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Abstract

Tomatoes are globally esteemed not only for their nutritional value but also for their com-
plex and appealing aroma, a key determinant of consumer preference. The present study
aimed to comprehensively characterise the volatilomic fingerprints of three tomato species—
Solanum lycopersicum L., S. lycopersicum var. cerasiforme, and S. betaceum—encompassing
six distinct varieties, through the application of headspace solid-phase microextraction
coupled with gas chromatography—mass spectrometry (HS-SPME/GC-MS). A total of
55 volatile organic compounds (VOCs) spanning multiple chemical classes were identi-
fied, of which only 28 were ubiquitously present across all varieties examined. Carbonyl
compounds constituted the predominant chemical family, with hexanal and (E)-2-hexenal
emerging as putative key contributors to the characteristic green and fresh olfactory notes.
Notably, esters were found to dominate the unique volatile fingerprint of cherry tomatoes,
particularly methyl 2-hydroxybenzoate, while Kumato and Roma varieties exhibited ele-
vated levels of furanic compounds. Multivariate statistical analyses, including principal
component analysis (PCA) and partial least squares discriminant analysis (PLS-DA), demon-
strated clear varietal discrimination and identified potential aroma-associated biomarkers
such as phenylethyl alcohol, 3-methyl-1-butanol, hexanal, (E)-2-octenal, (E)-2-nonenal, and
heptanal. Collectively, these findings underscore the utility of volatilomic fingerprint as a
robust tool for varietal identification and quality control within the food industry.

Keywords: tomato; volatile fingerprint; HS-SPME/GC-MS; statistical analysis; authenticity

1. Introduction

The tomato (Solanum spp.) is one of the most widely cultivated horticultural crops
globally, ranking as the second most economically significant commodity in the world. In
2023, global tomato production reached an estimated 192 million tons, with Asia accounting
for the largest share (62.7%), followed by the Americas (13.9%), Africa (12%), Europe
(11.2%), and Oceania (0.2%) [1]. This extensive cultivation underscores the tomato’s pivotal
role in global food systems and its substantial economic value to the agricultural and
food industries. In addition to its economic significance, the tomato is highly regarded for
its nutritional profile, which is characterised by a diverse array of bioactive compounds,
including dietary fibre, vitamins, minerals, amino acids, volatile organic compounds
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(VOCs), polyphenols, anthocyanins, and carotenoids. These constituents have been linked
to a broad spectrum of health-promoting effects, such as antioxidant, anti-inflammatory,
antidiabetic, anticancer, antimicrobial, and anti-aging activities [2,3].

Flavour and aroma are among the primary determining factors influencing consumer
preference and fruit selection [4-6]. The main VOCs identified in tomato belong to differ-
ent chemical families, such as ketones, alcohols, aldehydes, phenols, esters, heterocyclic
compounds, and nitrogen-, oxygen-, and sulphur-containing compounds. Among these, al-
cohols contribute to the perception of fruit sweetness, aldehydes are largely responsible for
the green and fresh aroma, ketones often impart fruity and floral notes, and esters, though
present in lower concentrations, can also contribute pleasantly with fruity aromas [7-9].

Numerous extraction techniques have been applied to establish the volatile fingerprint
of tomatoes, including solvent assisted flavour evaporation (SAFE) [10,11], purge and
trap [11], liquid-liquid extraction (LLE), supercritical fluid extraction (SFE) [12], and stir
bar sorptive extraction (SBSE) [11]. However, these traditional extraction methods have
several limitations, such as requiring larger solvent volumes or sample amounts and being
time and labour-intensive. Among these, solid-phase microextraction (SPME) has become
the state-of-the-art sample preparation standard to extract and concentrate VOCs due to
its simplicity, sensitivity, ease of use and clean-up, automation, rapidity, and elimination
of organic solvent usage [13]. Li et al. [11] compared the efficiency of five extraction
techniques to extract the flavour compounds from tomato fruits and observed that SPME
and SAFE were the most suitable. SPME coupled with gas chromatography and mass
spectroscopy (GC-MS) became a robust and efficient tool for the qualitative and quantitative
analysis of aroma-related VOCs from various fruits, vegetables and by-products [13-15].
Several studies have demonstrated the effectiveness of the HS-SPME/GC-MS system by
comparing the volatile fingerprint of different tomato varieties [16,17], assessing the impact
of varying growing conditions [18,19], evaluating the effects of pre-storage temperature
treatments [20], and investigating how cooking or the addition of specific ingredients alters
the VOC composition [21].

This study aims to comprehensively establish the volatilomic fingerprint of six Solanum
tomato varieties, including Roma, Kumato, Globe, and Vine tomatoes (S. lycopersicum L.),
Cherry tomato (S. lycopersicum var. cerasiforme), and Tamarillo tomato (S. betaceum), using
HS-SPME/GC-MS, with the innovative goal of identifying aroma-related biomarkers for
varietal differentiation and demonstrating the potential of volatilomics as a suitable tool for
food authenticity, quality control, and traceability.

2. Materials and Methods
2.1. Chemicals and Reagents

All chemicals and reagents used were of analytical grade. Sodium chloride (NaCl,
99.5%) and 3-octanol (internal standard (IS), 99%) were purchased from Sigma-Aldrich
(St. Louis, MO, USA), whereas the alkane series (C8 to C20, 40 mg/L in n-hexane)
was supplied by Fluka (Buchs, Switzerland). The SPME fibre coated with divinylben-
zene/carboxen/polydimethylsiloxane (DVB/CAR/PDMS) (50/30 um), SPME holder for
manual sampling, and glass vials were purchased from Supelco (Bellefonte, PA, USA). Ul-
trapure water (18 MQ) cm) was provided by the Milli-Q water purification system (Millipore,
Milford, MA, USA).

2.2. Tomato Samples

Six Solanum tomato varieties, including Roma, Kumato, Globe, and Vine tomatoes (S.
Lycopersicum L.), Cherry tomato (S. lycopersicum var. cerasiforme), and Tamarillo tomato
(S. betaceum) were purchased from a commercial local in Madeira Island. For each variety,
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10 biological replicates (individual tomatoes) were used to obtain a representative sample,
considering the full physiological maturity, corresponding to the fully red-ripe stage, to
reflect typical consumption conditions. Prior to processing, all pedicels and sepals (green
parts) were carefully removed. Then, all tomatoes were washed with deionised water,
manually cut, and homogenised together to produce one composite sample per variety,
representative of the corresponding tomato type. This composite homogenate was then
used for the subsequent extraction and analysis VOCs by HS-SPME/GC-MS.

2.3. Headspace Solid-Phase Microextraction

The SPME method used in this study was based on protocols previously developed
in our laboratory [22]. For HS-SPME extraction, 1 g of fresh tomato was weighed, ho-
mogenised, and transferred to a 20 mL headspace vial. To the vial, 0.3 g of NaCl, 5 mL
of H,O, 10 pL of 3-octanol (concentration of 16.4 ug/L in a 50:50% V/V water/ethanol
solution) and a magnetic stirring bar (2 x 0.5 mm, 650 rpm) were added. The vials were
then sealed with a PTFE-faced silicone septum, placed in a thermostatic bath, and the
DVB/CAR/PDMS fibre was manually inserted into the vial’s headspace. The vials were
incubated for 45 min at 50 °C with constant stirring. Then, the fibre was retracted and
inserted into the GC injector port for 6 min at 250 °C. Each sample was analysed in tripli-
cate (1 = 3 technical replicates), ensuring reproducibility and reliability of the data. The
results are expressed as the mean relative concentration (ug/kg) & standard deviation
of these measurements. Before each use, the SPME fibre was thermally conditioned at
270 °C for 30 min, following the manufacturer’s instructions, to ensure the absence of
carryover analytes.

2.4. Gas Chromatography-Mass Spectrometry Conditions

The VOCs were separated by an Agilent Technologies 6890N gas chromatograph
(Palo Alto, CA, USA), equipped with a SUPELCOWAX® 10 fused silica capillary column
(60m x 0.25mm id. x 0.25 pm film thickness) provided by Supelco (Bellefonte, PA,
USA). Helium (Helium N60, Air Liquid, Sines, Portugal) was used as the carrier gas at
a flow rate of 1 mL/min. Under constant flow conditions, the column-head pressure
dynamically adjusts with the oven temperature program, and the average initial pressure
was approximately 13 psi. The injector temperature was set to 250 °C. The GC oven program
was as follows: the initial temperature was set to 40 °C and held for 2 min, followed by
an increase to 220 °C at a rate of 2.70 °C/min, and held for 5 min, resulting in a total
GC run time of 73.67 min. Mass spectrometry analysis was performed using an Agilent
Technologies 5973N quadrupole mass selective detector (Palo Alto, CA, USA), operating
with electron impact (EI) ionisation at 70 eV. The source, quadrupole, and transfer line
temperatures were set to 230 °C, 250 °C, and 250 °C, respectively. The electron multiplier
was calibrated via the auto-tune procedure, and mass spectra were acquired within the
scanning range of 30400 m/z at a rate of 1.9 spectra/s. The VOCs were tentatively
identified by their retention times (RTs), linear retention indices (LRIs), and mass spectra
with those of reference standards, as well as with data from the NIST MS 05 spectral library
(Gaithersburg, MD, USA). LRI values were calculated using the van Den Dool and Kratz
Equation [23]:

LRI = 100 x [n+ tr(t;(i)l)t—r(:()”)}

where t,(x) is the retention time of the VOC of interest, t,(n) and t,(n + 1) are the retention

times of the n-alkanes eluting immediately before and after the VOC. The LRI values were
also cross-referenced with those reported in the literature for similar stationary phases and
validated through online databases such as The Pherobase and Flavornet [24,25]. Only
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VOCs with a match factor equal to or greater than 80% in the NIST library were considered
for identification.

The concentration of each VOC was calculated by determining the ratio of its peak
area to that of the 3-octanol (IS), multiplying this ratio by the known quantity of 3-octanol
added to the sample. The results are expressed as micrograms per kilogram (ug/kg) of
3-octanol equivalents.

2.5. Statistical Analysis

Statistical analysis was performed using the MetaboAnalyst 6.0 web-based plat-
form [26]. Raw GC-qMS data were pre-processed by removing VOCs with missing values,
defined as VOCs not detected in a substantial number of samples, to improve data quality
and ensure the robustness of multivariate analysis. Only VOCs present in most of the
samples were retained for further analysis. Data normalisation was performed using cubic
root transformation and autoscaling. The processed dataset was subjected to one-way
analysis of variance (ANOVA), and significant differences among the tomato varieties
were identified at p < 0.05 using Tukey’s post hoc test. Multivariate analyses, including
Principal Component Analysis (PCA) and Partial Least Squares Discriminant Analysis
(PLS-DA), were employed to explore group separations and detect discriminant VOCs.
VOCs with a variable importance in projection (VIP) score > 1, and those significantly
different in univariate analysis, were considered potential biomarkers for differentiating
tomato varieties. Model validation was performed using 10-fold cross-validation to assess
classification performance, and the robustness of the PLS-DA model was further evaluated
through permutation testing (n = 1000). Hierarchical Cluster Analysis (HCA) was con-
ducted using the 15 most significant VOCs (as determined by ANOVA), applying Ward’s
linkage method and Euclidean distance to reveal clustering patterns and relationships
among the tomatoes.

3. Results
3.1. Volatilomic Fingerprint of the Tomato Varieties

A total of 55 VOCs were identified in the tomatoes using HS-SPME/GC-MS method-
ology, including 19 carbonyl compounds, 10 alcohols, 7 furanic compounds, 6 terpenoids,
4 acids, 3 esters, 2 volatile phenols, and 4 others (1 lactone, 2 hydrocarbons, 1 hydroxyke-
tone) (Table 1, Figure S1). Of these 55 VOCs, only 28 were common to all tomato varieties,
and other VOCs were exclusive to a specific tomato variety, such as 2-methyl-2-butenal in
Kumato, nonanal in Tamarilho and ethyl 2-hydroxybenzoate in Cherry. Table 1 displays
a detailed list of all VOCs found in the tomato varieties under analysis, along with the
corresponding data, such as RTs, LRIs, and relative concentration (ug/kg).

Figure 1 displays each chemical family’s contribution to each tomato variety’s total
volatilomic fingerprint. Carbonyl compounds were the main chemical family of VOCs, con-
tributing on average 47.5% for S. lycopersicum L., 46.9% for S. lycopersicum var. cerasiforme
(Cherry), and 59.6% for S. betaceum (Tamarilho). The second most representative chemical
family for the total volatilomic fingerprint of each tomato variety was alcohols for Vine
(33%), Tamarilho (17%) and Globe (28%), esters for Cherry (21%) and furanic compounds
for Kumato (13%) and Roma (24%).
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Table 1. Relative concentration (ug/kg) &+ standard deviation of volatile organic metabolites identified in tomatoes by HS-SPME/GC-MS.

Peakn® RT (min)? LRI P LRI; € VOCs Clls:::illcyal Globe Kumato Roma Vine Tamarilho Cherry
1 14.96 959 956 3-Pentanone Carbonyl 15+2a 13+1a 145£01a 13+1a 171+03a 72+8Db
2 16.71 1001 1000 1-Penten-3-one Carbonyl 24+3a 141+04Db 23+2a,c 8+1b 19+ 1bc 33£5a
3 19.31 1058 1059 Hexanal Carbonyl 171+ 32a 531 £20b 138 +20a 134 +13a 594 £10b 526 £ 46D
4 19.91 1070 1076 2-Methyl-2-butenal Carbonyl - 55+ 4 - - - -
5 24.08 1151 1155 Limonene Terpenoid 13+ 2a - - 3.0+03b - -
6 24.46 1159 1160 Heptanal Carbonyl - 10+1a 3.0+03b 11+1la 9+1a
7 24.55 1160 1177 B-Terpinene Terpenoid 11+1a - - 20+02b - -
8 25.96 1186 1184 3-Methyl-1-butanol Alcohol - 29+3a - - 81+1b 7+1c
9 26.43 1194 1198 (E)-2-Hexenal Carbonyl 284 +2a 1419 + 141 b 98 t16a 104 +5a 558 £ 65 ¢ 552 £ 45¢
10 26.81 1200 1203 2-Pentyl furan Furanic 74+8a 58 £3Db 56 £ 8b 86+t10a - 37+3c¢
11 27.74 1219 1213 1-Pentanol Alcohol l6+3a 23+2a l6+1a 12+1a 45+5b 89+7c
12 28.19 1228 1224 3-Octanone Carbonyl 23+3a - 13+1b 20t1a - -
13 29.78 1258 1268 Octanal Carbonyl 28+3a 6+1b 11+2b,c 13+1c 10+ 2b,c 21+4a
14 30.75 1276 1277 1-Hydroxy-2-propanone Carbonyl 39+3a 40+ 4a 11+1b 35*t6a 10£1b 106 =12 ¢
15 31.44 1288 1295 (E)-2-Penten-1-ol Alcohol 7f1a 17+1b 23+3b - 16+2b 105+ 8¢
16 31.57 1290 1287 (2)-2-Heptenal Carbonyl 42 +8a 37+3a 27+5a 60+t5a 60+ 11a 252 +34Db
17 32.23 1301 1318 6-Methyl-5-hepten-2-one Carbonyl 141 +7a 91£9Db 105+ 16a 474 £ 58 ¢ 82 +13b 190+ 16a
18 33.16 1321 1326 1-Hexanol Alcohol 236 £20 a 153 + 18 ab 109 £ 19b 556 £ 43 ¢ 215+22ab 197+ 17ab
19 34.75 1352 1357 (Z)-3-Hexen-1-0l Alcohol 65+t12ab 54 £8ab 123+ 17 ¢ 43+5ab 8l1+t4a 64+ 6ab
20 35.22 1359 1355 Methyl octanoate Ester 61+04a - 1.3 £0.1b - - -
21 35.23 1361 1375 Nonanal Carbonyl - - - - 11+1 -
22 35.61 1369 1363 (E)-2-Hexen-1-ol Alcohol 270+ 3a 50£9b 29 £3b,c 88 £14d 35+ 2b,c 63 £12d
23 35.76 1371 1378 2-Isobutylthiazole Furanic 32+4a 44+4a 6.7+02b 78 £10c 35f1a 105+7d
24 36.89 1392 1377 (E)-2-Octenal Carbonyl 49 +9a 83 +£15b 54+4ab 148 +7c¢ 205+8d 106 £5¢
25 37.99 1415 1418 Acetic acid Acid 60t 10a 103 +20ab 148 £20b,c 91+7ab 203 £31c 85+ 15ab
26 38.68 1430 1426 2-Furfural Furanic 46+ 4a 27 £2ab 75 £ 13¢ 14+1Db 66 £7c 36 £4ab
27 39.55 1449 1453 2-Ethyl-1-hexanol Alcohol 28+2a - 37+03b 9+1c 19+1d 59+ 02b,c
28 40.38 1466 1456 1,2,3,5-Tetramethyl benzene  Hydrocarbon 50+2a - 10+1b 91+03b 71 £11c 9+1b
29 40.93 1477 1504 (E)-2-Hepten-1-ol Alcohol 33£1a - - 26 £4D - 42+2c¢
30 41.61 1491 1493 Benzaldehyde Carbonyl 39+7a 43+5ab 14+1c 7+1c 25+ 3a,c 54 +6b




Separations 2025, 12, 188 6 of 14
Table 1. Cont.

Peakn® RT (min)? LRI P LRI; € VOCs C;‘:nn:illcyal Globe Kumato Roma Vine Tamarilho Cherry
31 4221 1513 1532 (E)-2-Nonenal Carbonyl - 12+1a 20+2a - 93+ 13b -
32 43.89 1540 1539 5-Methyl-2-furfural Furanic 33+5a 25+3ab 51+3c¢ 11+05b 43+ 6a,c 34+6ab
33 44.48 1552 1548 2-Cyclopentene-1,4-dione Carbonyl 21+2a 37+4b 42 +2b,c 12+1a 33 +3b,c 30+ 4ab
34 45.16 1567 1587 (E)-2-Octen-1-ol Alcohol 69+ 13a 9+1b 229+02b 32+3c¢ 30+ 2b,c 54 +9a
35 46.71 1598 1604 Butyrolactone Lactone 32+1a 8+1b 14 +2b,c 30+4a 23+ 4a,c 18+ 2c
36 47.32 1613 1614 2-Furanmethanol Furanic 34+3a 44+4Db 78 £02c l6t1c 28+ 5a 6t1c
37 48.67 1644 1633 (Z)-Citral Terpenoid 14+2a - - 4+03b 20+1c¢ -
38 48.94 1650 2-Hydroxy benzaldehyde Carbonyl 23+4a - 21+3a - 34+02b 39+4c
39 50.82 1693 1714 (E)-Citral Terpenoid 22+ 4a - 18+ 1a 11+1b 35+3c¢ 5+1b
40 51.52 1710 1709 Naphthalene Hydrocarbon 27 +3a - 15+2ab 7+1b 24+1a 55+£9c
41 52.19 1716 1696 (E,Z)-2,4-Decadienal Carbonyl 77 +5a 41+7b 25+2c¢ 22+2c¢ 70+ 3a 102 +8d
42 53.23 1752 1753 Methyl 2-hydroxybenzoate Ester 54+ 04a 12+1a 10+ 1a - - 950 + 140 b
43 54.34 1778 1770 (E,E)-2,4-Decadienal Carbonyl 46t 4a 16 +2b 88 +2c¢ 12+1b 46+3a 94+ 15¢
44 54.55 1784 1791 Ethyl 2-hydroxybenzoate Ester - - - - - 507
45 55.13 1797 1810 Hexanoic acid Acid 46+5a 23 +1b 38+ 6ab 17+2b 174+ 04Db 133+ 14 ¢
46 55.78 1812 1815 2-Methoxy phenol Phenol - 18 £+ 3a 82+ 11b - l6+1a 41 +5¢
47 55.90 1815 1816 Geranyl acetone Terpenoid 230+20a 39+1b 50+6b 97 +2c 14+1b 86 +8c
48 57.93 1861 1862 Phenylethyl alcohol Alcohol - - - - 107 £03a 17+1b
49 59.12 1887 1910 2-Ethylhexanoic acid Acid - 42 +5a 6.7+0.1Db - - -
50 59.49 1895 1891 -Damascenone Terpenoid 20+2a - 8t1b 10£1b 9+1b 30+3c¢
51 60.61 2018 2006 2,5-Furandicarboxaldehyde Furanic 21+2a 5+1b 15+3a 9+1b 35+5¢ 42 +3c¢
52 61.87 2051 5HMF Furanic 27+t5a 249 +18b 261 £ 11b - 36 +2a -
53 63.27 2087 2070 Octanoic acid Acid 26+ 1a 60+01Db 49+05b 10+2b 22+1a 39+6¢
54 67.29 2137 2135 Eugenol Phenol - 23+4a 23+4a - - 29 +4b
55 70.6 2171 - Hydroxydihydromaltol Carbonyl 35+4a 35+4a 16 £2b - 23+ 2c¢ 40+2a

2 RT: Retention time; P Linear retention index relative n-alkanes (C8 to C20) on a SUPELCOWAX® 10 capillary column; ¢ Linear retention index relative reported in the literature for
equivalent capillary column [24,25]; Different letters within each line indicate statistically significant differences between groups (p < 0.05), as determined by one-way ANOVA followed
by Tukey’s HSD post hoc test; -: not detected.
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Figure 1. Contribution of each chemical family to the total volatilomic fingerprint of tomatoes investigated.

Kumata tomatoes seem to be the richest in carbonyl compounds, displaying 69% of
total volatile fingerprint, followed by Tamarilho (60%), Cherry (47%), Vine (46%), Globe
(39%) and Roma (36%). Within tomatoes, hexanal (representing 21% of the total carbonyl
fraction) and (E)-2-hexenal (27.5%) were the most predominant carbonyl compounds
identified. The C4 aldehydes are lipid-derived VOCs formed through the lipoxygenase
pathway and are primarily responsible for the characteristic green and fresh-cut grass odour
descriptors of tomatoes [27]. The highest relative concentration of hexanal was verified
in Tamarilho (594 ng/kg), but its content was not significantly different to that observed
in Cherry (526 pg/kg) and Kumato (531 pg/kg) tomatoes (p > 0.05). On the other hand,
Kumato showed the highest relative concentration for (E)-2-hexenal (1419 ng/kg), and
its content was significantly different (p < 0.05) from the other tomatoes investigated. No
significant difference was observed between Tamarilho and Cherry tomatoes (p > 0.05), as
well as Globe, Roma and Vine. According to Ramirez et al. [28], hexanal and (E)-2-hexenal
are VOCs that are potentially correlated with the ripening stages of the tomatoes, therefore
increasing their abundance with the increase in the maturity of the tomato. This finding is
more evident within hexanal and (E)-2-hexenal quantities (in our results) and is further
supported by the fact that the samples were all analysed in the ripe state. 6-Methyl-5-
hepten-2-one, a ketone derived from carotenoid degradation, was also broadly distributed
across samples, with the highest relative concentration in Vine tomatoes (474 ug/kg), being
its relative concentration significantly different from the remaining tomatoes investigated
(p < 0.05). Its presence reflects the interplay between ripening and carotenoid metabolism,
conferring citrusy and floral nuances that enhance the sensory complexity of the fruit.
In addition, unsaturated aldehydes such as (E)-2-octenal, and (E)-2-nonenal, known for
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their fatty and green, were VOCs present among the varieties, suggesting differences in
oxidative processes or in ripeness levels. Other carbonyl compounds with minor relative
concentration may contribute to the overall flavour due to their lower odour threshold, like
benzaldehyde (sweet, almond-like), octanal (soapy, citrus), and 2,4-decadienal (seaweed) [9,
29]. These carbonyl compounds could also be used as an indicator of varietal or post-harvest
biochemical pathways.

Regarding the alcohols, 1-hexanol, (E)-2-hexen-1-ol and (Z)-3-hexen-1-ol were the
most abundant, contributing on average 9.0%, 3.2% and 2.7% to the total volatile finger-
print, consistent with their recognised role in contributing to the characteristic green and
fresh aroma of tomatoes. Vine showed the highest relative concentration of 1-hexanol
(556 pg/kg), being significantly different from the remaining tomatoes investigated. Globe
stood out for its high relative concentration of (E)-2-hexen-1-ol (270 nug/kg), which is linked
to green and leaf sensory attributes. Phenylethyl alcohol detected only in Tamarilho and
Cherry tomatoes, albeit in low relative concentration (contributing 0.3% to the total volatile
fingerprint), can also contribute to floral odour notes, aligning with the exotic sensory
character of Tamarilho. These findings agree with previous studies that highlight the pre-
dominance of Cg alcohols in tomato aroma and underscore the varietal influence on volatile
fingerprint and potential sensory perception [9,29]. (Z)-3-Hexen-1-ol is also correlated with
the ripening stages of the tomatoes in a previous study [28].

Roma and Kumato exhibited the highest total relative concentration of furanic com-
pounds, 473 and 451 ng/kg, respectively, with no significant difference in furanic compo-
sition between these tomato varieties (p > 0.05). 5-Hydroxymethyl-2-furfural contributes
55% to the total furanic compounds fraction for these tomato varieties, showing signifi-
cantly higher relative concentration in Roma (261 ng/kg) and Kumato (249 ug/kg) when
compared to Globe (27 ng/kg) and Tamarilho (36 ug/kg), Table 1. In addition, this VOC
was not detected in Vine and Cherry tomatoes, its absence may reflect varietal differences
in sugar composition, enzymatic activity, or post-harvest handling conditions that influ-
ence the Maillard reaction. Roma showing a particularly elevated relative concentration
of 2-furfural (75 ug/kg), a VOC with sweet and almond-like notes typically formed via
thermal degradation pathways. Its content was not significantly different from Tamarilho
(66 pug/kg, p>0.05).

The ester contribution to the total volatile fingerprint among the six tomato varieties
was limited in diversity but showed striking varietal specificity, particularly for Cherry
tomatoes. Globe, Kumato, and Roma exhibited a low total relative concentration of esters
(<12.2 pg/kg), with methyl 2-hydroxybenzoate being on average the most prominent
ester in these tomato varieties without significant differences among them (p > 0.05). On
the other hand, the Cherry tomato showed a significant impact in total ester relative
concentration (1001 pg/kg), which represents ~21% of the total volatile fingerprint. The
highest relative concentration of esters in Cherry was associated with the presence of
methyl 2-hydroxybenzoate (950 ng/kg), which displays 94.9% of the total esters fraction.
Additionally, ethyl 2-hydroxybenzoate, a VOC with sweet and floral odours was only
detected in Cherry tomatoes, which may be linked to a variety-specific metabolic pathways
involving salicylic acid derivatives, often associated with stress responses and ripening. In
contrast, Vine and Tamarilho showed no detectable ester content, reinforcing their simpler
volatile fingerprint. As reported by Guan et al. [30], ester levels proved to be minimal
when the tomatoes are mature, which acts accordingly to our findings as most tomato
varieties have negligible ester content, except for Cherry. This does not disapprove the fact
that Cherry was ripe when it was analysed, but rather it was in an earlier ripening stage
compared to other samples, therefore having a higher ester quantity.



Separations 2025, 12, 188

9of 14

20

10

—log10(raw-p)

o

Acids were prevalent across all tomatoes but showed the highest contribution to
total volatile fingerprint in Roma (10%), driven by acetic and hexanoic acids, which can
contribute with a sour, pungent, and fatty odours. 2-Ethylhexanoic acid was only detected
in Kumato and Roma tomatoes, yet their relative concentration was significantly different
between each other, 42 and 6.7 pg/Kg, respectively.

Terpenoids were most abundant in Globe tomatoes, with a high relative concentration
of geranyl acetone (230 pg/kg), representing 8.8% of the total volatile fingerprint, contribut-
ing with a fresh, floral, and citrus-like notes. On the other hand, Kumato exhibited very
low terpenoid content, with geranyl acetone (39 nug/kg) being the only terpenoid detected
in this tomato variety.

Volatile phenols, particularly 2-methoxyphenol and eugenol, were dominant in Roma,
depicting 5.4% of the total fingerprint and conferring smoky and spicy notes. This chemical
family was completely absent from Vine and Globe tomatoes.

3.2. Statistical Multivariate Analysis

A total of 55 VOCs were identified in the tomatoes investigated and their GC peak area
(GC-MS data set) was normalised using cubic root transformation and autoscaling. After
that the one-way ANOVA, followed by post hoc Tukey’s test at p < 0.05 that was performed
to select the VOCs that have statistically significant differences. As can be observed in
Figure 2, 23 VOCs do not show significant differences among tomato varieties, hence why
they were eliminated for subsequent statistical analysis.

o p.log
® 5
®
@

—log10(raw-p)

!II 15

10

5

20 40
Compounds

Figure 2. One-way analysis of variance (ANOVA) followed by post hoc Tukey’s test at p < 0.05.
Grey—VOCs are not statistically significant among tomatoes investigated.

Figure 3 shows the PCA score plot (a) and PCA loading plot (b), which visually dis-
plays the differences and similarities between the volatilomic fingerprint of the tomato
varieties, as well as the distribution of VOCs in the four quadrants of the graph. The
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variance of the first principal component (PC1) was 39.2%, while the second (PC2) was
27.7%, so the two components account 66.9% of total data variability, suggesting differen-
tiation among the samples investigated. From the tomatoes analysed, aside from Cherry,
were projected in PC1 positively, being mainly characterised by hexanal (#3), 1-hydroxy-2-
propanone (#14), (E,Z)-2,4-decadienal (#41), 2-methoxyphenol (#46), 3-damascenone (#50),
octanoic acid (#53) and eugenol (#54). On the other hand, Cherry was projected in PC1’s
negative quadrant and was characterised by 2-pentyl furan (#10), 3-octanone (#12) and
1-hexanol (#18). For PC2, Kumato and Tamarilho were projected in the positive quadrant,
while the remaining tomatoes were projected in the negative quadrant.
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Figure 3. PCA of the volatilomic fingerprint of the tomato varieties (n = 3 for each data point):
(a) score scatter plot and (b) loading weight plot. Consult Table 1 to see the numbers that correspond
to the VOCs.

The PLS-DA scatter plot data indicates that the samples were distributed on the
first two principal components (PC1 and PC2), reflecting on a 64.8% total variance (PC1:
31.8%, PC2: 33%) (Figure 4a), effectively separating the tomato varieties. As can be ob-
served in Figure 4b, 15 differently expressed VOCs presented VIP scores > 1, namely
2-pentylfuran (#10), nonanal (#21), phenylethyl alcohol (#48), 3-methyl-1-butanol (#8),
2,5-furandicarboxaldehyde (#51), (E)-2-octenal (#24), 1-pentanol (#11), hexanal (#3), (E)-2-
nonenal (#31), and heptanal (#6). These VOCs are considered to be the most relevant that
discriminate and differentiate the tomato varieties, highlighting them as potential charac-
teristic molecular biomarkers. The permutation test confirms the statistical significance of
the model (p = 0.036), validating that the separation observed is not due to random chance.
The observed statistic (red arrow) lies well outside the distribution of permuted values,
supporting the model’s robustness (Figure 4d).
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Figure 4. PLS-DA of the volatilomic fingerprint of the tomato varieties (1 = 3 for each data point):
(a) score scatter plot and (b) VIP scores of key features identified by PLS-DA, with coloured boxes
indicating relative VOCs content across groups. (c) 10-fold cross-validation of PLS-DA performance
using varying component numbers (* denotes best Q? value). (d) PLS-DA model validated by 1000-
permutation tests of GC-MS-derived VOCs from the tomato samples investigated. Consult Table 1 to
see the numbers that correspond to the VOCs.

HCA was also performed using the 15 most significant VOCs identified in the tomato
varieties obtained by ANOVA. The dendrogram resulted from the heat map’s Euclidean
distance calculation using Ward’s clustering method (Figure 5) offering a clear visual
representation of the data set, that when combined with the previously conducted statistical
analyses, enables a more thorough identification of the innate clustering patterns among
tomato varieties. Tamarilho was the tomato variety with a more distinct volatilomic
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fingerprint since it does not cluster with the other varieties as seen in the dendrogram.
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Figure 5. HCA and heatmap of the putative characteristic molecular biomarkers identified in tomato
varieties. Consult Table 1 to see the numbers that correspond to the VOCs.

4. Conclusions

This study establishes the efficacy of headspace solid-phase microextraction coupled
with gas chromatography—mass spectrometry (HS-SPME/GC-MS), in conjunction with
multivariate statistical analyses, as a robust platform for comprehensive characterisation of
the volatile profiles of tomato varieties. Across six Solanum varieties, a total of 55 volatile
organic metabolites (VOCs) were identified, revealing pronounced inter-varietal differences
in volatilomic signatures. While carbonyl compounds predominated across all varieties,
varietal discrimination was principally driven by the presence and relative concentration of
esters, furanic compounds, terpenoids, and volatile phenols. Specifically, cherry tomatoes
exhibited a distinctive ester-rich profile, Roma and Kumato varieties were characterised by
elevated levels of furanic compounds, and Globe tomatoes were distinguished by a predom-
inance of geranyl acetone among terpenoids. Principal component analysis (PCA), partial
least squares discriminant analysis (PLS-DA), and hierarchical cluster analysis (HCA)
enabled clear varietal differentiation and identified key aroma-associated biomarkers, in-
cluding hexanal, (E)-2-hexenal, 2-pentylfuran, phenylethyl alcohol, 3-methyl-1-butanol,
(E)-2-octenal, (E)-2-nonenal, and heptanal. Collectively, these findings demonstrate that
volatilomic profiling not only facilitates varietal identification but also holds significant po-
tential for guiding cultivar development, optimising post-harvest handling, and enhancing
quality control throughout the tomato value chain.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/separations12080188 /s1, Figure S1: Typical GC-MS profile of
tomatoes investigated.
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The following abbreviations are used in this manuscript:

ANOVA  One-way analysis of variance
GC-MS Gas chromatography-mass spectrometry

HCA Hierarchical cluster analysis

HS-SPME  Headspace solid phase microextraction
LRI Linear retention index

PCA Principal component analysis

PLS-DA Partial least squares discriminant analysis
RT Retention time

VIP Variable importance in projection

VOCs Volatile organic compounds
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