture traits, crispness and juiciness are favorable for apple, whereas
softness or mealiness are avoided [35]. Traditional watercore-susceptible cultivars were often
accompanied by mealiness and rapid softening [5]. However, the occurrence of watercore and
softening is under separate regulations, and cultivars have been developed with one but not the
other [10,38]. Here, we review the studies on apple texture as it is related to watercore susceptibility.
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Crispness is a sensory and integrated attribute deﬁned as the amount and pitch of sound
generated when the fruit is ﬁrst bitten using the incisor [37,39,40], and it is often estimated from
ﬁrmness because the two traits are highly and positively correlated [35]. Softening is usually caused
by a reduction in ﬁrmness, which is typically measured using a penetrometer or sensory analysis.
Cell shape, cell size, cell packing, and overall fruit anatomy as well as chemistry of the cell wall and
membrane and the role of cell turgor aﬀect ﬁrmness [41]. Among them, macromolecular network
structures of cell walls, mainly comprising pectin, hemicellulose and cellulose, confer ﬂesh cell rigidity,
however, the structures are gradually lost by the cell-wall-modifying enzymes such as β-galactosidase,
α-L-arabinofuranosidase, polygalacturonase, pectin methylesterase, and others. Ethylene reportedly
stimulated these enzymes, subsequently causing ﬂesh softening. Turgor reduction was also associated
with ﬁrmness reduction [41,42]. Although cell membranes of apple are not typically associated with
cell wall swelling and juiciness [41], so far as watercore is concerned, it may play roles in apple juiciness
to some extent, as described below (Section 3.2).
Mealiness is deﬁned as the amount of small, lumpy particles that become apparent during
chewing in sensory analysis [37,39,43]. It is due to the loss of cell–cell adhesion or cell separation [37].
Iwanami et al. [38] investigated 23 cultivars and a breeding line under a time-course experiment to
evaluate ﬁrmness and mealiness and divided them into four groups based on their results after 40 days
of storage at 20 ◦ C. The watercore-susceptible cultivars ‘Starking Delicious’ and ‘Red Gold’ were placed
in the most rapid mealiness developing group, whereas ‘Fuji’ was the ﬁrmest and most nonmealy
cultivar. This was consistent with other previous studies [44–46]. Iwanami et al. [47] also found that
the softening performance of an apple cultivar during storage was highly dependent on the degree of
mealiness and turgor reduction rate. The softening rates of all mealy cultivars were high; moreover,
the softening rates of nonmealy cultivars were signiﬁcantly correlated with the turgor reduction rates.
In other words, nonmealy cultivars with slow turgor reduction can be expected to exhibit high storage
performance. ‘Fuji’ had the lowest turgor reduction rate, which most likely contributed to its ﬁrmness
and crispness. In addition, ‘Starking Delicious’, another sport of ‘Delicious’, surprisingly exhibited the
slowest turgor reduction rate among the tested cultivars contrary to its trait of rapid softening. ‘Fuji’
seems to inherit the excellent trait of slow turgor reduction from the softening cultivar ‘Delicious’ and
not from the slow softening ‘Ralls Janet’. Diﬀerences in storage performance between ‘Fuji’ and the
other ‘Delicious’ strains may mainly be due to diﬀerences in mealiness or nonmealiness.
A genetic contribution to watercore and mealiness in the ‘Fuji’-related apples was demonstrated by
Kunihisa et al. [10], who examined genomic dissection of ‘Fuji’ using 115 accessions of its descendants
and parents. In that study, one quantitative trait loci (QTL) was detected for the following traits: degree
of watercore and mealiness, acidity, and harvest day. The QTL for a high degree of watercore was
detected in the middle of chromosome (chr)14, whereas the one for mealiness was detected at the
middle of chr1. ‘Fuji’ has inherited haplotypes from both ‘Delicious’ and ’Ralls Janet’. The haplotype
of ‘Fuji’ derived from ‘Delicious’ in the chr14 region dominantly causes watercore, whereas one in the
chr1 region causes mealiness. For mealiness, another QTL associated with MdPG1 was detected from
diﬀerent F1 population [40]. So far, as ‘Fuji’ descendant, however, 90% of selected cultivars or superior
breeding lines have inherited the haplotype of ‘Fuji’-derived ’Ralls Janet’ at the region of chr1 [10,48].
Sadamori, a leader of the ‘Fuji’ breeding team, recounted that most of the seedlings of ‘Ralls Janet’
and ‘Delicious’ generated sweet but mealy fruit in his memoir [49]. Among them (592 fruits), they
found only two crisp and nonmealy fruits. One of them, which exhibited excellent ﬂavor, was what
eventually became ‘Fuji’ [49]. There was only a 0.3% frequency of nonmealy ﬂesh from that cross;
however, nonmealy phenotypes are more common in ‘Fuji’-related accessions. Therefore, newly
developed watercore-susceptible lines derived from ‘Fuji’ have an improved chance of possessing both
excellent ﬂavor and texture. Additional genetic information on the turgor reduction after harvest and
its physiological understandings will help further improve and maintain the crispness of apples.
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3.2. Watercore and Texture
Juiciness positively contributes to perceived freshness and is dependent on water content [50].
The water content of watercored apples is higher than that of nonwatercored apples, which is caused
by the ﬂuid within intercellular spaces or apoplast that causes watercore. Iwanami et al. [50] reported
that both the water content of the whole fruit and apoplast tissues positively correlated with juiciness,
aﬃrming that watercored apples exhibit greater juiciness than nonwatercored apples. Although the
report did not refer to watercore, the juiciest apple, ’Oyume’, in their data is a cultivar that generally
develops rich watercore. Maintaining the perception of freshness in apples, which are commonly stored
for relatively long periods of time, is crucial for continued consumer appeal and requires appropriate
storage conditions.
In order to establish a storage technique for high-quality watercored ‘Fuji’, Onodera et al. (2010) [51]
investigated storability of apples that exhibited >30% watercoring. Time-course measurements of
ﬁrmness and watercore degree were taken during 3 months of storage and 14 days of shelf time under
regular atmosphere (RA). Both watercore degree and ﬁrmness decreased with time, and these exhibited
signiﬁcant positive correlation to each other (Figure 4). These results were in agreement with those of a
previous report of Bowen and Watkins [14], which stated that ﬂesh ﬁrmness at harvest initially tended
to decrease with watercore scores and then signiﬁcantly increased as watercore enhanced. These data
suggest that highly watercored apples may maintain a ﬁrmer texture than lesser watercored apples for
a few months after harvest. Further case examples are required.

Figure 4. Watercore degree (0–4) and ﬂesh ﬁrmness of ‘Fuji’ apple. Reproduced with permission from
Onodera [51].

Being a major plant growth regulator and ripening hormone, ethylene is considered to be involved
in the softening of apples [41,52]. Internal ethylene concentration (IEC) was measured in relation to
watercore degree. Bowen and Watkins [13] reported that IEC increased with the watercore degree,
whereas Argenta et al. [53] reported that IEC was higher in fruit with a low watercore score, and it
decreased in fruits with a high watercore score compared with watercore-free. There have been few
studies regarding the ﬁrmness of watercored apples under storage and its regulation, limiting what is
currently known. As watercored apples gain popularity, further studies will likely greatly elucidate
the relationship between ﬁrmness and watercoring.
4. Watercore During Storage
Watercored apples are likely to develop physiological disorders in the ﬂesh, including watercore
breakdown, internal browning, and various other disorders and, in some cases, worsen the degree
of existing disorders [3–5,53–56]. These disorders often hinder the storability of apples and their
use as a long-shelf life commodity. Watercore development is accompanied by photosynthetic
carbohydrate accumulation in the fruit; consequently, as harvest is delayed, the degree of watercore
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increases [14,57,58]. Therefore, watercore-susceptible cultivars are often harvested long before maturity
at the expense of sweet ﬂavor.
Onodera et al. [51] investigated the storability of highly watercored ‘Fuji’ with or without
1-methylcyclopropene (1-MCP) treatment for 3 months. Watercore breakdown did not occur until 3
months after harvest, irrespective of 1-MCP treatment and temperature settings. Another experiment
in Figure 5 presents a time course of watercore degree and incidence of watercore breakdown during
shelf life. The storage conditions were set at −1 ◦ C or 2 ◦ C for an initial 2 months and at 5 ◦ C for
9 days followed by 20 ◦ C for 14 days. Watercore degrees gradually decreased in all treatments during
the experiment, and the incidence of watercore breakdown was detected at 14 days after storage
at 20 ◦ C. These results indicate that watercored ‘Fuji’ can be stored for up to 3 months under RA
with refrigeration.

Figure 5. Time course of watercore degree (0–4) and watercore breakdown incidence (area %) in
‘Fuji’ apple. n = 30. (a) Watercore degree, (b) watercore breakdown incidence. Watercore breakdown
was not observed in the apples that were initially stored at 2 ◦ C. Reproduced with permission from
Onodera [51].

Storage performance over a much longer duration than that reported by Onodera et al. [51] was
reported by Kasai et al. [59] to determine which cultivars were resistant to physiological disorders and
deterioration of ﬂavor and texture. Apples of 30 cultivars were harvested at their commercial harvest
time in the fall and stored under RA, CA, and 1-MCP treatment until mid-June of the next year at 0 ◦ C
followed by under RA at 20 ◦ C for 5 days. The watercore degree and ﬂesh browning disorder, which is
regarded as a serious problem in watercored apples, were analyzed, and ﬂesh browning disorder was
found to occur in most cultivars irrespective of the presence or absence of watercore at harvest, except
for ’Shuyo’ and ’Ambitious’. Figure 6a presents the relationship between watercore scores at harvest
and ﬂesh browning disorder incidence after storage. Seven cultivars scored >2 in watercore, and most
of them had high incidence of physiological disorders. However, the incidence in ‘Fuji’ was low for
the score of watercore, which may have been due to the disappearance of watercore. The remaining
watercore after storage and the incidence of ﬂesh browning disorders are presented in Figure 6b. Flesh
browning occurred irrespective of the remaining watercore score and storage condition; however,
highly watercored remaining fruits exhibited severe ﬂesh browning without exception. Watercore
is not the only cause of the ﬂesh browning disorder; however, prolonged, severe watercore greatly
enhances the severe incidence in ﬂesh.
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Figure 6. Watercore degree (0–4) and incidence of ﬂesh browning disorders (0–3) in various apple
cultivars. (a) Incidence degree to watercore degree at harvest; (b) Incidence degree to watercore degree
after storage. n = 10. 1: ‘Shuyo’; 2: ‘Seimei’; 3: ‘Shinano Sweet’; 4: ‘Sekaiichi’; 5: ‘Morinokagayaki’;
6: ‘Starking Delicious’ (SD); 7: ‘Kitarou’; 8: ‘Jona Gold’; 9: ‘Koutaro’; 10: ‘Yoko’; 11: ‘Megumi’; 12:
‘Aori 27 ; 13: ‘Aikanokaori’; 14: ‘Mutsu’; 15: ‘Shinano Gold’; 16: ‘Mahe 7 ; 17: ‘Hokuto’; 18: ‘Orin’; 19:
‘Aori 15 ; 20: ‘Gunma Meigetsu’; 21: ‘Koukou’; 22: ‘Slim Red’; 23: ‘Fuji’; 24: ’Mellow’; 25: ‘Koutoku’;
26: ‘Ambitious’; 27: ‘Romu 50 ; 28: ‘Granny Smith’; 29: ‘Cripps Pink’; 30 ‘Aori 21 ; 31: ‘Fuji’ (bagged).
Reproduced with permission from Kasai et al. [59].
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Storage longer than 4–5 months usually utilizes several treatments to suppress respiration and
ethylene function, which results in an inhibition of aroma synthesis. This inhibits the generation of
distinct, sweet aroma, which is the advantage of fresh watercore-rich apples and which cannot be
produced after CA storage. In other words, watercored apples should be eaten within a few months of
harvest or earlier, especially highly watercore-rich fruits.
Based on work from several previous studies, watercore development can be enhanced or inhibited
using cultural techniques on watercore-susceptible cultivars. Watercore is promoted by low or high
air temperatures during the preharvest period, large fruit, poor calcium concentration, high nitrogen
and boron nutrition, a high leaf-to-fruit ratio, excessive fruit thinning, high or low light exposure,
growth in volcanic ash soil, ethrel (ethephon) and gibberellin treatment, and girdling of the trunk
and limbs [9]. Therefore, to develop rich watercore for a premium product, fruits are allowed to
increase photosynthate accumulation by means of increasing the light received by the leaves and fruits
and harvesting at full maturity. To maintain a long shelf life without the watercore physiological
disorder, photosynthate accumulation in fruits is limited by earlier harvesting and fruit bagging. Apple
producers choose one of these cultivation methods according to demand and their business policies.
5. Conclusions
Watercore in apple had been avoided for years due to the mealy texture and brown ﬂesh incidence
associated with it. Currently, however, watercore-rich apples are gaining popularity, mainly in Asian
countries. ‘Fuji’, the ﬁrst rich-watercored cultivar that is free from texture deterioration, greatly
contributed to the paradigm shift. ‘Fuji’ resulted from a cross made in 1939, and though many decades
have passed, the potential of ‘Fuji’ as a high-quality apple is still being shown by integration of diverse
analytical methods, such as instrumental analysis and sensory, chemical, physiological, and genetic
aspects. Still, there are many unresolved issues related to apple quality. Expanding the understanding
of the nature and physiology of apple will continue to lead to improvements in apple quality by
utilizing various concepts, approaches, and techniques.
Supplementary Materials: The following are available online. Table S1: Intensity of volatiles in watercored and
nonwatercored ‘Fuji’ and ‘Koutoku’ apples, Table S2: Intensity of water-soluble compounds in watercored and
nonwatercored ‘Fuji’ and ‘Koutoku’ apples.
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Abstract: Extensive research has been conducted concerning the determination and characterization
of volatile compounds contributing to aroma and ﬂavor in cheese. Considerable knowledge has
been accumulated on the understanding of the mechanisms through which these compounds are
formed during ripening, as well as on the optimization of the methodological approaches which
lead to their detection. More recently, particular attention has been given to the aromatic properties
of milk and cheeses obtained from lactating dairy ruminants fed experimental diets, characterized,
for instance, by the addition of trace elements, natural supplements, or agricultural by-products
rich in bioactive compounds. The purpose of this review is to summarize the major families of
volatile compounds most commonly found in these types of dairy products at various ripening
stages, describing in greater detail the role of animal diet in inﬂuencing the synthesis mechanisms
most commonly responsible for cheese ﬂavor determination. A large number of volatile compounds,
including carboxylic acids, lactones, ketones, alcohols, and aldehydes, can be detected in cheese.
The relative percentage of each compound depends on the biochemical processes that occur during
ripening, and these are mainly mediated by endogenous enzymes and factors of bacterial origin
whose function can be strongly inﬂuenced by the bioactive compounds taken by animals with the diet
and released in milk through the mammary gland. Further evaluations on the interactions between
volatile compounds and cheese matrix would be necessary in order to improve the knowledge on the
synthesis mechanisms of such compounds; in addition to this, more should be done with respect
to the determination of synergistic eﬀects of ﬂavor compounds, correlating such compounds to the
aroma of dairy products.
Keywords: lactating ruminants; milk; cheese; volatile compound; lipolysis; proteolysis

1. Introduction
Chemical stability represents the fundamental characteristic of numerous processed foods.
However, in the case of cheese, reference is made to a highly dynamic product from the biochemical
point of view, especially in those cheeses subjected to ripening. During this period hundreds of volatile
compounds (VOCs) can be produced, thus giving rise to ﬂavors and odors that are characteristic of
each cheese variety [1].
The main biochemical pathways that occur during the cheese ripening are represented by the
metabolism of residual lactose, lactate, and citrate, lipolysis which is associated to the release of free
fatty acids (FFAs), and proteolysis that is responsible for casein degradation to peptides with diﬀerent
molecular weights and free amino acids (FAAs). In addition, all the catabolic reactions against FFAs
and peptides that give rise to a wide range of VOCs should be included [2].
Molecules 2020, 25, 461; doi:10.3390/molecules25030461
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In the last decades several studies have been conducted with the aim of investigating the specific
mechanisms responsible for the production of sapid compounds in cheese during ripening. This
approach was driven by the intention to obtain information on the flavor chemistry of many cheese
varieties. An aspect to which less attention has been given regards the influence of the feeding strategies
administered to ruminants on the volatile profile found in ripened dairy products. It is well known that
by modifying animal diet, variations in the chemical-nutritional composition can be induced in milk.
Consequently, the characteristics found in milk can be transferred in cheese, making available different
substrates for the metabolic functions of starter or non-starter bacteria and for the activities of lipolytic
or proteolytic enzymes of endogenous origin [3]. This means that volatile and sensory characteristics of
ripened cheeses are largely defined by the technological approach and the initial chemical composition
of the raw material [4]. The basic dietary factors that should be considered in ruminants for their effect
on milk composition are represented by the fiber content, the ratio between forage and a concentrate
(generally consisting of cereal and legume flours in addition to mineral and vitamin supplements), the
carbohydrate composition of the concentrate, and the lipid amount, meal frequency, and intake [5].
Over time these aspects have been extensively characterized, especially with a view to obtaining a milk
with a greater predisposition to be used for the production of manufactured products [6].
Numerous studies have focused their attention on the correlation between certain variations in
the chemical composition of milk and the presence in the ruminant diet of specific classes of bioactive
compounds, for instance polyphenols and terpenes, which can be mostly found in plants [7,8]. In this
regard a mention should be made to the work of Walker et al. [9], who discussed the most relevant aspects
able to induce effects on fatty acid composition of dairy cows’ milk. High intake of starch is associated
with increased de novo synthesis of fat in the mammary gland, with a consequent increase in the milk of
saturated fatty acids (SFAs). In contrast, dietary intake of higher concentrations of polyunsaturated fatty
acids (PUFAs) was demonstrated to be effective in inducing higher concentrations of unsaturated fatty
acids (UFAs), including conjugated linoleic acid (CLA). An increased intake of starch-based concentrates
is instead responsible for the reduction in milk fat concentration, a phenomenon which can be attributed
to variations in the balance between lipogenic and glucogenic volatile FAs of ruminal origin. However,
reduced fat levels in milk are presumably dependent also on the increased production in the rumen of
long-chain FAs containing a trans-10 double bond, specifically C18:1 trans-10 and C18:2 trans-10 cis-12,
in response to feeding strategies characterized by increased concentrations of PUFAs and/or starch.
In this context, we should include all studies in which ruminant diets have been integrated with
agro-industrial by-products and the eﬀects on the chemical-nutritional composition of milk and cheeses
have been evaluated. For instance, the supplementation of dairy ewes’ diet with an olive crude phenolic
concentrate obtained from olive oil wastewater was demonstrated to be eﬀective in inducing in milk
an increase in concentration of polyunsaturated fatty acids [10]. A similar behavior was also observed
by administering dairy cows with a diet enriched with dried grape pomace, the main by-product of
the wine industry; in this study the authors also evidenced an improvement of the oxidative stability
of ripened cheese [11]. In addition to this, grape pomace supplementation was also demonstrated to
induce in cow’s milk a signiﬁcant increase in concentration of lactose and β-lactoglobulin, although no
eﬀects were found for α-lactalbumin, albumin, and caseins [12]. Although the consideration may be
speculative, it is conceivable that such a ﬁnding may derive from the ability of bioactive compounds of
dietary origin to inﬂuence bovine gene expression. Indeed, a recent study has shown that 75 days
of dietary supplementation with dried grape pomace were eﬀective in inducing variations in the
whole-transcriptome of Friesian calves. In that case the authors speciﬁcally focused their attention on
the pathway of cholesterol biosynthesis, and correlated the observed molecular variations with the
reduction in both serum cholesterol and lipid oxidation in carcasses [13].
More recently, a fair number of papers have been published concerning the inﬂuence of the feeding
strategy on the volatile proﬁle of ripened dairy products obtained from lactating ruminants. The
objective of this review is therefore to reorganize, as much as possible, the ﬁndings in this research area,
in order to obtain a clearer view on the possible correspondences between the type of administered
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diet and variations in concentration of speciﬁc VOCs found in dairy products during ripening. The
discussion will be performed on the individual classes of compounds (carboxylic acids, aldehydes,
lactones, ketones, alcohols, esters, and phenolic compounds), also giving a nod to the relevance
of speciﬁc VOCs in ﬂavor perception and summarizing, if appropriate, the principal biochemical
pathways by which ﬂavor compounds are produced and that could be inﬂuenced by the presence of
speciﬁc bioactive compounds of dietary origin.
2. Biochemical Mechanisms Responsible for the Production of Volatile Flavor Compounds in
Dairy Products
The biochemical mechanisms that characterize cheese ripening can be grouped into primary and
secondary events. Primary events are represented by the metabolism of residual lactose, lactate, and
citrate, as well as lipolysis and proteolysis. These events are then followed by secondary biochemical
mechanisms involved in the metabolism of fatty acids and amino acids, which directly contribute to
the synthesis of many VOCs, credited as having a high capacity to inﬂuence the cheese ﬂavor [1,2,14].
2.1. Metabolism of Residual Lactose, Lactate, and Citrate
Lactose is the most represented carbohydrate in milk and is converted to lactate during the
cheesemaking by the lactic acid bacteria (LAB), inducing a decrease in pH. In turn, lactate can be
further processed by LAB in order to release formate, acetaldehyde, ethanol, and acetate [1,2]. With
regard to citrate, the residue remaining in the curd can be converted by citrate-positive LAB into acetate
and lactate after cheesemaking. This event is also responsible for the production of additional volatile
compounds such as acetoin, 2,3-butanediol, diacetyl, and 2-butanone [15].
2.2. Metabolism of Free Amino Acids (FAA)
The catabolism of FAAs represents the biochemical pathway mainly involved in the production of
aldehydes, alcohols, carboxylic acids, amines, and sulfur compounds (Figure 1) [16,17].

Figure 1. Schematic representation of the free amino acid (FAA) catabolism in cheese, modiﬁed from
Bertuzzi et al. (2018).
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The amino acid aminotransferase catalyzes a transamination reaction which leads to the conversion
of aromatic amino acids, branched-chain amino acids, methionine, and aspartic acid into α-ketoacids.
These compounds are then further metabolized to branched-chain and aromatic aldehydes, acyl-CoA,
hydroxy acids, and methanethiol [16,18]. The production of 2-methylpropanal, 2-methylbutanal, and
3-methylbutanal is respectively due to the transamination of valine, isoleucine, and leucine, while the
transamination reaction in which the substrate is represented by aspartic acid, is responsible for the
release of oxaloacetate, which is in turn further converted into acetoin, diacetyl, or 2,3-butanediol [15,19].
Recently, the pivotal role of the aspartic acid transamination was demonstrated in the production of
diacetyl in Lactobacillus paracasei [20]. Previously, in Lactococcus lactis var. maltigenes the existence of
speciﬁc enzymatic pathways responsible for the production of phenylacetaldehyde and methional was
observed, as a result of phenylalanine and methionine reduction, respectively [21].
With regard to aromatic aldehydes, these compounds are mainly formed starting from α-keto
acids deriving from the benzaldehyde released by the spontaneous oxidation of tryptophan and
phenylalanine. In this case it is therefore necessary to establish a condition causing a predisposition to
a redox reaction, which is reported to be strongly inﬂuenced by the temperature, since an increase
of this parameter involves catabolism acceleration [22]. Aldehydes represent the substrate of several
dehydrogenases, which are able to convert such compounds to alcohols or to oxidize them into the
corresponding carboxylic acids [16]. The metabolism of molds and yeast has been reported to be
mainly involved in the biosynthesis of primary and aromatic alcohols, with the consequent release of
corresponding carboxylic acids. In this regard, a study conducted by Yvon and Rijnen on Geotrichum
candidum and yeasts isolated from Camembert allowed for the characterization of the mechanisms
leading to the production of alcohols and carboxylic acids through FAA metabolism [23].
The excessive proteolysis in cheeses subjected to an uncontrolled ripening in terms of environmental
conditions and duration leads to the formation of high concentrations of FAAs that can be
decarboxylated, mainly by non-starter LAB, with the consequent release of biogenic amines, which are
associated with poor ﬂavor and potentially negative eﬀects on consumer health. The most relevant
biogenic amines are represented by histamine, tyramine, cadaverine, and putrescine, which are
respectively synthesized starting from histidine, tyrosine, lysine, and ornithine [24].
In the context of FAA catabolism, a noteworthy aspect is also represented by the elimination
reactions, which cleave the side chain of amino acids through a reaction catalyzed by a lyase. Over time
substantial evidence has been collected about the fact that these reaction are associated to potential
negative eﬀects on ﬂavor, as a consequence of the release of compounds such as p-cresol, phenethanol,
and indole. This pathway also leads to the synthesis of methanethiol from methionine, which can
be metabolized through a variety of diﬀerent pathways. The major biosynthetic pathway in several
strains is that of cystathionine, which involves the intervention of a cystathionine lyase. The further
catabolism of methanethiol occurs through oxidative mechanisms performed by numerous LAB
species, which are responsible for the production of dimethyldisulﬁde and dimethyltrisulﬁde. These
compounds are reported to be characterized by low odor perception, thus markedly inﬂuencing the
cheese ﬂavor [25,26].
2.3. Metabolism of Free Fatty Acids (FFAs)
Lipolysis in dairy products is supported by the activity of lipases, microbial enzymes, enzymes of
endogenous origin, and enzymes deriving from the added rennet pastes, which catalyze the triglyceride
hydrolysis, with the consequent production of medium-chain (chain lengths up to 10 carbon atoms) and
long-chain (chain lengths over than 10 carbon atoms) FFAs, di- and mono-glycerides, and glycerol [27].
The ﬂavor properties of cheese are directly inﬂuenced by FFAs abundance and pH, and these
parameters tend to inﬂuence each other. In presence of high pH values in cheese, the FFAs are reported
to be less prone to the release of compounds capable of signiﬁcantly inﬂuencing the ﬂavor. Speciﬁcally,
in this condition the FFAs are converted in non-volatile salts which induce the onset of unpleasant
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“soapy” aromatic notes. When pH is low, the FFAs are present in volatile form in the dairy matrix, and
their excessive increase in concentration is generally eﬀective in inducing a rancid taste [14].
As schematized in Figure 2, methyl ketones, secondary alcohols, straight-chain aldehydes, lactones,
esters, and S-thioesters represent classes of VOCs partially deriving from the catabolism of FFAs,
which therefore can contribute to the formation of cheese also indirectly as precursors of aromatic
compounds [18,28]. FFAs can undergo oxidation, giving origin to β-ketoacids, which are converted
to the corresponding methyl ketones through decarboxylation [17,27]. The biosynthetic pathway
of methyl ketones is mainly associated to biochemical mechanisms performed by molds; however,
hypotheses with regard to synthesis mechanisms induced by heating milk, or, alternatively, derived
from a direct esteriﬁcation of β-ketoacids [28] have been proposed. With regard to ketones, their
possible overestimation in the volatile proﬁle of dairy samples can occur as a consequence of the direct
conversion of the β-ketoacids in the gas chromatograph inlet [29].

Figure 2. Schematic representation of free fatty acid (FFA) catabolism in cheese, modiﬁed from Bertuzzi
et al. (2018).

The enzymatic reduction of ketones leads to the production of secondary alcohols, a mechanism
mainly attributed to molds (such as Penicillium spp.) which are speciﬁcally responsible for the
production of 2-pentanol, 2-heptanol, and 2-nonanol in blue veined cheeses [27]. Such compounds
are reported to minimally contribute to the cheese ﬂavor, although the 2-heptanol was identiﬁed as a
strong odorant in Gorgonzola and Grana Padano cheese [26].
Unsaturated free fatty acids and esteriﬁed fatty acids can undergo an auto-oxidation process
through non-enzymatic mechanisms, releasing straight-chain aldehydes, mainly propanal, hexanal,
heptanal, octanal, and nonanal, that are responsible for the so deﬁned “green grass-like” aroma [27].
The synthesis of esters can occur by esteriﬁcation, mediated by esterases which use alcohols and
carboxylic acids as substrates, or through alcoholysis, which involves the activity of acyltransferases
and leads to the synthesis of esters from alcohols, acylglycerols, or acyl-CoA mainly derived from the
metabolism of FAAs and FFAs. The transfer to alcohols of fatty acyl groups from acylglycerols or
acyl-CoA derivatives represents the main biosynthetic mechanism adopted by LAB to obtain esters.
These compounds are associated to pleasant fruity notes able to reduce the sharpness and bitterness
that occur in dairy products in which an increase in concentration of FFAs and amines is observed [26].
During esteriﬁcation or alcoholysis the production of S-methyl-thioesters may occur, a phenomenon
mainly correlated to the presence of methanethiol, therefore strictly dependent on the metabolism
of speciﬁc bacterial species such as Micrococcaceae Brevibacterium linens, and Geotrichum candidum.
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S-methyl-thioesters can be alternatively released by the reaction between FFAs and methanethiol, and
are commonly found on the surface of mold-ripened cheese and in blue veined cheeses, conferring
strong odors with low threshold perception [30].
Lactones are produced by hydroxylated FFAs, which are integrated in milk triglycerides and
released by reactions catalyzed by speciﬁc enzymes or induced by heating processes. In addition,
hydroxylated FFAs can alternatively be produced by the catabolism of unsaturated fatty acids mediated
by lipoxygenases and hydratases of microbial origin [28].
Unlike what has been reported for the other classes of compounds, phenols and terpenes can
be identiﬁed in several varieties of dairy products, as a direct consequence of their presence in milk
before the cheese-making. Phenolic compounds are mostly found in appreciable concentrations in
goat and ewe milk, and while they are generally associated with pleasant aromatic notes, they tend to
negatively aﬀect the cheese ﬂavor if present in excessive concentrations.
3. Major Volatile Flavor Compounds Found in Ripened Cheese and Inﬂuenced by Ruminant Diet
The lipolysis and the catabolism of fatty acids represent the most common biochemical mechanisms
in cheese during ripening [27]. Therefore, the most represented family of VOCs in cheeses is usually
that of carboxylic acids, generally composed of acids from C2 (acetic) to C10 or C12 (decanoic or
dodecanoic) [31], followed by other classes of compounds such as aldehydes, lactones, ketones, alcohols,
esters, and phenolic compounds. As summarized in Table 1, all these classes of compounds may
undergo variations in quantity and composition, as a consequence of variations in the diet administered
to ruminants.
Table 1. Summary of the most relevant variations found in diﬀerent dairy products obtained from
ruminants fed experimental diets.
VOC Family

Carboxylic
acids

Dietary Supplement
(Ruminant)

Lactones

Eﬀects

Ref.

Dried grape pomace
(Friesian cows)

Fresh and 28-day ripened
Caciotta cheese

↓ Acetic acid

[32]

Nutrient-rich pasture
(Simmental cows)

12-month ripened Montasio
cheese

↓ Butanoic acid
↓ Hexanoic acid

[33]

Dried grape pomace
(Friesian cows)

28-day ripened Caciotta cheese

Dried licorice root (Saanen
goats)

Fresh and 30-day ripened
Caciotta cheese

↓ Hexanoic acid

[35]

30-day ripened Caciotta cheese
5-day stored Giuncata cheese

↑ Butanoic acid
↑ Hexanoic acid

[37]

Extruded linseed (Saanen
goats)

60-day ripened Caciotta cheese

↓ Dodecanoic acid

[38]

Organic zinc (Friesian cows)

120-day ripened Caciocavallo
cheese

↑ Nonanal

[39]

Organic zinc (half-breed
ewes)

90-day ripened Pecorino cheese

↑ Hexanal

[40]

Organic selenium (Friesian
cows)

30-day ripened Caciotta cheese

↓ Hexanal
↓ Heptanal

[41]

120-day ripened Caciocavallo
cheese

↑ γ-nonalactone
↑ γ-dodecalactone
↑ δ-nonalactone
↑ δ-decalactone
↑ δ-dodecalactone
↑ δ-tetralactone

[39]

30-day ripened Caciotta cheese

↑ δ-octalactone
↑ δ-decalactone

[36]

Organic zinc (Friesian cows)

Aldehydes

Type of Dairy Product

Organic zinc (Friesian cows)
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Table 1. Cont.
VOC Family

Lactones

Dietary Supplement
(Ruminant)

Type of Dairy Product

Ref.

Organic selenium (Friesian
cows)

30-day ripened Caciotta cheese

Dried olive pomace (Friesian
cows)

30-day ripened Caciotta cheese

↑ γ-dodecalactone
↑ δ-octalactone

[42]

Silages (Simmental cows)

68-day, 200-day and 360-day
ripened Montasio cheese

↑ acetone ↑
2-3-butanedione
↑ 2-butanone
↑ 2-hexanone
↑ 2-heptanone
↑ 2-methyl-1-butanol

[43]

Nutrient-rich vs
nutrient-poor pasture
(Simmental cows)

60-day ripened Montasio
cheese

↑ 2-Propanone 1
↑ 2-Hepta-none 1
↑ 2-Undecanone 1
↑ 3-Methyl-1-butanol 2

[44]

Organic selenium (Friesian
cows)

120-day ripened Caciocavallo
cheese

↑ 2-pentanone
↑ 2-nonan-2-one
↓ Hexanol

[45]

TMR + native pasture (dairy
cows)

Ragusano Cheese

Geranyl acetate 3
[E]-Methyl-jasmonate3

[46]

120-day ripened Caciocavallo
cheese

↑ Ethyl butanoate
↑ Ethyl hexanoate
↑ Ethyl octanoate
↑ Ethyl nonanoate
↑ Ethyl decanoate
↑ Ethyl dodecanoate
↑ Ethyl tetradecanoate
↑ Ethyl hexadecanoate

[39]

30-day ripened Caciotta cheese

↑ Ethyl hexanoate
↑ Ethyl hexadecanoate

[36]

↑ Toluene

[47]

↑ Ptaquiloside
↑ Genistein
↑ Daidzein

[48]

Ketones and
Alcohols

Esters
Organic zinc (Friesian cows)

Pasture (dairy cows)
Phenolic
compounds

Eﬀects

Raw milk
Crops (dairy cows)

[41]

VOC = volatile compound; TMR = total mixed ration; ↑ = Increase in concentration; ↓ = Decrease in concentration.
Data referred to cheese obtained from cows fed the nutrient-poor pasture. 2 Data referred to cheese obtained from
cows fed the nutrient-rich pasture. 3 Compounds only found in cheeses obtained from cows fed the experimental
feeding strategy.

1

3.1. Acids
Acetic acid can be synthesized by the catabolism of lactose, citrate, and FAAs, can alternately be
derived from propionic fermentation, and is associated to pungent, vinegary, and acidic notes [1,32].
Ianni et al. [34] showed a signiﬁcant decrease in concentration of this compound in fresh and 28-day
ripened cheeses obtained from lactating cows fed for 60 days with 5% dietary supplementation of
grape pomace, the major by-product of the oenological industry. A plausible explanation for this
ﬁnding probably lies in the fact that grape pomace induced in milk an increase in concentration of
long-chain fatty acids, making less likely the release of short-chain free fatty acids. In this regard,
the study of Harper et al. [49] is of note, in which milk fat was substituted with various vegetable
lipids in Romano and Cheddar cheeses. During the ripening process of cheese slurries, low molecular
weight free fatty acids were formed, although the vegetable fats did not contain these compounds.
As also discussed by Urbach [29], this interesting behavior was not fully characterized by authors from
a microbiological and biochemical point of view, and it is therefore possible that the behavior observed
may in part have been determined by exogenous factors.
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Butanoic and hexanoic acids are considered to be the primary cause of strong and, in some cases,
unpleasant odors deﬁned as cheesy, rancid, and sweaty, and their tendency to increase in concentration
during ripening in hard cheeses has been widely observed and characterized [50,51]. In a recent study
conducted by Aprea et al. [33] a signiﬁcantly lower concentration of both compounds was observed in
ripened Montasio cheese obtained from Italian Simmental cows grazing in a pasture characterized
by a nutrient-rich vegetation type. A similar behavior was also observed in other studies in which
the ruminant diet was supplemented with plant matrices, which is particularly interesting from the
biological point of view, due to the high content of bioactive compounds. Speciﬁcally, the reduction of
butanoic and hexanoic acids in ripened cheeses was obtained by enriching the diet of Saanen goats with
1% of dried licorice root for 60 days [35], and by administering dietary grape pomace supplementation
in lactating Friesian cows [34]. In contrary to the above reported, an increase in butanoic and hexanoic
acid was evidenced in dairy products obtained from Friesian cows given dietary zinc supplementation.
The particularity in this case lies in the fact that this ﬁnding was observed both in a 30-day ripened
Caciotta cheese and in a fresh Italian dairy product, the Giuncata cheese, which was analyzed after
5 days of storage at 4 ◦ C [36,37]. The general increase in concentration of FFAs, such as butanoic and
hexanoic acids, is commonly explained by the extent of starter cell autolysis during cheese ripening,
with the consequent release of enzymes, especially lipases, that promote lipolysis by cleaving the
ester linkage between the fatty acid and the glycerol of the triacylglycerol [27]. The breaking of the
bacterial envelope and the release of enzymatic factors into the extracellular environment is mediated
by peptidoglycan hydrolases, commonly named autolysins, which are characterized by an N-terminal
domain, a central catalytic domain, and a C-terminal domain containing a binding motif for zinc,
which therefore represent a valuable cofactor [52]. The increase of FFAs in the presence of zinc may
therefore depend by the ability of the trace element to favor bacterial autolysis in cheese. In the case
of licorice root and grape pomace the opposite phenomenon was instead observed, presumably due
to the ability of bioactive compounds deriving from these matrices to slow down the lipolytic action.
In this regard it could be taken into account that lipase activity in cheese is strongly inﬂuenced by
the concentration and type of fatty acids present in the reaction environment [3]. Indeed, the dietary
intake of both licorice and grape pomace induced in milk signiﬁcant variations in the fatty acid proﬁle,
with a presumable eﬀect especially on lipases of endogenous origin. This interpretation could also be
applied to the just-mentioned studies based on the use of zinc with respect to the reduced production
of short-chain FFAs in dairy products, and an increase in concentration of long-chain fatty acids in milk
and speciﬁcally vaccenic (C18:1 trans-11), oleic (C18:1 cis-9), linoleic (C18:2 cis-9, cis-12), and rumenic
(C18:2 cis-9, trans-11) acids.
With regard to the longer chain carboxylic acids, the picture seems to appear more complex. In a
study conducted on ripened goat cheese, evidence was found of a tendency for octanoic, decanoic
and dodecanoic acids to increase in concentration after short aging periods (about 12 weeks), reaching
concentrations well above the threshold values of aroma perception [53]. Octanoic acid is considered to
be the main “goaty” compound in dairy products, and is reported to exhibit a waxy aroma that strongly
contributes to the ﬂavor of hard goat cheeses. Also, decanoic and dodecanoic acids undoubtedly
inﬂuence the overall ﬂavor of hard cheeses, and their increase is generally associated to soapy ﬂavor [54].
With regard to the eﬀect of the ruminant diet on the concentration of these compounds in dairy products
during ripening, the study conducted by Bennato et al. [38] is noteworthy, as a reduction of dodecanoic
acid was observed in a 60-day ripened cheese obtained from goats given dietary supplementation
with extruded linseed. This plant matrix did not induce changes in the chemical composition of milk;
the only variation was represented by the increase in concentration of linolenic acid (C18:3 cis9, cis12,
cis15), which is known to be particularly represented in linseed. As previously reported, an eﬀect of
diﬀerent acidic compositions of milk in inﬂuencing the activity of endogenous lipases during cheese
ripening [3] could be hypothesized.
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3.2. Aldehydes
Aldehydes are strongly ﬂavored compounds and are commonly associated in foods to aroma
defects referred to as oxidative rancidity [1,27]. These compounds are mainly released by the catabolism
of FAAs and, in turn, represent the substrate for speciﬁc dehydrogenases responsible for the production
of alcohols and carboxylic acids [17]. Aldehydes can also derive from non-enzymatic auto-oxidation
reactions which lead to the degradation of unsaturated fatty acids, both free and esteriﬁed. These
reactions do not occur with high frequency, since the cheese is characterized by a reducing environment.
However, this event is responsible for the release of straight-chain aldehydes, which are reported to be
associated with pleasant ﬂavor notes [28]. The dairy matrices particularly rich in polyunsaturated fatty
acids are therefore more prone to encountering oxidative phenomena able to produce aldehydes.
Recently, the enrichment of the ruminant diet with trace elements, such as zinc and selenium,
resulted eﬀective in inducing in milk, and consequently in cheese, an increase in concentration of
PUFAs [39–41]. With regard to zinc, the authors speciﬁcally observed an increase in desaturation
of stearic acid, and this ﬁnding was at least in part attributed to the role of zinc as a cofactor for a
protease involved in the expression of stearoyl coenzyme A desaturase (SCD) in the mammary gland.
SCD is reported to be an endoplasmic reticulum-bound enzyme responsible for the Δ9 -desaturation
of saturated fatty acyl-CoAs. The gene expression of this enzyme is mediated by the sterol response
element binding proteins (SREBPs) which are activated by a metalloprotease (Site-2 protease) that needs
zinc to perform its catalytic function [55,56]. In these studies, the analysis of volatile proﬁle in dairy
products did not evidence signiﬁcant variations in the amount of total aldehydes. Authors discussed
this ﬁnding by advancing the hypothesis of a role of zinc and selenium in curbing the oxidative damage,
a conclusion also supported by the reduction of lipid oxidation evaluated by measuring in cheese the
thiobarbituric acid reactive substances (TBARS). In this regard, zinc has been reported to inhibit lipid
peroxidation in biological systems by competing with prooxidant metals (i.e., Cu and Fe) for binding
sites, thus decreasing their ability to transfer electrons in a particular environment [57]. In the case
of selenium, its antioxidant property lies in the ability to act as a scavenger of reactive oxygen-based
radicals, with a direct eﬀect in opposing the lipid oxidation in biological systems [58]. Although no
diﬀerences were found in the total aldehyde content, interesting diﬀerences were observed at the
level of individual compounds. The dietary zinc supplementation induced a signiﬁcant increase in
concentration of nonanal and hexanal in 120-day ripened Caciocavallo cheese and in 90-day ripened
Pecorino cheese, respectively [39,40], whereas the selenium supplementation administered to Friesian
cows was eﬀective in inducing a decrease in hexanal and heptanal in samples of 30-day ripened
Caciotta cheese [41]. Therefore, in light of what has been reported, dietary zinc enrichment seems to
induce a better eﬀect on the aromatic properties of ripened dairy products, since nonanal and hexanal,
unlike other aldehydes, are commonly associated with pleasant herbal and slightly fruity notes [28].
3.3. Lactones
The main precursors of lactones are represented by hydroxylated FFAs which are incorporated in
milk fat triglycerides and released as a result of enzymatic lipolytic mechanisms or the heating process.
Hydroxylated FFAs can also be produced by the activities of lipoxygenases or hydratases of microbial
origin, within the catabolism of unsaturated fatty acids. A reaction of one-step transesteriﬁcation
is eﬀective in synthesizing lactones from hydroxylated FFAs [28]. These mechanisms heavily and
quite positively aﬀect the cheese ﬂavor, since lactones are associated with very pronounced fruity
notes, although they have been found to also contribute in cheese to the buttery character [59]. The
synthesis of lactones leads to the release of α- and β-lactones that are reported to be highly reactive
and unstable, while γ- and δ-lactones are stable and have been identiﬁed in several dairy products. In
Cheddar cheese, the concentration of lactones rapidly increased in the early stages of the ripening,
reaching levels well above their thresholds of ﬂavor perception. δ-Octalactone was reported to be
the most represented lactone in Parmigiano Reggiano cheese, while γ-decalactone, δ-decalactone,
γ-dodecalactone, and δ-dodecalactone have been found in several French blue cheeses [60].
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Also in this case, the studies previously cited have highlighted an active role of the ruminant diet
in inducing a change in the relative concentration of this class of volatile compounds. In Caciocavallo
cheese obtained from Friesian cows given zinc supplementation, there was evidence of diﬀerent lactones:
γ-nonalactone, γ-dodecalactone, δ-nonalactone, δ-decalactone, δ-dodecalactone, and δ-tetralactone.
All these compounds went through a signiﬁcant increase in concentration at the end of the 120 days
of ripening [39]. No speciﬁc studies have been conducted on the eﬀect of zinc in the biosynthetic
pathway of lactones; however, as reported in the previous paragraphs, a role of the trace element
in promoting the starter cells autolysis with consequent release of lipases in the dairy environment
could be hypothesized [52]. This event has been reported to be responsible for the increase in
concentration of FFAs, from which hydroxyacids, precursors of γ- and δ-lactones [28], are derived.
The dietary zinc supplementation was also reported to induce an increase in concentration of lactones
in samples of 30-day ripened Caciotta cheese, in which the compounds involved were however limited
to δ-octalactone and δ-decalactone [36]. This phenomenon, involving δ-octalactone and δ-decalactone,
has also been observed in samples of 30-day ripened Caciotta cheese obtained from lactating Friesian
cows given dietary selenium supplementation [41]. This ﬁnding therefore suggests a common role of
trace elements in favoring the biochemical mechanisms, especially of an enzymatic type, responsible
for the synthesis of this class of VOCs.
Interestingly, lactones did not seem to undergo noteworthy variations in experimentations in
which the diet of dairy goats and cows was supplemented with plant matrices such as linseed, licorice
root, and grape by-products, rich in compounds credited of considerable interest from a biological point
of view because of their well characterized anti-inﬂammatory and antioxidant properties [34,35,38].
An exception to this consideration is found in the study conducted by Castellani et al. [42], who
administered to dairy cows a dietary supplementation of olive pomace, a by-product of the olive oil
production, rich in ﬁber and unsaturated fatty acids. In samples of 30-day ripened Caciotta cheese,
authors observed an increase in concentration of γ-dodecalactone and δ-octalactone, together with
compounds belonging to other chemical classes such as 2-octenal and 1-hexanol.
3.4. Ketones and Alcohols
Ketones and alcohols mainly derive from biochemical mechanisms involving the lysis of
triglycerides and the oxidation of saturated FFAs, with the consequent production of ketoacids
that are decarboxylated to ketones which, in turn, can be reduced to obtain alcohols [61]. These
compounds are mainly released by molds such as Penicillium roqueforti and Penicillium camemberti,
which are responsible for typical odors that characterize the aroma of ripened blue veined cheeses [27].
In order to appreciate the potential contribution of these compounds to the cheese aroma, it could
be useful to consider that in water, methyl ketones are reported to be characterized by perception
thresholds that are quite low, ranging from 0.09 mg·100 g−1 for 2-heptanone and 4.09 to 50.0 mg·100 g−1
for 2-propanone [28].
In many studies on the volatile proﬁle of cheeses, these classes of compounds are present in
limited concentrations, precisely due to the fact that in the manufacturing of many dairy products
molds are unwanted and strongly countered [29]. In addition to this, it should be mentioned that
the concentration of ketones and alcohols does not seem to be particularly related to the degree of
maturation of the cheeses, with a heterogeneous condition of complicated interpretation.
Stefanon and Procida [43] conducted a study aiming to evaluate the eﬀects of including silage
in dairy cow diet on the volatile proﬁle of Montasio cheeses. During cheese ripening, signiﬁcant
variations were evidenced for ketones and mostly for the amount of total alcohols, with speciﬁc changes
in concentration of ethanol, isobutanol, 1-penten-3-ol, and 2-methyl-1-butanol. Authors discussed
these ﬁndings by assuming a direct eﬀect of diet composition in aﬀecting microbial and chemical
fermentations in cheese during ripening rather than a transfer of selected compounds from milk. The
Montasio cheese was also the subject of the research conducted by Bovolenta et al. [44], who performed
evaluations on the volatile proﬁle of cheese obtained by using raw milk coming from Italian Simmental
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cows grazing on two alpine pastures diﬀerent for botanical composition. The “nutrient-poor pasture”
resulted eﬀective in inducing molding of the volatile proﬁle of 60-day ripened cheese; in particular an
overall increase in concentration of ketones, phenolic compounds, and terpenes was observed, with
consequent slight eﬀects noticed by panelists in the sensory analyses. With speciﬁc regard to terpenes,
during cheese ripening diﬀerences were observed that the authors justiﬁed by taking into account the
study of Belviso et al. [62] who demonstrated the ability of lactic acid bacteria isolated from cheese to
inﬂuence the terpenoid biosynthesis.
An interesting behavior was recently observed in the volatile proﬁle of Caciotta cheese obtained
by enriching dairy cows diet with olive pomace. The dietary supplementation was eﬀective in inducing
a signiﬁcant increase in FFAs, ester, and ketones in raw milk; however, following pasteurization and
cheese-making, these diﬀerences disappeared both in the fresh and 30-day ripened dairy product [63].
Authors did not speciﬁcally investigate this phenomenon but hypothesized that the observed variations
could at least in part derive from a change in the microbial population in pasteurized milk cheese,
thus passing from a prevalence of lactic acid bacteria in raw milk to a greater concentration of the
microbial genera used for pasteurized cheese manufacturing (Lactococcus, Lactobacillus, Streptococcus,
and Propionibacterium).
Ianni et al. [45] compared the aromatic compounds of Caciocavallo cheeses obtained from Friesian
cows fed a standard diet and a diet supplemented with selenium. Although the trace element did
not induce diﬀerences in the chemical composition of milk and cheese, interesting variations were
identiﬁed in the volatile proﬁle of 120-day ripened cheeses, in which an increase in concentration of
two methyl ketones (2-pentanone and 2-nonan-2-one) and a decrease of an alcohol (1-hexanol) were
found. In this study changes in the family of ethyl esters were also highlighted, but no evaluations
were executed on the hypothetical consumer acceptability of the experimental dairy product, since no
sensory analyses were performed.
3.5. Esters
Esters represent a class of VOCs indirectly involved in the metabolism of FFAs [27]. Many of these
compounds are reported to have low perception thresholds and are widely associated to a pleasant
aroma characterized by sweet, fruity, and ﬂoral notes; furthermore, esters are appreciated for their role
in stemming the bitterness and sharpness of cheeses, very often due to the high content of amines and
FFAs [64].
Carpino et al. [46] analyzed the aroma-active compounds of Ragusano cheese obtained from
dairy cows fed a total mixed ration (TMR) supplemented with native Sicilian pastures, in comparison
with the same cheese obtained from cows fed only TMR. In samples of Ragusano cheese derived
from native pasture 8 unique volatile ﬂavor compounds were identiﬁed, among which 2 were esters,
speciﬁcally geranyl acetate and [E]-methyl jasmonate. The latter compound represents a mediator of
the physiological defense mechanisms adopted by plants subjected to stress induced by herbivorous
insects. Speciﬁcally, when damage occurs plants produce VOCs reported to have detrimental eﬀects
on insect physiology [65]. The physical damage of the plant tissue entails the activation of the
octadecanoid-lipoxygenase (LOX) pathway, responsible for the release of a wide range of lipid-derived
VOCs. Therefore, it is conceivable that a small part of these compounds can be identiﬁed in raw
milk and consequently in the cheese of ruminants fed with fresh pasture. The ﬁnding concerning the
identiﬁcation of unique odor-active esters was also found by analyzing the volatile proﬁle of 60-day
ripened goats’ milk cheese obtained from animals fed a dietary supplementation of extruded linseed,
a well characterized plant matrix rich in linolenic acid (C18:3 cis-9, trans-12, trans-15). These esters,
only detected in the “experimental” ripened cheese, were speciﬁcally the butanoic acid pentyl ester,
the butyric acid 2-ethylhexyl ester, and the isopentyl hexanoate [54].
The previously mentioned addition of zinc to the diet of lactating dairy cows resulted effective
in inducing noteworthy variations in volatile esters in derived dairy products. In 120-day ripened
Caciocavallo cheese a marked increase in concentration of all the detected ethyl esters was shown,
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specifically ethyl butanoate, ethyl hexanoate, ethyl octanoate, ethyl nonanoate, ethyl decanoate, ethyl
dodecanoate, ethyl tetradecanoate, and ethyl hexadecanoate. Interestingly, the last two compounds
resulted only present in ripened cheese samples obtained from zinc feeding [39]. As previously reported,
these data allow the discussion of a role of zinc in inducing an increase in lipolytic activity on the
triglycerides present in the dairy matrix [52], with a consequent increase in concentration in the reaction
environment of FFAs, contributing to the determination of the volatile profile not only directly, but also
giving rise to other families of compounds, including esters [28]. In a 30-day ripened Caciotta cheese,
the dietary zinc supplementation induced an increase in concentration of only two compounds, ethyl
hexanoate and ethyl hexadecanoate, whereas no variations in this class of compounds were evidenced
in Giuncata cheese, a fresh dairy product, that was analyzed after 5 days of storage at 4 ◦ C [36,37]. In
light of what has been just reported, it seems plausible that the observed increase in concentration of
volatile ethyl esters is related to the length of the maturing period, although this consideration should be
properly verified. As a partial support to the discussion, in one study lactating ewes were administered a
zinc-enriched diet. In addition, samples of Pecorino cheese matured for 90 days showed an increase in
concentration of two ethyl esters, specifically ethyl butanoate and ethyl hexanoate. In this case a slight
but still significant reduction in concentration of ethyl octanoate was also reported [40].
3.6. Phenolic Compounds
Phenolic compounds are secondary metabolites of plants to which interesting properties are
attributed from the biological point of view [66]. For that reason, over time great interest has been
given to the development of functional dairy products containing speciﬁc phenolic compounds, such
as catechin, tannic acid, hesperetin, and ﬂavones, or natural crude compounds, for instance grape
extract, green tea extract, and dehydrated cranberry powder [67].
Their presence in animal products can also derive from the direct transfer of these compounds
from green herbage, or the synthesis by rumen bacteria which are reported to be mainly responsible for
the lignin breakdown into monomeric phenols, through a mechanism characterized by decomposition
of benzyl ether bonds of lignin polymers under anaerobic conditions [68]. Previous studies focusing
on the evaluation of meat quality evidenced the presence of speciﬁc phenolic compounds in ruminant
fat as a consequence of the ingestion of higher percentages in green herbage than in grain-based diets;
speciﬁcally, the identiﬁcation of 4-methylphenol in ruminant fat was reported to be positively aﬀected
by grazing [69,70].
As reported by O’Connell and Fox [71], the majority of phenolic volatile compounds identiﬁed in
milk and dairy products are strictly related to the diet administered to ruminants, although a proportion
may represent the product of FFA catabolism, preferably exploiting tyrosine as a precursor. In another
study, in which lactating Friesian cows received a diet enriched with olive pomace, in pasteurized
milk cheeses an increase in phenolic compounds was observed, speciﬁcally phenylacetaldehyde
and 2-phenylethyl alcohol, both derived from the catabolism of phenylalanine. Authors discussed
the ﬁnding by assuming a non-enzymatic Strecker degradation of phenylalanine or by enzymatic
transamination of phenylalanine as an imide that is subsequently degraded to give phenylacetaldehyde,
that, in turn, undergoes reduction to produce 2-phenylethyl alcohol [72].
With speciﬁc regard to cow milk, a study conducted by Villeneuve et al. [47] showed higher
concentrations of toluene in samples obtained from cows on pasture, in comparison with milk samples
collected from animals fed hay and silage. Authors discussed this ﬁnding by advancing the hypothesis
of a greater degradation of β-carotene in forages such as silage or hay subjected to wilting and sun
curing following harvesting [73]. Therefore, authors concluded that cows on pasture presumably
consumed more β-carotene, explaining the signiﬁcant increase in milk of toluene concentration.
To better understand this ﬁnding, the study conducted by Contarini et al. [74] should be taken into
account, where the eﬀect of diﬀerent heat treatments on the volatile proﬁle of milk by applying a
dynamic headspace capillary gas chromatography coupled with multivariate statistical approach
was studied. Also in this work, it was assumed that the identiﬁcation of toluene in raw milk was
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the consequence of β-carotene degradation. Furthermore, it was evidenced that the identiﬁcation of
toluene in milk, together with 2-pentanone, 2-heptanone, pentanal, and 3-methylbutanal, was eﬀective
in discriminating in-bottle sterilized milk (in which these compounds are more greatly represented)
from pasteurized samples.
Other studies conﬁrmed that by feeding cattle with high levels of particular crops, other phenolic
compounds may also be detected in ruminant milks, such as ptaquiloside, a norsesquiterpene from
bracken (Pteridium aquilinum), or genistein and daidzein (derived from clover) [48].
4. Conclusions
In this review, the main biochemical mechanisms characterizing dairy products during ripening
have been recalled, and the inﬂuence of diﬀerent feeding strategies on the production and relative
concentrations of various VOCs in fresh and ripened cheeses has been discussed.
Despite the large amount of research activity, to date the inﬂuence of certain dietary strategies on
the quality of dairy products has not been well characterized, and there is a lack of ﬁndings useful to
establish VOCs directly transferred from feeds to animal products that could be used for authenticity
studies in order to discriminate milk samples or fresh and ripened dairy products. Furthermore,
it should be also kept in mind that there is considerable variability induced by the cheese manufacturing
process (heating, starter cultures type, ripening conditions), which could eliminate some of the VOCs
present in milk. This remains an interesting challenge for researchers in the ﬁeld of animal production.
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