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Abstract: To deal with climate emergency and reduce environmental impact, agro-industrial wastes
are gradually gaining interest and are being used for new products and applications. The large
production of watermelons represents an opportunity because of the many byproducts that can be
transformed into innovative and valuable foodstuffs. In this study, we examined the lycopene-rich
whole dietary fiber (WDF) obtained from the watermelon pomace of a peculiar cultivar, Gavina®

(Oristano, Italy) a seedless fruit from Sardinia (Italy). The volatile chemical composition of the
WDF was investigated using Solid-Phase Microextraction-Gas Chromatography/Mass Spectrometry
(SPME-GC/MS). The aim was to follow the evolution of the Volatile Organic Compounds (VOCs)
fraction during storage and verify its stability over time. Since watermelon is an excellent source of
carotenoids, their byproducts were the most abundant VOCs of the freshly prepared samples, but
their overall abundance decreased significantly during storage. The opposite trend was observed
for acids and aldehydes, whose increase over time is related to amino acid degradation. Freshly
prepared WDF can be used in the food industry as an antioxidant-rich dietary fiber that imparts
a characteristic and pleasant aroma. Over time, its aroma profile and carotenoid content change
considerably, reducing its health properties and limiting its potential application as a natural flavor.

Keywords: watermelon; dietary fiber; volatile aroma compounds; food sustainability; food waste;
HS-SPME-GC/MS; recycle; biorefinery

1. Introduction

The analysis of the volatile fraction of food is essential for understanding, planning,
and improving the sensory characteristics of new products [1]. The aroma of fruits and
vegetables strictly depends on their chemical composition, as well as on any possible con-
stitutive variation [2,3]. Furthermore, it is determined by unique combinations of Volatile
Organic Compounds (VOCs) with different physicochemical properties and perceptual
thresholds [4]. These VOCs confer specific quality characteristics and represent valuable
and interesting sensory parameters, particularly for the food industry.

The aroma of a food product is directly related to its acceptability by consumers,
nutritional and qualitative characteristics, health, and safety [3]. The measurement and
identification of VOCs, in the specific case of fruits, allow to highlight any differences be-
tween different cultivars of the same species [5]. These variations are linked to geographical
origin, cultivation site, production methods, harvesting technologies, degree of ripeness,
and aging [2,3,6].

Monitoring VOCs over time allows the achievement of different goals. For example,
it is possible to establish authenticity and traceability of food products. These controls
are more effective when targeting specific molecules that act as unique quality markers.
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Some analytes may develop over time, which reflects the age of the product. In addition,
they could result from the manipulations to which the material is subjected (i.e., prolonged
thermal stress, sterilization, cooking, drying, etc.). These studies are important because,
among the countless VOCs, some are not particularly desirable because they impart un-
pleasant aromas (the “off-flavors”), compromising the acceptability of the product by the
final consumers [7–10].

The VOC fraction also persists in the dietary fiber (DF) that can be obtained from
fruits or vegetables. Consumption of DF in human nutrition plays a functional role in
maintaining good health. Therefore, nutritionists have largely encouraged an increase in
its consumption [11,12] as the modern diet of Western countries is particularly devoid of it.
In addition, animals also benefit from a high-fiber diet [13].

According to the Food and Agriculture Organization of the United Nations (FAO),
one of the Sustainable Development Goals is the transformation and conversion of poor
and waste materials into value-added resources. A significant amount of food is wasted
directly in the field, and approximately one-third of the agri-products for food supply are
wasted [14]. The recovery of these materials allows their conversion into new opportunities
to obtain functional foods. In fact, agri-food waste is often rich in nutrients such as dietary
fibers, polyphenols, vitamins, and minerals [15]. The recovery of this edible waste perfectly
follows the circular economy principles, aimed at achieving a “zero-waste society” [16]. In
addition, it can help mitigate the low nutrient intake that is typical of modern diets.

Pursuing our previous works regarding the recovery of dietary fiber from agri-food
waste [5,17,18], in this study, we obtained and examined the whole dietary fiber (WDF)
from watermelon pomace. Pomace is the pulp residue remaining after the fruit has been
crushed to extract its juice.

Watermelon (Citrullus Lanatus L.), belonging to the Cucurbitaceae family, is widely
consumed and is the second most common fruit crop worldwide [19]. According to
statistics from the Food and Agriculture Organization, global watermelon production
reached approximately 104 million tons in 2019 [20]. The Italian Institute of Statistics
(ISTAT) estimated that 8.5% of the total production was not harvested during the 2020
cultivation cycle, corresponding to approximately 55 Ktons/year [21]. These data are
impressive considering the worldwide production of watermelons. Sorting operations
carried out during the cultivation cycle generate food loss, such as fruits with defects
caused by hail, those with spots or malformations, or those that are over-ripened; these
fruits are left on the cultivation field at the end of the growing season. It is necessary to
add the amount of fruit discarded or unsold by retailers and the by-products derived from
industrial processing to these quantities.

Therefore, we recovered and enhanced the pomace of pre-waste watermelons, obtain-
ing a DF rich in bioactive components such as polyphenols, carotenoids, and vitamins,
among other species that exert powerful antioxidant and anti-inflammatory effects [22].
Many studies have shown that the volatile fraction of watermelon originates from a combi-
nation of different classes of molecules, including esters, alcohols, organic acids, aldehydes,
ketones, heterocyclic compounds, terpenoids, and volatile apocarotenoids [4,6,23]. The
great variety of molecules that define watermelon aroma is the result of different biosyn-
thetic or degradative metabolic pathways involving lipids, amino acids, and carotenoids,
giving rise to a rich and complex VOCs population [3].

In this study, we analyzed the VOCs of a set of WDF samples by applying HS-SPME-
GC-MS technique. The goal was to identify VOCs that could represent quality markers of
the fiber and evaluate their stability over time. For this research, we chose the pre-waste
watermelons of a particularly valuable cultivar, Gavina®, in Italy covered by the trademark.
To our knowledge, there is little evidence in literature regarding this uncommon and
extremely peculiar watermelon cultivar. The analysis was performed immediately after
obtaining the fiber (WDF_t0), and subsequently, the differences following storage were
evaluated. We considered two aging steps: 30 days (WDF_t1) and 24 months (WDF_t2)
of storage. The compositional stability and resistance of watermelon fibers to the aging
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processes can be evaluated both macroscopically, i.e., following the temporal evolution of
the color point [24], and microscopically, through the variation of the VOCs fraction. It is
well known that when β-carotene and lycopene break down, many different volatiles are
released, indicating the loss of these valuable bioactive components [4,25]. Furthermore,
the degradation of these carotenoids, which are natural chromophores, involves variations
in the color of the food containing them. The loss of these antioxidant nutrients leads
to a decrease in the nutritional value of the WDF, on which the possible technological
applications depend. The content of lycopene and β-carotene, which are beneficial to
human health, can significantly determine their specific use in various production sectors,
such as food. Moreover, the aroma of a product is particularly important in defining its
possible applications, especially in the food and flavoring sectors. Therefore, this study
aimed to obtain preliminary information to evaluate the possible technological applications
of the sample according to its storage time.

2. Materials and Methods
2.1. Samples Preparation

Five Gavina® watermelons produced in the Sardinia region (Italy), were purchased
from different local markets in Modena. This choice allowed us to achieve a greater rep-
resentation of the cultivation areas. The fresh fruits were washed with distilled water.
Approximately 300 g of the edible fraction of each fruit was separated, weighed, and
homogenized using a kitchen mixer. Paper filtration was performed to separate the juice
from the crude fiber. A known weight of the wet sample was then vacuum freeze dried
using a Christ Alpha freeze-dryer (Christ Alpha 1-2 LDPlus, Martin Christ Gefriertrock-
nungsanlagen GmbH, Osterode am Harz, Germany), to obtain the whole dietary fiber
(WDF). Immediately after drying, the resulting fibers were homogenized in a grinding mill
equipped with a rotor made of Ti and a sieve of 500 µm, maintaining the equipment at
a low temperature with a few drops of liquid N2. This strategy was adopted to preserve
the aroma profile of the fibers as much as possible. One set of samples was prepared for
each aging step, with each containing three replicates. VOCs analysis was carried out on
samples that were freshly prepared (WDF_t0), samples after 30 days of storage (WDF_t1),
and samples after 24 months of storage (WDF_t2). For each sample, about 0.5 g of Gavina®

WDF was transferred into 10 mL glass vials, which were sealed tightly with Teflon/silicone
septa. The samples were stored in the dark at room temperature and in the same closed
vials during the aging period. The 1-month and 24-month aging steps were chosen to
evaluate the flavor profile variations relating to short- and long-term storage, respectively.

2.2. Volatile Organic Compounds Sampling: HS-SPME

All samples were sonicated for 30 min in a thermostated bath at 40.0 ± 0.1 ◦C to
facilitate the VOCs transfer to the vial headspace (HS). VOCs sampling was performed
by exposing a CW/DVB/PDMSO Solid Phase Micro-Extraction (SPME) fiber (Supelco,
Bellefonte, PA, USA) to the HS for 15 min. The SPME holder (Supelco Inc., Bellefonte, PA,
USA) was used to manually perform the analysis. The SPME fiber was then inserted into
the injector of the GC-MS system to desorb the analytes at 250 ◦C for 15 min. The SPME
fiber being composed of three materials with different polarity allows to sample analytes of
different chemical properties and molecular size.

To obtain good reproducibility of the experimental procedures, the analyses were
performed on at least three replicate samples of the same matrix. Blank tests were performed
by analyzing a standard solution of 1-decanol (conc. 150 µg/g ethanolic solution) after five
chromatographic runs of real samples.

2.3. GC-MS Analysis

GC-MS analysis was performed using an Agilent 6890N Network gas chromatography
system coupled with a 5973N mass spectrometer (Agilent Technologies, CA, USA). A
DB-5MS UI column (60 m × 0.25 mm i.d., 1.00 µm film thickness; J&W Scientific, Folsom,
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CA, USA) was used for chromatographic separation. SPME injections were performed in
splitless mode. The carrier gas (He) was fluxed at a constant flow rate of 1 mL/min with a
column head pressure of 15 psi. The initial oven temperature was 40 ◦C (held for 5 min),
followed by a heating ramp set at 10 ◦C/min up to 160 ◦C, and then at 8 ◦C/min to reach
a final temperature of 270 ◦C, held for 5 min. The transfer line was heated to 270 ◦C. The
mass spectrometer was operated in the electron impact (EI) ionization mode at 70 eV in the
full scan acquisition mode, with a m/z scanning range from 25 to 300.

Chromatograms and mass spectra were analyzed using Enhanced ChemStation soft-
ware (Agilent Technologies, Santa Clara, CA, USA). The volatiles were tentatively identified by
matching the mass spectra with the data system library (NIST14/NIST05/WILEY275/NBS75K)
and using Web databases, such as the National Institute for Standards and Technology (NIST
database https://webbook.nist.gov, accessed on 15 November 2022) and Mass Bank of North
America (https://mona.fiehnlab.ucdavis.edu, accessed on 15 November 2022).

The Linear Retention Index (LRI) was used for an additional comparison between our
data and those reported in the literature and in the NIST Standard Reference Database,
considering only values referring to analyses performed under the same operating condi-
tions (instrumental specifications and heating ramp). The LRI of the detected compounds
were calculated from a standard solution of n-alkanes (C6, C9, C12, C14, and C16) analyzed
following the same procedure used for the samples. It proved to be particularly useful for
the distinction of E/Z isomers because these species produce mass spectra that are difficult
to differentiate.

Finally, some analytes were identified by comparing their mass spectra with those of
their respective pure standards (when available) and analyzed using HS-SPME-GC-MS
under the same operating conditions used for the samples. The pure standard used are
as follows: 2-methyl-1-butanol; 1-pentanol; 1-hexanol; benzyl alcohol; 2-methylbutanal;
3-methylbutanal; 2-methyl-2-butenal; methyl-hexanoate; 2-methylbutanoic acid; 3-methyl
butanoic acid; and decanal.

VOCs related to the chromatographic column or to the sorbent fiber, such as silane and
siloxane derivatives, were discarded in order to collect only the information related to our
samples. The amount of each identified volatile is expressed as the Total Ion Current (TIC)
peak area. The data are expressed as the mean of three replicates ± Standard Deviation (SD).

2.4. Chemicals and Reagents

The chemicals used during the study were the following: (i) 2-methyl-1-butanol; 1-
pentanol; 1-hexanol; benzyl alcohol; 2-methylbutanal; 3-methylbutanal; 2-methyl-2-butenal;
methyl-hexanoate; 2-methylbutanoic acid; and 3-methylbutanoic acid; all were obtained
from Sigma–Aldrich, distributed by Merck KGaA, Darmstadt, Germany. (ii) decanal; n-
hexane; nonane; dodecane; tetradecane; and hexadecane were obtained from Carlo Erba
Reagents, Milano (Italy).

2.5. Statistical Analysis

Experimental data were compared by applying analysis of variance (one-way ANOVA),
by running in the Matlab® 2020b environment (The Mathworks Inc., Natick, MA, USA).
The level of significance was determined at p < 0.05 to see whether there are statistical
differences between the mean values.

3. Results and Discussion

The Gavina® WDF samples were obtained by freeze-drying. Unlike oven drying,
this technique allows the nutritional value and the volatile fraction of the matrix to be
maintained more unaltered. Therefore, we believe that the WDF_t0 aroma and bioactive
molecules are extremely similar to those of fresh Gavina® watermelon. The oven-drying
process leads to the loss of volatile VOCs even at low temperatures. Moreover, thermal
stress accelerates the degradation of unstable bioactive molecules, thereby reducing the
functional properties of the matrix. The low water content (3.5%) after freeze-drying

https://webbook.nist.gov
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prevents the proliferation of molds and bacteria. In fact, even after two years of storage,
Gavina® WDF was free of mold and unpleasant odors, as confirmed using the HS-SPME-
GC-MS analysis.

Figure 1a–c shows the chromatograms obtained using HS-SPME-GC MS from a sample
of Gavina® watermelon WDF: freshly prepared (t0) (Figure 1a), after 30 days (t1) (Figure 1b),
and after 24 months (t2) (Figure 1c).

The chromatogram profile (a) relating to the WDF_t0 sample was divided into two
sections with scale expansion to better visualize the less intense peaks. Comparing the TIC
scales of the three chromatograms in Figure 1, an overall decrease in analytical signals was
observed with increasing sample storage time.

As shown in Figure 1a (WDF_t0), 102 compounds were detected, including 34 aldehy-
des (ALD), 15 alcohols (ALC), 1 ester (EST), 8 ketones (KET), 2 acids (ACD), 7 hydrocarbons
(AHA), 25 terpenes and derivatives (TER), and 10 other compounds (OTH). After 30 days
of aging (Figure 1b, WDF_t1), 88 compounds were identified, including 27 aldehydes, 14
alcohols, 2 esters, 10 ketones, 7 acids, 3 hydrocarbons, 16 terpenes and derivatives, and 9
other compounds. Finally, in the samples stored for 24 months (Figure 1c, WDF_t2), only 45
analytes were identified: 9 aldehydes, 7 alcohols, 2 esters, 2 ketones, 7 acids, 1 hydrocarbon,
10 terpenes and derivatives, and 6 other compounds. Figure 2 shows the trend of the eight
molecular classes for each sample and provides a better representation of the data.

The identified analytes are listed in the tables below and divided into their chemi-
cal classes.
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Figure 2. Representation of the VOC number belonging to each molecular class of the Gavina® WDF
samples at different aging times (ti).

3.1. Aldehydes

The number of aldehydes was the highest in the WDF_t0 sample, with 34 out of
the 102 molecules detected being aldehydes, and was the second class in terms of total
absolute abundance. During storage, the number of identified aldehydes decreased (27
and 9 for WDF_t1 and WDF_t2, respectively). The total abundance in terms of the TIC area
decreased by 45% after 30 days of storage, from 1109 × 106 to 608.5 × 106, and subsequently
increased to a value of 940.4 × 106. This increase is related to the degradation of more
complex molecules, such as amino acids, fatty acids, and carotenoids, which release volatile
aldehydes as byproducts. In contrast, the TIC area of more unstable aldehydes decreased
over time, some of which eventually disappeared. They characterize the WDF_t0 aroma and
are typical flavor compounds of the fresh fruit, i.e., Gavina® watermelon. They probably
underwent degradation due to oxidative, biological, and photochemical processes, thus
giving rise to other species, and leading to a change in the aroma profile of the sample.
Table 1 collects the results relating to this molecular class.

Table 1. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: aldehydes class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

Acetaldehyde Pungent, fresh, fruity 435 54.6 ± 0.3 3.96 a - [2,23,26,27]

Propanal Ethereal, pungent, fruity 498 13.5 ± 0.1 12.5 ± 0.3 - [26,28]

2-Methyl-propanal Fresh, aldehydic, green 559 1.57 a 1.17 a 48.1 ± 0.3 -

(Z)-2-Butenal - 570 2.31 ± 0.06 6.55 ± 0.06 - -

Butanal Pungent, cocoa, green,
malty 593 2.06 ± 0.07 2.25 ± 0.07 - -

€-2-Butenal Green, fruity 655 8.18 ± 0.1 6.49 ± 0.06 - [2,6,23,29]

3-Methyl-butanal Aldehydic, fermented,
fatty 661 17.2 ± 0.2 22.1 ± 0.2 257 ± 0.5 [6,10,30]

2-Methyl-butanal Fermented, nutty, furfural 671 7.19 ± 0.07 8.55 ± 0.08 195 ± 0.4 [2,6,10]

Pentanal Fermented, fruity, green 703 19.0 ± 0.4 40.3 ± 0.4 93.5 ± 0.2 [6,23,31,32]

2-Methyl-2-butenal Pungent, green,
penetrating 748 2.79 a 2.19 a - -



AppliedChem 2023, 3 73

Table 1. Cont.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

(E)-2-Pentenal Pungent, green, fruity,
apple 758 33.6 ± 0.3 9.52 a - [23,27,29,32]

3-Methyl-2-butenal Sweet, fruity, pungent,
nutty 784 9.29 ± 0.06 12.6 ± 0.1 - -

Hexanal Green, fatty, fruity, woody 798 119 ± 0.5 196 298 ± 0.6 [2,23,27,29]

2-Ethyl-3-methylbutanal - 833 - - 8.17 a -

(Z)-2-Hexenal Green 837 1.06 a - - [6]

(E)-2-Hexenal Green leaf, almond, fruity 843 42.2 ± 0.2 14.1 ± 0.1 - [6,23,31,32]

4-Heptenal - 878 3.25 ± 0.55 2.43 a - [2,23,27,29]

Heptanal Fresh, fatty, green, grass 880 11.9 ± 0.1 12.6 ± 0.2 13.9 ± 0.07 [6,10,23,27]

(E,E)-2,4-Hexadienal Green, fruity, citrus, waxy 890 3.36 a 5.41 ± 0.06 - [10,23]

(E)-2-Heptenal Green, fatty, oily, fruity 923 18.7 ± 0.2 29.0 ± 0.4 - [23,29,31,32]

Octanal Orange, waxy, green peel 954 7.35 a 22.0 ± 0.3 13.3 ± 0.1 [10,23,31,32]

(E,E)-2,4-Heptadienal Fatty, sweet, melon, spicy 963 10.9 ± 0.3 8.04 ± 0.08 - [10,23,31,32]

Benzeneacetaldehyde Honey, sweet, rose, floral 994 64.7 ± 0.5 41.1 ± 0.4 - [26,29]

(E)-4-Nonenal Fruity 1017 18.1 ± 0.4 - - [6,10,23,29]

Nonanal Waxy, citrus, cucumber 1023 74.2 ± 0.5 70.9 ± 0.6 12.9 ± 0.2 [2,6,23,33]

(Z,Z)-3,6-Nonadienal Fresh-cut watermelon 1046 7.88 + 0.06 - - [26,30,32,34]

(Z)-2-Nonenal Cucumber, fatty, waxy 1052 6.91 ± 0.06 - - [2,6,30,34]

(E,E)-2,6-Nonadienal Melon, cucumber, fatty 1054 4.47 a - - [6,10,27]

(E,Z)-2,6-Nonadienal Cucumber, melon, green 1059 237 ± 0.5 21.7 ± 0.3 - [2,23,29,32]

(E)-2-Nonenal Fatty, green, melon 1062 266 ± 0.6 23.4 ± 0.2 - [2,28,29,32]

Decanal Zest, waxy, orange, floral 1090 19.7 ± 0.2 11.7 ± 0.2 - [6,10,23]

(E,E)-2,4-Nonadienal Cucumber, melon, waxy 1101 6.56 ± 0.1 6.64 ± 0.07 - [6,10,23,30]

(E)-2-Decenal Waxy, fatty, earthy 1128 8.67 a 15.0 ± 0.1 - [6,10,29,33]

(E,Z)-2,4-Decadienal Fatty, orange, citrus, fresh 1165 4.66 a - - [6,23,26,32]

Dodecanal Soapy, waxy, citrus, floral 1214 2.36 ± 0.06 - - [6]
a SD < 0.05. LRI = Linear Retention Index.

C9 aldehydes characterize the flavor and aroma of different species of Cucur-
bitaceae [3,6,26,33–35] and have been previously reported in several studies on similar
samples [5,29,30,33]. We identified 4-nonenal, nonanal, (Z,Z)-3,6-nonadienal, (Z)-2-
nonenal, (E,E)-2,6-nonadiena€(E)-2-nonenal, and 2,4-nonadienal. They are among the
species that mainly define the characteristic aroma of Gavina® watermelon, since they
were particularly abundant in WDF_t0. The abundance of these species decreased
sharply during storage, and only nonanal was detected after 24 months (WDF_t2).
The most unstable and rapidly degrading species (4-nonenal, (Z)-2-nonadienal, 3,6-
nonadienal, and (E,E)-2,6-nonadienal) were not detected after 30 days (WDF_t1). At
the biological level, C9 aliphatic aldehydes are produced by the enzymatic oxidation of
polyunsaturated fatty acids (PUFA), particularly linolenic and linoleic acids, by lipoxy-
genase [6,34]. Figures S1 and S2 show the degradation mechanisms of these fatty acids
and the VOCs formation. Some enzymes such as alcohol dehydrogenase and cis/trans
isomerase convert these compounds into their corresponding alcohols and cis/trans
isomers, respectively [30].

(Z,Z)-3,6-nonadienal is often cited in the literature, but is not easily identified because
it rapidly isomerizes to 2,6-nonadienal and 2-nonenal [31,34,36]. Some authors have defined
it “watermelon aldehyde” [30], since it has a low odor threshold and a strong aroma of
“freshly-cut watermelon”. Despite its instability, (Z,Z)-3,6-nonadienal was detected in
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WDF_t0. It is likely that the fresh fruit of this cultivar had a particularly strong aroma
that persisted in WDF_t0. 2,6-nonadienal and 2-nonenal are also particularly unstable.
They have a “green” and “waxy” aroma and are characteristic of cucumber flavor. A
progressive decrease in their abundance occurred over time until complete disappearance
after 24 months. Various mechanisms have been proposed to explain this decrease during
storage, including hydration followed by condensation [36], oxidation to the corresponding
acids, or enzymatic reduction [34].

In contrast, other aldehydes are considered to contribute to a lesser extent [26,30],
but they enrich the aroma of WDF samples with pleasant fragrances. Hexanal, 2-hexenal,
4-heptenal, 2,4-hexadienal, 2-heptenal, 2,4-heptadienal, and 2,4-decadienal can be gen-
erated by the oxidation of polyunsaturated fatty acids and, to a lesser extent, by autox-
idation [1,3,6,37]. These molecules, already detected in some watermelon cultivars, are
particularly abundant in foods rich in fatty acids such as avocado, fish oil, and olive
oil [5,37].

The C6 aldehydes hexanal and 2-hexenal play very important roles in the food and
perfume industries, since they impart “green” and fresh fragrances, which are particularly
appreciated and sought after [1]. Some authors [25] have suggested the possible formation
of hexanal in small quantities due to lycopene degradation, a carotenoid abundant in
watermelon fruit. This aldehyde reached an amount 2.5 times higher after 24 months
(WDF_t2).

Similarly, 2-methyl-propanal, pentanal, 2-methyl-butanal, and 3-methyl-butanal levels
increased over time. The origin of these last two compounds has been associated with the
catabolism of the amino acid leucine [38] in a complex degradation process that involves
some sugars, which are certainly present in the analyzed samples. The oxidation of 2-
methyl-butanal and 3-methyl-butanal gave rise to volatile compounds present only in aged
samples, such as 2-methyl butanoic and 3-methyl butanoic acids, species absent in WDF_t0,
and present in increasing quantities after 30 days (WDF_t1) and 24 months (WDF_t2) of
storage (Table 1). 2-methyl-propanal was also assumed to have the same origin [38], which
could explain the significant increase in its concentration over time. These analytes impart
a “green”, “fermented”, and “fresh” aroma.

The results of HS-SPME-GC-MS analysis showed a strong loss of the typical aroma
of the fresh fruit, watermelon, during storage. The abundance of C9 aldehydes decreased
significantly over time and was practically absent after 24 months. After 30 days, the
“green” and “herbaceous” notes prevail with some “fruity” nuances, which disappear
completely in WDF_t2, where the pleasant fragrance perceived is given only by the first
two aromas.

3.2. Ketones

Ketones constitute only a restricted fraction of the headspace of the samples in terms
of both the number of analytes identified and their abundance. Their number strongly
decreased after 24 months (2 analytes against the initial 8), but the total abundance increased
from WDF_t0 to WDF_t1 (30 days) samples and subsequently remained almost constant in
WDF_t2 (24 months). All data related to ketones is shown in Table 2.

Table 2. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: ketones class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

Acetone Solvent, apple,
pear 495 31.1 ± 0.2 32.5 ± 0.3 166 ± 0.5 -

3-Methyl-2-butanone Camphor 588 6.14 a 6.43 a - -

1-Penten-3-one Pepper,
mustard, onion 689 45.0 ± 0.3 52.7 ± 0.4 - [23,26,29,39]
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Table 2. Cont.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

2,3-Pentanedione Buttery, toasted,
caramelized 698 4.20 a 2.83 a - [23,26]

Acetoin Sweet, milk,
buttery, creamy, 713 15.0 ± 0.3 4.90 a - [10]

3-Penten-2-one Bitter, fruity 742 - 2.58 a - -

1-(1-Cyclohexen-1-yl)-
ethanone - 869 6.57 a 17.3 ± 0.2 14.5 ± 0.2 -

3,5-Octadien-2-one
(E,Z)

Fatty fruity,
green hay 1000 14.1 ± 0.2 37.9 ± 0.2 - [26,37]

3,5-Octadien-2-one
(E,E)

Fruity, green,
grassy 1018 6.21 a 23.4 ± 0.3 - [26]

2-Cyclopenten-1-one - 1065 - 8.49 ± 0.06 - -
a SD < 0.05. LRI = Linear Retention Index.

3,5-Octadien-2-one, 1-penten-3-one, and 2,3-pentanedione are involved in the degra-
dation of polyunsaturated fatty acids (PUFAs) [37]. The abundances of 3,5-octadien-2-one
and 1-penten-3-one increased after 30 days (WDF_t1) and then reset to zero after 24 months
(WDF_t2). Each of them imparts specific notes that contribute to enriching the aroma
profiles of WDF_t0 and WDF_t1.

In contrast, acetone was detected in higher quantities in WDF_t2 than in the previous
aging steps. This was probably due to the degradation of complex molecules with different
natures present in the initial matrix.

Acetoin has a pleasant yogurt smell, with buttery and creamy notes, and is used as a
food additive to enhance the aroma of some preparations [40]. It is often detected together
with its precursor species on HS-SPME-GC-MS analysis. Among these, 2,3-butanediol was
identified in the WDF samples. They are molecules with similar biological and biosynthetic
pathways, and they also showed a similar behavior over time, as they were detected only
in WDF_t0 and WDF_t1.

3.3. Alcohols

In WDF_t0, alcohols accounted for 15 out of the 102 detected analytes, with an overall
TIC area of 369.2 × 106. During storage, a reduction in their number was observed (14 after
30 days and 7 after 24 months), together with their absolute abundance (184.1 × 106 after
30 d, 173.6 × 106 after 24 months). The alcohol class did not define the aroma of Gavina®

WDF samples predominantly, and this was true for all the three aging steps examined. The
results for the alcohol class are shown in Table 3.

Table 3. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: alcohols class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

Ethanol Alcoholic 466 22.5 ± 0.2 2.16 a - [26,27,31,32]

2-Methyl-3-buten-2-ol Grass, earthy, oily 613 1.81 a 1.67 a 39.4 ± 0.1 -

1-Penten-3-ol Horseradish, green, fruity 686 35.8 ± 0.2 10.4 ± 0.3 - [6,23,27,31]

2-Methyl-1-butanol Alcohol, fatty, wine 741 3.59 a - - [6,26,31,32]

1-Pentanol Fermented, yeast 765 29.8 ± 0.08 22.1 ± 0.3 62.8 ± 0.4 [6,25–27]

2-Penten-1-ol (Z) Green, phenolic, ethereal 768 41.8 ± 0.2 7.84 ± 0.06 - [23,27,29,31]
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Table 3. Cont.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

2,3-Butandiol Fruity, creamy, buttery 777 4.21 a 2.80 a - -

2,5-Dimethyl-1,5-hexadien-
3-ol - 839 11.2 ± 0.3 7.40 a 6.89 ± 0.06 -

1-Hexanol Pungent, oleic, fruity,
alcoholic 851 3.67 a 2.17 a - [2,6,23,32]

1-Heptanol Must, pungent, green,
fruity 926 - 10.1 ± 0.1 - [2,23,26]

1-Octen-3-ol Mushroom, earthy, green 936 23.6 ± 0.2 21.5 ± 0.1 19.2 ± 0.1 [23,29,31,32]

2-Methyl-6-hepten-1-ol - 944 - - 11.1 ± 0.1 -

Benzyl alcohol Sweet, floral, fruity 983 - 20.2 ± 0.1 5.97 a [23,26,28,32]

1-Octanol Waxy, green, citrus, floral 997 15.2 ± 0,1 32.3 ± 0.3 - [23,27,29,31]

2,6-Dimethylcyclohexanol - 1044 132 ± 0.5 37.3 ± 0.2 28.2 ± 0.1 -

2,6-Nonadien-1-ol Cucumber, green 1051 10.3 ± 0.2 - - [29,31–33]

6-Nonen-1-ol Green, melon, cucumber 1056 11.2 ± 0.1 - - [2,23,27,32]

3,4-Dimethylcyclohexanol - 1129 22.0 ± 0.3 6.11 a - -
a SD < 0.05. LRI = Linear Retention Index.

C9 alcohols were not the most prevalent species in any of the aging steps. This obser-
vation is in contrast to that reported in the literature [2,6,18,23,29,32]. In fact, these species
are considered particularly characteristic of the aroma of Cucurbitaceae fruits including
watermelon by imparting “green, fresh, waxy, and cucumber or melon notes”. However,
none of the cited studies examined the Gavina® variety. The different genotypes, growing
areas, and cultivation methods could explain these differences in the flavor profiles. We
identified only 2,6-nonadien-1-ol and 6-nonen-1-ol in WDF_t0.

The amount of 1-pentanol significantly increased from WDF_t1 to WDF_t2, and pro-
gressively imparted fermented notes. This compound mainly originates from the radical
oxidation of linoleic acid and, to a lesser extent, from lycopene degradation [25]. Benzyl
alcohol was the only aromatic alcohol detected after 30 days (WDF_t1) and, to a lesser
extent, after 24 months (WDF_t2) of storage. It imparts sweet, floral, and fruity notes, and
is associated with the degradation of phenylalanine.

3.4. Acids

Organic acids were present in extremely small quantities in WDF_t0, as the overall
TIC area was only 33.5 × 106. They increased in both number and abundance in the aged
samples, and were among the species that most characterized the aroma profile of WDF_t2.
All data relating to the acid class are shown in Table 4.

Table 4. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: acids class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

Acetic acid Vinegar, acid, pungent, strong 598 21.8 ± 0.1 210 ± 0.5 283 ± 0.4 [10]

Propanoic acid Vinegar, cheese, acid, pungent 680 - 13.8 ± 0.1 - -

Propanoic anhydride - 688 - - 113 ± 0.2 -

3-Methyl-butanoic acid - 817 - 9.2 ± 0.06 21.8 ± 0.1 -

2-Methyl-butanoic acid - 824 - 2.40 a 7.22 ± 0.07 -

Butanoic acid Bitter, milk, buttery, fruity 849 - 21.1 ± 0.1 38.2 ± 0.1 -
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Table 4. Cont.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

Hexanoic acid - 923 11.7 ± 0.2 69.1 ± 0.3 176 ± 0.3 -

Octanoic acid - 1050 - 9.94 ± 0.08 4.90 a -
a SD < 0.05. LRI = Linear Retention Index.

The amount of acetic acid progressively increased over time, probably because of the
combined effects of degradation and oxidation of molecules of different kinds originally
present in the initial matrix, such as sugars. The 3-methyl-butanoic and 2-methyl butanoic
acids could reasonably originate from the oxidation of the respective aldehydes, 3-methyl-
butanal, and 2-methyl-butanal [38]. In general, it can be assumed that all acids formed over
time are derived from chemical and biochemical processes similar to those indicated for
acetic acid. In conclusion, acids were among the predominant aromas formed during WDF
aging, giving the sample a more pungent aroma.

3.5. Esters

Esters were not particularly abundant in the WDF samples, with an overall TIC area of
50.6 × 106 (WDF_t0), 142.0 × 106 (WDF_t1), and 98.3 × 106 at (WDF_t2), as shown in Table 5.
Our results are in line with those reported in several studies on some seedless watermelon
cultivars [4,6,23]. Unlike aldehydes, alcohols, and terpenes, the aroma of these varieties
is not particularly characterized by esters. Ethylene synthesis in seedless watermelons is
minimal, and this molecule is required for all enzymatic activities related to the production
of volatile esters [23]. Ethylene is synthesized in higher quantities in seeded cultivars and
in some melon varieties. This information suggests that genetic factors play a particularly
important role in watermelon aroma.

Table 5. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: ester class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

Isopropyl formate Ethereal, solvent,
cocoa 739 - 0.97 a - -

3-Methylcyclopentyl acetate - 883 50.6 ± 0.3 141 ± 0.5 77.5 ± 0.4 -

Methyl hexanoate Fruit, pineapple,
apricot, banana 892 - - 20.8 ± 0.2 [2,26]

a SD < 0.05. LRI = Linear Retention Index.

3.6. Hydrocarbons

The number of identified hydrocarbons was extremely small and progressively de-
creased from WDF_t0 to WDF_t2, as shown in Table 6. Their abundance was quite low, also
because of their low vapor pressure due to their high molecular weight. Therefore, only a
very small fraction passed into the headspace during the sampling phase.

Table 6. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: hydrocarbon class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

3-Ethyl-2-methyl-1,3-
hexadiene - 986 69.7 ± 0.4 16.0 ± 0.1 20.2 ± 0.2 [26]
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Table 6. Cont.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

4,5-Dimethyl nonane - 1159 7.77 ± 0.07 -

Octadecane - 1170 3.44 a - - [26,32,41]

Tetradecane Waxy, soft 1204 2.20 a 40.8 ± 0.2 - [26,41]

1-Tridecene - 1248 24.5 ± 0.3 9.63 ± 0.06 - -

Heicosane Waxy 1256 1.82 a - - [41]

Heneicosane Waxy 1279 1.77 a - - [32,41]
a SD < 0.05. LRI = Linear Retention Index.

3.7. Terpenes and Derivatives

Terpenes play a fundamental role in defining the aroma and fragrance of fruits, flowers,
and spices [1,4,42,43]. They probably constitute one of the largest groups of compounds
known in nature, with approximately 30,000 molecules identified to date, isolated from
plants, microorganisms, and animals. Lighter species are important constituents of essential
oils and plant resins, whereas heavier species include carotenoids. Similar to monoter-
penes, carotenoids are biosynthesized starting from geranyl diphosphate (Figure S6), which,
through further coupling of isoprene units, each catalyzed by specific enzymes, progres-
sively forms derivatives with a lipophilic chain gradually longer, up to the tetraterpenes
(C40). They typically have a 40-carbon atom chain backbone, and are among the most
important pigments in fruits and flowers [4,44]. They show different colors, from the yel-
low of lutein, to the orange of β-carotene, to the red of lycopene, owing to their system of
conjugated double bonds, on which their chemical, physical, and biological properties de-
pend. The high delocalization of π electrons allows them to stabilize reactive intermediates,
such as carbocations or radicals, by resonance. Therefore, they have efficient antioxidant
properties and protect cells from oxidative stress induced by reactive species, such as free
radicals. Foods containing carotenoids have a high antioxidant capacity [45,46], and their
nutritional intake is strongly recommended, since it is associated with the prevention of sev-
eral diseases, including cardiovascular diseases and cancers, and with increased immune
response [4,44,46]. However, because of their high number of double bonds, carotenoids
are particularly sensitive to degradation induced by heat or atmospheric oxygen, biological
oxidation processes, and exposure to electromagnetic radiation, leading to the formation of
characteristic volatile compounds. For this reason, many carotenoids have considerable
commercial value in the food and cosmetic industries, not only as pigments but also as
substances capable of imparting pleasant aromas to products [47]. Given the increase in
demand for natural and healthy products and the problems related to the synthesis of
these analytes, the flavor and fragrance industry is increasingly searching for new methods
to obtain natural species to replace their synthetic counterparts. Among the emerging
production methods, the use and transformation of matrices containing carotenoids are
becoming increasingly invasive, as a natural alternative capable of supplying precious
aroma volatiles [48,49].

The monitoring of carotenoid degradation compounds in commercial products can
provide information on storage time, product quality and acceptability, nutritional value,
vitamin and aroma content [48], color, and visual impact. Based on their detection, it is pos-
sible to draw conclusions regarding the presence of a given carotenoid. These observations
applied to the watermelon WDF can be exploited to evaluate, in an approximate way, the
variation of the carotenoid content during storage and to make considerations both on its
nutritional value and on its aroma. All the results relating to the terpenes and derivative
class are shown in Table 7.
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Table 7. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: terpenes and derivatives class.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

6-Methyl-5-hepten-2-one Fruity, apple, moldy, cream 940 810 ± 0.6 240 ± 0.6 236 ± 0.3 [2,4,6,26]

β-Terpinene - 944 22.8 ± 0.2 - - [41]

Isoterpinelene - 693 - - 3.99 a [41]

γ-Terpinene Terpenic, sweet, citrus,
tropical 970 2.52 a - - [41]

Cymene Bitter, woody, terpenic,
citrus 979 10.5 ± 0.07 - - [50]

Limonene Citrus, orange, sweet, fresh 984 1330 ± 0.8 - - [6,10,26,41]

2,2,6-Trimethyl-
cyclohexanone Pungent, honey 989 - - 21.0 ± 0.2 [4]

Citronellol Floral, rose, sweet, citrus 990 37.8 ± 0.1 13.3 ± 0.2 - -

Linalool oxide Woody, nuance, floral, green 1010 5.18 a 6.52 ± 0.06 6.78 ± 0.07 [41]

Linalool Citrus, orange, floral, waxy 1021 26.7 ± 0.1 - - [41]

6-methyl-3,5-Heptadien-2-
one Sweet, green, spicy, fresh 1025 22.8 ± 0.1 41.1 ± 0.1 18.1 ± 0.2 -

Isocitral - 1073 8.14 ± 0.09 - - -

Borneol Balsamic, woody, camphor 1084 18.0 ± 0.1 14.8 ± 0.1 - -

α-Terpineol Pine, woody, resinous, citrus 1097 5.82 a - - [41]

5-Isopropenyl-2-
methylcyclopent-1-
enecarboxaldehyde

- 1106 16.9 ± 0.2 18.2 ± 0.1 - -

2,3-Epoxygeranial - 1110 61.0 ± 0.3 40.9 ± 0.3 - [4,25]

β-Cyclocitral Saffron, tropical, grass, rose 1116 - - 3.32 a [3,4,41]

β-Citral Fresh, lemon, sweet, green 1116 85.4 ± 0.4 21.6 ± 0.2 - [29,31,48]

1,4-Dimethyl-3-
cyclohexene-1-

carboxaldehyde
- 1121 7.59 ± 0.06 15.5 ± 0.1 - -

α-Citral Tea, refreshing, mint, fruity 1132 89.8 ± 0.3 24.1 ± 0.3 - [25,31,32]

β-Homocyclocitral Camphor, fresh, fruity 1140 4.72 a - - [41]

Isopulegol Mint, refreshing, woody,
grass 1154 8.34 ± 0.06 - - -

Isocitral - 1180 2.23 a - - -

Cubebene Grass, waxy 1217 1.38 a - - -

Geranylacetone Rose, fresh, leaf, floral,
green 1237 181 ± 0.5 104 ± 0.5 2.36 a [3,4,29]

β-Ionone Sweet, wood, violet, fruity 1266 35.8 ± 0.1 31.2 ± 0.3 0.93 a [27,32,41]

5,6-β-Ionone epoxide Fruity, sweet, woody, violet 1269 5.78 a 34.4 ± 0.2 4.19 a [31–33]

Carvone oxide Mint, green 1298 - 4.26 a - -

Pseudoionone Sweet, waxy, citrus, floral 1307 - 4.79 a - [3,48]

Dihydroactinidiolide Apricot, red fruit, wood 1309 7.65 ± 0.07 44.7 ± 0.1 22.0 ± 0.1 [4,41,48]
a SD < 0.05. LRI = Linear Retention Index.

Monoterpenes and monoterpenoids were identified in WDF_t0 only. After 30 days,
these volatile analytes were not detected probably because they underwent degradation.

HS-SPME-GC-MS analysis highlighted the presence of limonene in an unexpected
and positive way. This analyte is one of the characteristic constituents of the citrus family
but has also been found in other fruits, including watermelon [6,10,26]. It is a particularly
sought-after molecule, appreciated in the food, cosmetic, and soap industries, as it provides
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a very pleasant citrus and fresh fragrance. It was the most abundant species in WDF_t0,
but it was not detected in any of the aged samples, probably because natural limonene is
highly unstable and undergoes isomerization and autoxidation [51].

Another monoterpene is linalool (Figure S3), which is typically present in the essential
oils of lavender, citrus, jasmine, and rosewood, to which it provides citrus and floral
notes. This species undergoes epoxidation, followed by rearrangement, which leads to the
formation of trans-linalool oxide. This explains the decrease of linalool and the increase of
its oxidized product in the aged samples.

B-Terpinene, γ-Terpinene, and α-Terpineol (Figure S4) are cyclic monoterpenes only
present in WDF_t0, while isoterpinolene was detected only after 24 months of storage. We
do not know whether this analyte is formed over time or if it was already present in WDF_t0
and had not been identified because of the high complexity of the chromatogram. Although
present in modest quantities, they help enrich and complete the aroma of Gavina® WDF
with floral, citrus, and woody notes.

Cymene was identified only in WDF_t0. It is an aromatic volatile compound that is
very common in thyme and oregano essential oils but has been found in more than 100
plants and 200 fruits [1,50]. It performs various biological functions, and it also possesses
anxiolytic, anticancer, and antimicrobial properties, as well as antiviral and antifungal
activities [1].

Borneol (Figure S5) is a bicyclic molecule with a fresh and woody fragrance, which
was detected in WDF_t0 and t1 in comparable quantities.

As shown in Figure 3, lycopene degradation gives rise to several VOCs, following
various degradation pathways.
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Figure 3. Fragmentation scheme of lycopene and analytes of successive orders. The red line indicates
the bond where the fragmentation of the molecule occurs.

With the term “citral”, or 3,7-Dimethyl-2,6-octadienal, we mean the cis- and trans-
mixture of the neral and geranial acyclic monoterpenes, unsaturated aldehydes that impart
a “citrus-like fresh and fruity” aroma. In nature, they are found mainly in citrus fruits and
are exploited in the food and cosmetic industries because of their characteristic pleasant
fragrances. However, these are unstable molecules that are sensitive to oxidation [25].
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The highest concentrations of (Z)-3,7-Dimethyl-2,6-octadienal and (E)-3,7-Dimethyl-
2,6-octadienal were detected in WDF_t0 (85.4 × 106 and 89.8 × 106 on a TIC basis, respec-
tively). These quantities are reduced to approximately a quarter in WDF_t1 (21.6 × 106 and
24.1 × 106 for the (Z) and (E) isomer, respectively) and reduced to zero after 24 months
of storage. In addition to watermelon, they are also detected in some cultivars of apples,
tomatoes, and paprika [2,29], and more generally, in species containing high levels of
lycopene or its precursors [4]. Their formation is probably due to the interaction and
subsequent degradation of lycopene with atmospheric [2,25,29]. We also identified 2,3-
epoxy-geranial, the epoxidation product of citral, previously detected in similar matrices
by other authors [25]. It is formed by a mechanism that is easily established in contact with
atmospheric oxygen. Furthermore, only in WDF_t0, the citral structural isomer is present,
isocitral, in a cis-trans mixture.

The most abundant species associated with lycopene degradation was 6-methyl-5-
hepten-2-one, which accounted for approximately 17% of the VOCs fraction of WDF_t0,
with a TIC abundance of 810 × 106. It imparts a fruity, waxy, green fragrance with citrus
notes, and its abundance tends to decrease strongly (approximately −70%) after 30 days
and remains almost constant over time up to 24 months. Several authors have correlated its
formation with the oxidation or degradation of lycopene, α-farnesene, citral, or conjugated
trienols [2,23,29]. The presence of 6-methyl-5-hepten-2-one in non-negligible abundance in
the freshly prepared sample highlights the high instability of lycopene, which underwent
rapid degradation.

The species shown in Figure 4 are commonly related to β-carotene degradation [29,48]
by breaking bonds in the different structural positions of the molecule. Among the degra-
dation products, the most representative ones are:

• β-ionone, produced following the breaking of the C9-C10 bond, is present in com-
parable quantities in WDF_t0 and WDF_t1 (35.8 × 106 and 31.2 × 106, respectively),
while it is much less abundant after 24 months of storage (0.93 × 106). It is a molecule
with a floral, slightly fruity, and pleasant aroma [44]; is widely used in all sectors of
perfumery; and is used industrially for the synthesis of vitamin A [1]. In our sam-
ples, β-ionone was also identified in its epoxidized form (5,6-ionone epoxide), which
reached a higher abundance in WDF_t1 (34.4 × 106). In this aging step, the quantities
of β-ionone and 5,6-ionone epoxide were comparable. As previously reported for
2,3-epoxy-geranial, the epoxidation of these terpenes occurs quite easily in the pres-
ence of atmospheric oxygen. These two species were the most abundant among those
involved in β-carotene degradation. Therefore, we can hypothesize that the C9-C10
bond is the most susceptible to breaking.

• Dihydroactinidiolide, whose formation mechanism is not well understood, is hy-
pothesized to form starting from 5,6-ionone epoxide according to a radical oxidation
mechanism [44,48] or following the oxidation of the C8-C9 bond. Like 5,6-ionone
epoxide, dihydroactinidiolide also reaches its maximum quantity after 30 days of
storage, and then halves after two years (44.7 × 106 and 22.0 × 106 for WDF_t1 and
WDF_t2 samples, respectively), giving the aged fiber a fruity aroma with woody notes.

Although β-carotene is not the most abundant carotenoid in watermelon pulp, it
contributes significantly to its aroma, as its degradation products have a particularly low
odor threshold. Therefore, even if present in small quantities, they are easily perceived
by humans sense of smell [4,48]. After 24 months of storage, the revealed the presence
of some species considered secondary in the degradation process of β-carotene, such as
2,2,6-trimethylcyclohexanone and β-cyclocytral.

ζ-carotene is an acyclic, faint yellow carotenoid [4], a precursor of lycopene and
β-carotene, structurally similar to lycopene, but with a lower number of unsaturations
(Figure 5). Its presence has been hypothesized in several fruits that contain carotenoids,
including watermelons and tomatoes.
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We assume that ζ-carotene is present in our samples because its main degradation
product, geranylacetone, was detected at each aging step, albeit in progressively lower
quantities over time (181 × 106, 104 × 106, and 2.36 × 106 for WDF_t0, WDF_t1, and
WDF_t2, respectively). Geranylacetone is a volatile molecule with a floral and fruity aroma
and a high odor threshold [39], lacking a distinctive effect on the overall fragrance of
our samples. Furthermore, 6-methyl-5-hepten-2-one is derived from ζ-carotene, a ketone
already described above in relation to lycopene, and has a high odor threshold [28]. As
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6-methyl-5-hepten-2-one can result from the simultaneous degradation of two precursor
analytes, the significant amount detected in the WDF samples could be justified.

The results of the HS-SPME-GC-MS analysis showed a strong loss of terpenes dur-
ing storage. They provide the samples with a characteristic and pleasant aroma, and
their decrease contributes to the loss of the typical fragrance of the initial fresh matrix.
Carotenoids degradation VOCs were mainly identified in WDF_t0, while in the aged sam-
ples, their content is minimal. This leads to a significant change in the WDF aroma profile,
considering that these VOCs impart pleasant nuances and have a high odor threshold.
Moreover, the carotenoid content probably decreases drastically during storage. It follows
that the beneficial properties associated with the carotenoid content of Gavina® WDF are
also compromised.

3.8. Other Compounds

Table 8 shows some analytes of different nature, scarcely described in the literature
as volatile aromas of Citrullus Lanatus. Among the identified molecules, there are some
furans, a phenolic derivative (2,4-dimethyl phenol), and some more complex analytes
with different functional groups, such as 3-hydroxy-2,2,4-trimethilpentyl ester of 2-methyl
propanoic acid.

Table 8. Composition of the VOC fraction of Gavina® watermelon pomace WDF identified using
HS-SPME-GC-MS analysis: other compounds.

WDF_t0 WDF_t1 WDF_t2

Analyte Aroma LRI Area (×106) Area (×106) Area (×106) Ref

2-Methylfuran Ethereal, vinegar, chocolate 604 1.83 a 2.26 a - -

3-Methylfuran - 615 2.05 a 1.44 a - -

2-Ethylfuran Sweet, malty, earthy 706 3.49 a 4.18 a - [23]

Dimethyl disulfide Cabbage, vegetable, onion 757 - - 12.8 ± 0.2 -

Furfural Sweet, brown, woody, bread 829 - - 8.98 ± 0.08 [29]

Methional Tomato, potatoes, yeast 887 7.81 ± 0.06 - - -

2,4-Dimethylphenol Dark, roast, smoked 905 4.89 a 6.94 ± 0.07 - -

2-Pentylfuran Green, waxy, caramel 947 76.1 ± 0.3 29.5 ± 0.2 4.96 a [6,10,32]

2-(2-Pentenyl)furan - 953 23.3 ± 0.2 - - [29]

3,4-Dimethyl-2,5-furandione - 978 - 29.7 ± 0.1 16.9 ± 0.1 -

5-Ethyldihydro-2(3H)-furanone Creamy, fatty, fruity,
coconut 996 - - 15.9 ± 0.2 -

5-Hydroxy-2-Methyl-3-esenoic acid - 1193 4.38 a 17.7 ± 0.1 - -

5-Heptyldihydro-2(3H)-furanone - 1196 2.16 a 3.43 a - -

2-Methyl propanoic acid,
3-Hydroxy-2,2,4-trimethylpentyl

ester
- 1202 5.87 ± 0.06 25.4 ± 0.3 2.14 a -

a SD < 0.05. LRI = Linear Retention Index.

Some authors [1,32] associate 2-pentylfuran with the radical peroxidation of fatty acids,
a mechanism already mentioned above. Another compound, 3,4-dimethyl-2,5-furandione,
has been described as a bioactive molecule naturally produced by various plants, with
efficient insecticidal and biofumigant activity [52]. This analyte was identified in modest
quantities in the sample aged for 30 days and decreased by approximately 50% after
24 months of storage.
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3.9. Summary Data

Table 9 shows all the results obtained through HS-SPME-GC-MS analysis. The data
are expressed as the sum of the average values of the total ion current (TIC) of each analyte,
classified according to the chemical class.

Table 9. Compound classes identified in the HS-SPME-GC-MS analysis of the Gavina® water-melon
pomace WDF: freshly prepared (t0), t1 (30 days), and t2 (24 months).

Compound Class WDF_t0 TIC Area ×106 WDF_t1 TIC Area ×106 WDF_t2 TIC Area ×106 p-Value

ALC 369.2 ± 1.0 184.1 ± 1.6 173.6 ± 1.0 p < 0.05

EST 50.6 a 142.0 ± 0.6 98.3 ± 0.5 p < 0.05

KET 128.3 ± 0.5 189.0 ± 0.9 181.0 ± 0.7 p < 0.05

OTH 131.9 ± 0.7 120.6 ± 0.7 61.7 ± 0.6 p < 0.05

AHA 111.2 ± 0.8 66.4 a 20.2 a p < 0.05

ALD 1109 ± 3 608.5 ± 2.3 940.4 ± 1.9 p < 0.05

ACD 33.5 a 335.6 ± 1.2 644.2 ± 1.1 p < 0.05

TER 2807 ± 1 659.2 ± 1.8 318.7 ± 1.0 p < 0.05

ACD (acids); EST (esters); AHA (alkanes); ALC (alcohols); ALD (aldehydes); KET (ketones); OTH (others); TER
(terpenes). a SD < 0.05.

A one-way analysis of variance (ANOVA) was performed to assess whether there was
a statistically significant difference between the quantities of each compound class among
WDF_t0, WDF_t1, and WDF_t2 samples. The p-value for all the investigated compounds
was smaller than the significant level (0.05). Therefore, we can conclude that, globally, the
investigated WDF samples are statistically different.

3.10. Potential Applications of Gavina® Watermelon WDF

In addition to the environmental benefits of sustainable development, the enhance-
ment of watermelon WDF is extremely interesting because of its numerous beneficial effects
on human health. The lycopene and β-carotene contents, confirmed using HS-SPME-
GC-MS analysis (Section 3.8), make the freshly prepared sample (WDF_t0) a source of
antioxidants that protect against several health issues [4,44,47], as outlined in the previous
sections. Moreover, the food industry is increasingly looking for dietary fiber sources,
as they can physically and chemically modify food preparations and enhance specific
sought-after properties [53,54]. Dietary fibers also have numerous health benefits, since
their consumption is associated with the prevention of several diseases, such as cardiovas-
cular disease, diabetes, and colon cancer [11–13,54]. In recent years, the consumer demand
for foods enriched with natural supplements capable of conferring health benefits has
increased significantly [53,54]. Consumers are more concerned about the consumption of
healthy foods with a high content of dietary fibers, polyphenols, vitamins, and minerals,
and low-calorie intake. Gavina® watermelon WDF not only fully satisfies this demand, but
is also extremely low-cost, since it can be recovered from pre-waste fruits or from industrial
processing that considers it a by-product. Therefore, this represents an opportunity for the
food industry.

The products in which dietary fibers are mostly included are bakery goods [54–57],
beverages, dairy products, frozen dairy products [58], pasta, meat [59], and soups. For
example, several studies used fruit powder to partially replace traditional wheat flour to
produce biscuits [55,57,60]. The final products had significantly higher antioxidant activity,
mineral and fiber contents, and reduced starch content.

In several studies, the inclusion of fruit pomace powder led to a significant increase in
sensory characteristics, i.e., aroma and flavor [58,61–63]. In fact, they impart fruity notes
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and improve consumer acceptability of certain food products, such as cakes, ice cream,
beverages, and confectionery.

The high potential of watermelon WDF can also been extended to other sectors, such
as animal feeds and nutraceuticals [62,64,65]. The use of fruit pomace for feeding can lead
to significant changes in animal growth and health.

However, carotenoid degradation, highlighted using HS-SPME-GC-MS analysis, leads
to a decrease in the antioxidant content of Gavina® watermelon WDF. Therefore, some
of the beneficial effects were reduced over time, but those associated with dietary fiber
remained unchanged. To maximize its benefits, it must be consumed within a short time
after preparation. A possible solution may concern changing the storage method. In this
study, WDF samples were stored at room temperature in the dark. Under these conditions,
a significant loss of aromas related to carotenoids occurred after only 30 days of storage.
Probably, refrigeration can increase the conservation of watermelon WDF for a longer time.

4. Conclusions

In this study, a dietary fiber was obtained from Gavina® watermelon pomace. This
allows to deal with overproduction in the agri-food sector and contributes to minimize
waste production.

The study of WDF_t0 aroma profile allowed to obtain important information regarding
its chemical composition. The carotenoids content, especially lycopene and β-carotene, also
present in the fresh fruit, has been confirmed by the detection of their volatile byproducts.
These VOCs, together with C9 aldehydes, impart a characteristic and pleasant aroma to
the fiber. Therefore, this raw material can find application in the food industry as an
antioxidant-rich dietary fiber, as it preserves the bioactive molecules typical of watermelon.
It can be used as an enriching ingredient in healthy food formulations, such as snacks or
smoothies. The antioxidant power can also be exploited in the formulation of natural food
supplements, thus finding use also in the pharmaceutical sector.

The study of the aroma profile during storage showed significant changes in the
chemical composition of the Gavina® WDF over time. VOCs relating to carotenoids
are already absent after 30 days of storage. This may mean that their precursors have
completely oxidized. It follows that our sample loses part of its bioactive compounds
over time. The aroma profile notes during storage become increasingly grassy, green, and
pungent. Consequently, this aged WDF can find application as a simple dietary fiber. It
lacks a peculiar aroma and antioxidant carotenoids such as lycopene and β-carotene.

In this study, storage was performed at room temperature and in the dark. It will be
interesting to evaluate whether it will be possible to better preserve the bioactive molecules
detected in the WDF_t0 by varying the storage conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/appliedchem3010006/s1, Figure S1: Proposed biosynthetic pathway
for watermelon VOCs: linolenic acid degradation; Figure S2: Proposed biosynthetic pathway for
watermelon VOCs: linoleic acid degradation; Figure S3: Epoxidation of linalool to linalool oxide;
Figure S4: Structure of some cyclic monoterpenes identified in the WDF samples; Figure S5: Chemical
structure of cymene (left) and borneol (right); Figure S6: Lycopene, a carotenoid biosynthesized
starting from geranyl pyrophosphate.
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