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Abstract
Introduction  In recent years, growers have used various production types, including high-tunnel systems, to increase the 
yield of tomatoes (Lycopersicon esculentum). However, the effect of high-tunnel cultivation, in comparison to conventional 
open-field production, on aroma and flavor volatiles is not fully understood.
Objectives  To optimize the extraction and quantification conditions for the analysis of tomato volatiles using headspace solid 
phase microextraction (HS-SPME) coupled with gas chromatography–mass spectrometry (GC–MS), and study the effect of 
production systems on volatile profiles using metabolomics approach.
Methods  The HS-SPME conditions were optimized for extraction and GC–MS was used to quantify the volatiles from 
four tomato varieties grown in open-field and high-tunnel systems. Univariate and multivariate analyses were performed to 
identify the influence of production system on tomato volatiles.
Results and conclusions  The extraction of 2 g tomato samples at 60 °C for 45 min using divinylbenzene/carboxen/poly-
dimethylsiloxane (DVB/CAR/PDMS) fiber gave the maximum amounts of volatiles. This optimized method was used to 
identify and quantify 41 volatiles from four tomato varieties. The levels of β-damascenone were higher in the high-tunnel 
tomatoes and geranylacetone was higher in open-field tomatoes. These two volatile compounds could be considered as bio-
markers for tomatoes grown in high-tunnel and open-field production systems. This study is the first report comparing 
volatiles in tomatoes grown in high-tunnel and open-field conditions, and our results confirmed that there is a critical need 
to adopt biomarker-specific production systems to improve the nutritional and organoleptic properties of tomatoes.

Keywords  Tomato · Volatiles · HS-SPME · GC–MS · High-tunnel · Metabolomics

Abbreviations
SPME	� Solid phase microextraction
GC	� Gas chromatography
MS	� Mass spectrum
PLS-DA	� Partial least squares-discriminant analysis

VIP	� Variable importance on projection
HT	� High-tunnel
OF	� Open-field

1  Introduction

Tomato (Lycopersicum esculentum) is one of the most 
widely consumed horticultural crops in the world, and an 
important source of essential nutrients (Davies et al. 1981). 
In 2015, the tomato market, including fresh and processed 
products, accounted for more than 2.6 billion dollars in the 
United States (USDA-NASS 2016). The most important cri-
teria for consumer preference include flavor, color, texture, 
and appearance (Xiao et al. 2017). Generally, the flavor of 
a fresh tomato is influenced by the complex interactions 
of sugars, acids, and volatile compounds. In red tomatoes, 
glucose and fructose are the major soluble solids and citric 
acid is the major organic acid, followed by malic acid (Bald-
win et al. 2008). Unfortunately, until now, tomato-breeding 
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programs around the globe have mainly focused on improv-
ing the productivity, disease resistance, and firmness of 
tomatoes at the expense of flavor and texture. One main 
reason for this is the genetic complexity of flavor and the 
lack of a simple assay that can predict consumer-preferred 
values of the factors that contribute to flavor (Klee and 
Tieman 2013). Consequently, important alleles related to 
aromatic volatiles have been lost and consumers have been 
disappointed with the lack of flavor in commercial tomatoes 
(Tieman et al. 2017).

At present, around 400 volatile compounds have been 
reported in the tomato fruit (Klee and Tieman 2018; Cortina 
et al. 2018). However, based on the threshold levels of odor 
detection, only 15–20 volatile compounds are considered 
to have a strong effect on the human perception of tomato 
aroma and flavor (Buttery 1993; Klee and Tieman 2018). 
During ripening, tomatoes produce 2-isobutylthiazole, 
3-methylnitrobutane, geranylacetone, and β-ionone. Toma-
toes also produce C6 compounds in the lipid oxidation path-
way during maceration (Brauss et al. 1998). Several research 
groups have used genetics and metabolomics approaches to 
understand the characteristics of aroma-associated volatile 
compounds of tomato fruits and improve flavor quality. For 
instance, Klee and Tieman have focused on elucidating 
the chemistry of consumer flavor preferences, examining 
the mechanism of flavor deterioration in tomato fruits, and 
delineating a molecular roadmap for flavor enhancement 
(Klee and Tieman 2013, 2018). Similarly, the pathways and 
distinct gene-metabolite regulation involved in fruit acidity 
and phenylpropanoid-derived volatiles in tomato (Bauchet 
et al. 2017). Moreover, Tikunov et al. investigated tomato 
volatile profiles by using a metabolomic strategies with 
GC–MS datasets and discriminated metabolite variation 
among different tomato genotypes (Tikunov et al. 2005, 
2010).

Previous studies have demonstrated that the sample 
preparation and analytical methods for analysis of volatile 
compounds have substantially influences on tomato volatile 
profiles. In particular, the headspace solid phase microex-
traction (HS-SPME) method has been widely tested, using 
fibers coated with different types of polymeric stationary 
phases that extract the target analytes from a complex sam-
ple matrix by absorption. For example, Rambla et al., inves-
tigated the effect of four commonly used sample processing 
methods on volatile levels by HS-SPME using polydimethyl-
siloxane/divinylbenzene (PDMS/DVB) fibers and demon-
strated that each sample processing method produced char-
acteristic volatile profiles (Rambla et al. 2015). Similarly, 
other studies focused on the extraction efficiency by compar-
ing various fibers and found that divinylbenzene/carboxen/
polydimethylsiloxane (DVB/CAR/PDMS) fiber had a higher 
extraction efficiency than PDMS/DVB fiber (Figueira et al. 
2014; Cortina et al. 2017). However, from these studies, the 

effects of sample processing methods on volatile patterns 
have not been clearly understood, and this is a prerequisite 
for accurate quantification of volatiles.

Accumulating evidence suggests that several factors 
influence tomato volatiles, such as ripening stage, genotype, 
environmental effects, management practices, and posthar-
vest treatments (Hayase et al. 1984; Mayer et al. 2004), but 
the effect of the production system on specific chemical 
markers is not fully understood. Among different produc-
tion systems, unheated greenhouse systems, such as the 
high-tunnel, have increasingly been adopted to supply local 
markets throughout the United States (Carey et al. 2009). 
The main advantages of high-tunnel cultivation are uni-
form watering, protecting plants from rainfall, wind, snow, 
insects, and foliar disease (Healy et al. 2017). The properties 
of the materials used to construct the high tunnels, such as 
the color or photo-selective nets, may influence the level 
of health-promoting compounds, including volatiles, in the 
fruits (Abushita et al. 2000). However, at present, very little 
information is available about the exact effect of high-tunnel 
production systems on tomato volatiles. In addition, there 
is no comparative study on the effect of high-tunnel versus 
open-field production systems on tomato flavor constituents.

The main objective of this study was to optimize the 
extraction and quantification conditions using HS-SPME 
coupled with GC–MS to determine the volatile composi-
tion of tomatoes as well as measure the influence of the 
production system on the specific molecular marker, using 
a metabolomics approach.

2 � Materials and methods

2.1 � Chemicals and reagents

All chemicals and reagents used in this study were analytical 
grade. All 21 authentic volatile standards (see Table 1) were 
procured from Sigma-Aldrich (Sigma-Aldrich Chemical Co, 
St. Louis, MO, USA).

2.2 � Production systems

All samples were obtained from the Texas A&M AgriLife 
Research and Extension farm located in Bushland, Texas, 
United States (35°11′25.89″N 102°3′50.08″W). Three 
tomato cultivars were developed at the Vegetable and Fruit 
Improvement Center of Texas A&M University by Dr. 
Kevin Crosby (TAM Hot-Ty, TAM exp 1, TAM Exp 2), and 
a commercial variety collected at the United grocery chain 
in Texas (USAT 0121) (Supplementary Fig. S1). These 
four tomato varieties were grown in the high-tunnel sys-
tem (96 feet long, 30 feet wide and 12 feet tall) and in the 
open field. The high-tunnel metal frames were covered with 
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a fiberglass-impregnated tarp to allow sunshine in and keep 
most of the weather out. The plants were fertigated using 
drip irrigation. The experimental design was a completely 
randomized design and each treatment contained five fruits 
with four replications. At sampling time, whole tomato fruits 
were obtained after removing the calyx and stem scar. Fruits 
were harvested in October 2016.

2.3 � Sample preparation and basic quality 
measurement

The five fruits from each replication were cut into pieces, 
mixed together, and quickly blended for 30 s. For vola-
tile analysis, 2 g of each sample was placed into a 20 mL 
GC–MS vial containing saturated CaCl2 (2  mL) and 
2-octanone (10 µL, 0.025% in ethanol, v/v) as an internal 
standard and stored at − 20 °C until analysis. The total 
soluble solids content (TSS) of tomato was determined at 
25 °C using a hand refractometer (American Optical Corp., 
South Bridge, MA, USA). For each sample, 5 g of sample 
was mixed with 45 mL of nanopure water and total acidity 
(TA) was measured by titrating with 0.1 M NaOH up to pH 
8.1 through a DL 22 Food and beverage analyzer (Mettler 
Toledo, Columbus, OH, USA). All samples were measured 
in four replicates and the results were averaged.

2.4 � Optimization of HS‑SPME conditions

Fresh Roma tomatoes (Solanum lycopersicum) were pur-
chased from a local supermarket (HEB, College Station, 
TX, USA) for optimizing extraction conditions using HS-
SPME. Tomato fruits were washed with deionized water 
and sliced into six pieces. Then, samples were blended for 
30 s to facilitate the release of volatile compounds by solid 
diffusion. Tomato puree samples (2 g) were put into 20 mL 
glass headspace vials with 2 mL of saturated CaCl2 solution 
in nanopure water and kept frozen at − 20 °C until analysis.

2.4.1 � Selection of fibers

To compare the extraction efficiency of fiber types on the 
measurement of volatile compounds in tomatoes, five types 
of coated fibers, polydimethylsiloxane (PDMS), polydi-
methylsiloxane/divinylbenzene (PDMS/DVB), carboxen/
polydimethylsiloxane (CAR/ PDMS), divinylbenzene/car-
boxen/polydimethylsiloxane (DVB/CAR/PDMS), and poly-
acrylate (PA) were used to compare the areas of selected 
peaks of hexenal, 6-methyl-5-heptene-2-one, hexen-1-ol, 
linalool, geranyl acetone, and β-ionone. Samples (2 g) with 
2 mL of saturated CaCl2 solution in the 20 mL headspace 
vial were used to evaluate the fibers by extracting at 60 °C 
for 20 min.

2.4.2 � Sample weight

To determine optimal sample weight for the quantification 
of volatiles, we placed different amounts (0.5, 1, 2, 4, and 
8 g) of tomato samples into 20-mL GC–MS glass vials and 
added equivalent amounts of saturated CaCl2. Then extrac-
tion was carried out using DVB/CAR/PDMS fibers at 60 °C 
for 20 min.

2.4.3 � Extraction time and temperature

Two grams of sample and DVB/CAR/PDMS fibers were 
used to test the effect of temperature and time on the extrac-
tion. To identify the best conditions, the GC–MS analysis 
was performed for various extraction times (15, 30, 45, and 
60 min) at different temperatures (40, 60, and 80 °C).

2.5 � GC–MS analysis

2.5.1 � Electron impact (EI) analysis

The GC–MS analysis was performed using a Thermo Finni-
gan GC–MS (Thermo Fisher Scientific, Inc., San Jose, CA, 
USA) equipped with an electron ionization source with 
a Dual-Stage Quadrupole (DSQ II) mass spectrometer 
(Thermo Scientific, Austin, TX, USA). Separation was 
achieved with a Zebron ZB-Waxplus column coated with 
100% polyethylene glycol of 30 m × 0.25 mm i.d., 0.25 µm 
film thickness (Phenomenex Inc., Torrance, CA). Helium 
was used as the carrier gas at a constant flow rate of 1 mL/
min in splitless mode. For optimizing HS-SPME extraction 
condition, the initial oven temperature was maintained at 
50 °C for 2 °C/min and then increased to 225 °C at a rate of 
4 °C/min and the temperature of the column was maintained 
for 8 min. To determine the effect of production system on 
the volatile compounds from four tomato varieties, the opti-
mized method consisted of an initial oven temperature of 
40 °C, held for 1 min, then increased to 90 °C at a rate of 
10 °C/min, and increased to 175 °C at a rate of 3 °C/min. 
Finally, it was increased to 230 °C at a rate of 35 °C/min 
and held for 2 min at the final temperature, with a total run 
time of 38 min. Electron impact (EI) data from m/z 40 to 450 
were acquired at a scanning speed of 11.5 scans per sec and 
with an ionization voltage of 70 eV. The ion source tempera-
ture and mass transfer line temperature were maintained at 
280 °C. The data were recorded and processed using Xcali-
bur software (v. 2.0.7., Thermo-Fisher Scientific, San Jose, 
CA, USA).

2.5.2 � Positive‑ion chemical ionization (PCI)

Positive-ion chemical ionization was also performed to 
confirm the volatile compounds. The chromatographic 
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separation conditions used were the same as those used for 
EI mode, except the ion source temperature and mass trans-
fer line temperature were maintained at 180 and 250 °C, 
respectively. Methane was used as the ionization source 
with a flow rate of 1.3 mL/min (Jayaprakasha et al. 2012). 
The mass spectral data of the separated compounds were 
acquired in CI mode.

Samples were vortexed for 1  min and sonicated for 
30 min at room temperature, and then loaded onto a TriPlus 
autosampler (Austin, TX, USA). The volatile compounds 
were extracted by HS-SPME with a 50/30 µm CAR/PDMS/
DVB fiber. The incubation and extraction times were 2 
and 45 min, respectively, at 60 °C under continuous agita-
tion. Desorption was carried out in the injector at 225 °C 
for 2 min and fiber conditioning was carried out for 7 min. 
Forty-one volatile constituents were identified by comparing 
retention time, Kovat’s index (KI), and mass spectra with 
those of reported compounds in tomato fruits and the NIST 
library. KI values were calculated by the retention time of 
a mixture of n-alkane standards (C10–C24) analyzed under 
the same conditions as the samples (Adams 1989). Among 
these, 21 volatiles were confirmed by matching the reten-
tion times and mass spectra patterns to their authentic stand-
ards. Furthermore, 19 volatiles were confirmed by positive 
chemical ionization (PCI) mode. The levels of volatiles were 
expressed relative to 2-octanone, as per published protocols 
(Zhang et al. 2015).

2.6 � Statistical analysis

The univariate statistical analysis was performed using SPSS 
(v. 23, BM SPSS Statistics, IBM Corp., Chicago, IL, USA). 
The multiple mean comparisons (P value < 0.05) were car-
ried out using one-way analysis of variance (ANOVA) with 
Tukey’s Honest Significant Difference (HSD) test. Signifi-
cant differences between production systems were assessed 
with Student’s t test (P value < 0.05). The multivariate analy-
sis was performed by exporting GC–MS data in Excel for-
mat to MetaboAnalyst 3.0 (http://www.metab​oanal​yst.ca/).

3 � Results

3.1 � Optimization of HS‑SPME parameters

The present study examined the effect of different fibers on 
the extraction efficacy of volatiles of tomato. We choose 
six volatile compounds (hexanal, 6-methyl-5-heptene-2-
one, hexen-1-ol, linalool, geranyl acetone, and β-ionone) 
for detailed analysis, based on their prevalence. In addition, 
these compounds represent a broad range of retention times 
and different volatilities, which helps us to understand the 
factors affecting extraction efficiencies using headspace 

analysis. In comparing extraction of these six compounds, 
the lowest amounts of volatiles were extracted with PDMS 
fiber, except β-ionone, and significantly higher (P < 0.05) 
amounts of volatile compounds were extracted with 
50/30 µm DVB/CAR/PDMS fiber amongst studied fibers 
(Fig. 1a). Therefore, the 50/30 µm DVB/CAR/PDMS fiber 
was selected for the extraction of volatile compounds from 
tomatoes for further experiments to determine the influence 
of production system on volatile metabolites.

Subsequently, we tested the effect of different amounts 
of sample (by weight) on the extraction of volatiles from 
tomatoes (with the equivalent volume of saturated CaCl2) to 
increase the partition coefficient of the analytes between the 
gas phase and the sample. Figure 1b shows the efficiency of 
extraction as determined by analysis of the six compounds 
from tomato samples. In these tests, the 2-g samples pro-
duced the maximum amounts of volatiles. For instance, 
linalool, geranyl acetone, and β-ionone were significantly 
higher in 2 g samples, whereas the lower molecular weight 
compounds hexanal, 3-methyl-5-heptene-2-one, and hexan-
1-ol were significantly higher in 4, 1, and 0.5 g samples, 
respectively.

Finally, the effect of the extraction temperature and time 
was also assessed using DVB/CAR/PDMS fiber and 2 g 
samples. Figure 1c–e depict the efficiency of the extraction 
time and temperature on the tomato volatile compounds at 
40, 60, and 80 °C, respectively. The highest peak area for 
low molecular weight volatiles was observed for samples 
extracted at 40 °C compared to 60 and 80 °C. However, the 
extraction efficacy of the high molecular weight volatiles 
increased with increasing extraction time and temperature. 
Based on the extraction efficacy of a maximum number of 
volatile compounds, 60 °C was chosen for further experi-
ments. Interestingly, we found that comparable amounts 
of volatiles were extracted at 45 min and 60 min at 60 °C 
(P < 0.05) (Fig. 1d). Based on statistical significance and a 
shorter run time, we chose 45 min as the optimal condition 
for further experiments.

3.2 � Chemical composition of the tomato volatiles

The optimized method described above was used to ana-
lyze volatiles from high-tunnel and open-field grown 
tomatoes of four varieties (Supplementary Fig. S2). In 
total, 41 volatile compounds were identified from all the 
tomato varieties using authentic standards, mass spec-
tra, and KI values (Table 1). The identification of each 
metabolite was also performed based on spectral similarity 
with mass spectral libraries (Wiley registry 8e, Replib, and 
Mainlib) by considering Metabolomics Standard Initia-
tive (MSI) levels proposed by Chemical Analysis Working 
Group (Sumner et al. 2007) (Table 1 and Supplementary 
Table S1, S2). The identified volatiles were classified 

http://www.metaboanalyst.ca/
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as alcohols, aldehydes, fatty acids, furans, ketones, and 
sulfur- and nitrogen-containing compounds. These com-
pounds were quantified and expressed as 2-octanone 

equivalents (Tables 1, 2). Alcohols, aldehydes, and ketones 
were the major classes in all studied tomato varieties.

The alcohol 1-hexanol (green, resin and, flowery odor) 
was the primary contributor to the total alcohol content. In 
tomato, cis-3-hexen-1-ol contributes green odor and linalool 
contributes citrus, fruity and sweet odor (Wang et al. 2016). 
Notably, our results indicated that three varieties (TAM 
Hot-Ty, TAM EXP 1, and TAM EXP 2) in two different 
production systems had eugenol (alcohol) contents more 
than 29 ng/g. Whereas, the commercial variety USAT 012 
had the least amount (2 ng/g) of eugenol (Table 1). Among 
aldehydes, hexanal (green, grassy odor) and trans-2-hexenal 
(green odor) were found in comparatively higher levels than 
geranial and trans-2-octenal (green, grassy odor). Similarly, 
among all identified ketones, geranyl acetone (sweet, floral 
odor) and 6-methyl-5-hepten-2-one (sweet, fruity odor) were 
the main components.

Furthermore, we conducted analysis of variance to exam-
ine the overall effect of genotype and production system on 
the tomato volatiles (Table 2). Our results showed that the 
average levels of alcohols and fatty acids in all four varieties 
were significantly higher in the tomatoes grown in the high-
tunnel system. Conversely, the levels of the total aldehydes, 
furans, ketones, and nitrogen compounds from all four vari-
eties were higher in the open-field tomatoes. However, the 
hydrocarbons and sulfur groups were not affected by the pro-
duction system. The univariate analysis showed that decanal 
levels were significantly higher in the open-field tomatoes 
for all four varieties. Moreover, TAM Exp 1 and USAT 0121 
grown in the open field showed significantly higher levels of 
the furan derivative 2-pentyl furan compared with tomatoes 
grown in the high-tunnel system. The amino acid-derived 
volatile 1-nitro-3-methylbutane showed the highest levels 
for all varieties grown in the open field. The levels of neral 
(lemon odor), geranial (citrus odor), β-ionone (fruity, flo-
ral odor), and farnesyl acetone (ethereal floral odor) exhib-
ited higher levels in all open-field tomatoes. In particular, 
2-phenylethanone (floral odor) exhibited the highest levels 
in high-tunnel tomatoes for all varieties studied. Further-
more, tomatoes grown in the high-tunnel system had the 
highest levels of β-damascenone (fruity odor) while open-
field grown tomatoes had the highest levels geranylacetone 
(sweet, floral odor) of all four varieties.

3.3 � Multivariate analysis and potential volatile 
marker

One-way analysis of variance (ANOVA) was performed to 
understand the statistical significance of the observed dif-
ferences in volatile metabolites of tomato varieties grown in 
high-tunnel and open-field systems. In addition, multivariate 
analysis of GC–MS data was performed to determine the 
variance and discriminant features between the production 

Fig. 1   Optimization of HS-SPME conditions. a The effects of coated 
fibers on the peak areas of the representative volatile compounds of 
tomato samples. b The effects of sample weights 0.5–8 g on the peak 
areas of the representative volatile compounds of tomato. Among 
studied sample weights, the 2 g sample showed extraction of the max-
imum amount of volatiles. The effects of extraction temperatures and 
times on the peak areas of the representative volatile compounds of 
tomatoes. c The extractions of tomato volatiles at 40  °C for 15, 30, 
45, and 60 min. d at 60 °C for 15, 30, 45, and 60 min. e at 80 °C for 
10, 15, 20, and 30 min. Among these, extraction of volatile at 60 °C 
for 45 min was found to be optimized condition (desorption for 2 min 
at 225 °C)
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systems in each variety using principal component analy-
sis (PCA) and partial least squares-discriminant analysis 
(PLS-DA). In PCA analysis, three components explained 
80, 73.7, 73.3, and 80.8% of variances in the TAM Hot-
Ty, TAM Exp 1, TAM Exp 2, and USAT 0121 varieties, 
respectively (Fig. 2a–d). The score plots between component 
1 and component 2 of four PLS-DA models are shown in 
Fig. 2e–h. Two clusters of PLS-DA models defined produc-
tion systems (high-tunnel and open-field) in each variety 
using four biological replicates. The R2 and Q2 values were 
calculated by the “Leave one out” cross-validation method 
to evaluate the goodness of fit and prediction ability of four 
PLS-DA models (Supplementary Table S3).

Furthermore, the variable importance on projection (VIP) 
score plots were derived from the PLS-DA models. The 
compounds responsible for clustering in four varieties were 
identified based on their VIP scores exceeding 1.0 (Fig. 3 
and Supplementary Table S4) (Eriksson et al. 2005). The 
VIP score plots showed that the four compounds, 4-meth-
oxy-6-methyl phenol, 1-phenylethanone, β-damascenone, 
and geranylacetone, were common in the four varieties. In 
the univariate analysis, β-damascenone and geranylacetone 
were significantly different between the two production sys-
tems (P < 0.05). Therefore, based on the multivariate and 
univariate analysis, these two compounds could be consid-
ered as potential volatile biomarkers to distinguish high-
tunnel and open-field grown tomatoes.

4 � Discussion

Flavor has a considerable effect on consumer preferences 
for tomatoes. As a result, a number of plant breeding and 
genetic engineering studies have aimed to enhance the flavor 
of tomato fruits. In addition, researchers have investigated 

the influence of processing and post-harvest handling on 
tomato volatiles (Rambla et al. 2015; Farneti et al. 2015). 
However, consumer-preferred tomato flavors are difficult to 
attain in many cases, due to the complex interaction between 
genetics and production system (Cebolla-Cornejo et  al. 
2011). Furthermore, quantification of flavor-linked metabo-
lites is also difficult due to their complex chemical nature 
and low concentrations (Tieman et al. 2017). Therefore, 
there is a critical need to develop efficient quantification 
methods for flavor-linked volatiles. Moreover, an optimized 
quantification method to identify flavor-linked volatiles can 
be used for establishing the relationship between genetics, 
production system, and specific metabolites. Consequently, 
this information will provide essential clues for improving 
tomato flavor.

GC–MS is a valuable technique routinely used for aroma 
characterization (Fiehn et al. 2000; Peterson et al. 2014; 
Wang et al. 2016). Previous studies reported that sampling 
procedures affect the release of volatile metabolites from 
tomato fruits. Therefore, in these studies, whole and halved 
fruit, paste, frozen powder, and filtered juice were used to 
analyze the volatile profiles of tomato fruits (Farneti et al. 
2012; Rambla et al. 2015; Xiao et al. 2017). For instance, 
Tikunov et al. reported the use of blended tomato fruit to 
identify key glycoconjugated volatiles by fusion approaches 
using GC–MS and LC–MS (Tikunov et al. 2010). Therefore, 
selecting proper sample preparation and extraction tech-
niques is crucial for the analysis of tomato volatiles, due to 
their low concentrations and the complex physicochemical 
properties of tomato samples. The process of sample prepa-
ration and the technique used for analysis have a significant 
effect on the observed profiles of tomato volatiles (Figueira 
et al. 2014; Rambla et al. 2015; Cortina et al. 2017). In the 
present study, blended tomato samples were used for opti-
mization of the method. Previous studies also demonstrated 

Table 2   Effect of genotype and production system on the tomato volatile compounds

Unit = concentration (ng/g of fresh tomato sample, equivalent of 2-octanone) and mean values with different letters indicated significant differ-
ence (ns: no significance, * < 0.05, ** < 0.01, and *** < 0.001)

Alcohols Aldehydes Fatty acids Furans Hydrocarbons Ketones Nitrogen 
compounds

Sulfur 
com-
pounds

Genotype
 TAM Hot-Ty 228.8ab 525.3a 29.9a 17.4a 30.5a 961.1a 5.8b 55.9a
 TAM Exp 1 325.3a 642.9a 25.1a 20.4a 24.1ab 1105.7a 6.2b 64.1a
 TAM Exp 2 181.9b 621.5a 33.6a 20.1a 20.2ab 1049.9a 11.2a 54.8a
 USAT 0121 148.3b 390.4b 13.0b 12.6b 14.0b 613.6b 4.7b 40.4a
 Significance ** *** *** *** * *** *** ns

Production system
 High tunnel 265.9a 469.1b 29.3a 14.9b 24.7a 791.3b 4.5b 49.7a
 Open field 176.2b 621.0a 21.5b 20.4a 19.7a 1073.9a 9.4a 57.9a
 Significance ** ** * *** ns *** *** ns
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Fig. 2   Multivariate analysis: 
a–d principal component 
analysis (PCA) score plots cor-
responding to a model aimed 
at the discrimination between 
production system (high-tunnel, 
HT and open-field, OF), influ-
encing tomato volatile profiles. 
e–h Partial least squares 
discriminant analysis (PLS-DA) 
score plots from each tomato 
variety grown in the different 
production systems. The colored 
ellipses indicate 95% confi-
dence intervals for each class. 
a, e TAM Hot-Ty; b, f TAM 
Exp1; c, g TAM Exp 2; and d, h 
USAT 0121
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that blended samples were optimal for extraction of vola-
tiles from strawberry and Monstera deliciosa fruits (Van-
dendriessche et al. 2013; Spínola et al. 2015).

The HS-SPME technique was initially introduced by 
Arthur and Pawliszyn (1990), and it has been widely used 
in combination with GC–MS, mainly due to its many advan-
tageous features such as solvent-free sample preparation, 
robustness, high sensitivity, and reproducibility (Câmara 
et al. 2007; Mendes et al. 2012). A previous study showed 
that the HS-SPME method allowed extraction of a wider 

range of compounds than headspace-trap (HS) and Tenax 
adsorption-thermal desorption (TD) methods (Rambla et al. 
2015). HS-SPME involves many steps, making it important 
to optimize the extraction conditions to achieve the great-
est efficiency. The fibers used, extraction temperature, and 
time seem to play a major role in the extraction efficiency. 
Different fibers have different polarities and retention capa-
bilities, depending on their types of coating. A previous 
report indicated that the majority of volatile metabolites 
can be extracted at lower extraction temperatures, whereas 

Fig. 3   The discriminating metabolite features based on variable 
importance on projection (VIP) scores ≥ 1.0 from partial least squares 
discriminant analysis (PLS-DA) of each tomato variety. a TAM Hot-

Ty, b TAM Exp1, c TAM Exp 2, and d USAT 0121. Red and green 
on the right indicate relatively high and low concentrations of metab-
olites from high-tunnel and open-field grown tomatoes
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higher temperatures facilitate the release of higher concen-
trations of semi-volatile compounds from the matrix (Ma 
et al. 2013). Additionally, the extraction time influences the 
distribution of compounds between the sample matrix, the 
headspace phase, and the fiber coatings; therefore, extraction 
time will significantly affect the HS-SPME results (Figueira 
et al. 2014; Cortina et al. 2017). The present study aimed 
to optimize the extraction method using blended samples. 
Taken together, the extraction of 2 g blended tomato samples 
at 60 °C for 45 min with DVB/CAR/PDMS fiber was found 
to show the maximum amounts of volatiles.

We also aimed to assess the volatile profiles of different 
tomato varieties grown in two different production systems. 
The 9 volatiles out of 16 major aroma- and flavor-deter-
mining volatiles were found to be common in all studied 
varieties, such as 1-penten-3-one, hexanal, trans-2-hexenal, 
trans-2-heptenal, 6-methyl-5-hepten-2-one, cis-3-hexen-
1-ol, 2-isobutulthiazole, β-damascenone, and β-ionone 
(Buttery 1993). Among these compounds, the levels of 
β-damascenone were significantly influenced by produc-
tion system and were higher in the high-tunnel tomatoes 
than in the open-field grown tomatoes. We used four tomato 
varieties with similar maturity indices (TSS/TA) to deter-
mine the effect of the production system on tomato volatile 
compounds. The TSS and TA contents are important for 
the tomato flavor, along with aroma-active volatile com-
pounds. However, we did not find significant differences 
between production systems for TSS and TA (Supplemen-
tary Table S5).

In recent years, metabolic markers have been identified 
that can serve as indicators or predictors of disease outbreak 
frequency, developmental stage, food sensory evaluation, 
and crop yield (Fernandez et al. 2016). Usually, in metabo-
lomics studies, chromatographic techniques are coupled 
with chemometric methods such as PCA and PLS-DA to 
understand the patterns in the data and to identify molecular 
markers. PCA is a mathematical algorithm that reduces mul-
tidimensional data and provides a graphical interpretation of 
the data in which similar samples cluster close together and 
dissimilar samples fall further apart. PLS-DA is a supervised 
method for classification and discriminant analysis which 
can be used to describe the relationships among the meas-
ured variables (Kasote et al. 2014).

The PCA, PLS-DA, and variable importance of projec-
tion (VIP) analyses were performed to identify metabo-
lite markers for tomatoes grown in the two production 
systems (Figs. 2, 3). The PCA and PLS-DA analysis of 
tomato volatiles showed that high-tunnel and open-field 
production systems have a considerable impact on tomato 
volatile profiles in each of the four varieties (Figs. 2 and 
3). Furthermore, using chemometric studies, prominent 
volatile compounds were ranked from VIP score based on 
their importance in discriminating production systems. In 

addition, a one-way ANOVA (analysis of variance) with 
Tukey’s Honestly Significant Difference (Tukey’s HSD) test 
was performed on the metabolomics data, to assess which 
metabolites were mainly involved in each of the various 
groups. The threshold of significance was set at P < 0.05. In 
summary, findings of multivariate and univariate analyses 
confirmed that β-damascenone and geranyl acetone may be 
considered potential volatile markers for high-tunnel and 
open-field grown tomatoes. β-Damascenone (sweet, apple 
odor) has a considerable role in the flavor of tomato due 
to its extremely low odor threshold, 0.002 ppb compared 
to 60 ppb for geranylacetone (Buttery 1993; Pineau et al. 
2007). Based on our observation, the significantly increased 
levels of β-damascenone under the high-tunnel system may 
have an important role in the flavor of the fresh tomato. In 
addition, several potent health-promoting properties have 
been reported for β-damascenone, including UV protective 
potential (Uddin et al. 2012). Similarly, geranylacetone is a 
well-known antimicrobial agent and has a potential role in 
the treatment of Alzheimer’s disease (Jirovetz et al. 2007; 
Marumoto et al. 2017). We believe that the present study 
will help to select the proper production system to produce 
aroma-rich tomatoes or to select tomato varieties well-suited 
for a particular production system.

5 � Conclusions

In this study, the volatile metabolite profiles of tomato sam-
ples were evaluated using HS-SPME followed by GC–MS. 
The data revealed that the optimal SPME parameters were 
found to be 2 g of tomato sample, 50/30 µm DVB/CAR/
PDMS-coated fiber, and extraction at 60 °C for 45 min. 
Furthermore, this optimized HS-SPME/GC–MS method 
was used to characterize the volatile compounds from four 
varieties grown under the high-tunnel and open-field produc-
tion systems as well as to identify the production system-
specific volatile markers. In this study, β-damascenone and 
geranylacetone were identified as potential volatile markers 
to distinguish high-tunnel and open-field grown tomatoes. 
However, the production system specific markers may also 
be influenced by genotype, growing conditions, and harvest 
periods. Therefore, further studies focusing on more varie-
ties grown in different locations are warranted for the dis-
covery of other possible biomarkers.
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