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Abstract 

Tomato (Solanum lycopersicum L.) is one of the most consumed vegetables worldwide. The ripening of tomato is 
performed for its freshness and represented by color and gene expression. In our previous study, we performed 
molecular analyses on tomato ripening with and without sound‑wave treatment. In the present study, we performed 
metabolomics analysis of ripening tomatoes with and without sound‑wave treatment to expand our knowledge of 
tomato ripening. To achieve this goal, tomatoes at 7, 10, and 14 d of ripening were selected and analyzed via liquid 
chromatography–mass spectrometry (LC–MS) and gas chromatography–MS (GC–MS). A total of 33 major metabolites, 
including 14 LC–MS‑ and 19 GC–MS‑derived metabolites, were assigned based on variable importance projection and 
p values and subjected to statistical analysis. Apparent morphology and partial least squares–discriminant analysis 
were consistent with the general ripening process based on color. Moreover, metabolomics analysis showed similar 
experimental results to those of previous studies. The quantification of metabolites with LC–MS showed decreasing 
levels of adenosine, tryptophan, and phytosphingosine upon sound‑wave treatment. In GC–MS analysis, 4‑Aminobu‑
tanoic acid and aspartic acid were decreased upon sound‑wave treatment. On the other way, the quantity of malic 
acid, citric acid, and sucrose was increased with the treatment. The findings of this study can assist in the application 
of sound‑wave treatment for delaying ripening in tomatoes and improving their market value.

Keywords Sound wave, Tomato ripening, Metabolites, Liquid chromatography–mass spectrometry, Gas 
chromatography–mass spectrometry

Introduction
Tomato (Solanum lycopersicum L.) is one of the most 
consumed vegetables worldwide because it is considered 
healthy and nutritious (Zhang et  al. 2019). The toma-
toes’ antioxidant, anti-inflammatory, and anti-cancer 

properties have been extensively studied (Fiedor and 
Burda. 2014). The ripening process after harvest affects 
the quality of tomatoes, which undergoes many meta-
bolic changes and the regulation of gene expression. In 
addition, the ripening process makes tomatoes edible and 
enhances their flavor (Wang et al. 2020). Since the ripen-
ing process gradually deteriorates fruits, a controllable 
and delayed ripening process is desirable. Thus, many 
studies have focused on maintaining and improving the 
quality of tomatoes by elucidating their ripening process.

Ethylene is considered a major factor related to ripen-
ing in tomatoes and has been widely investigated. It is a 
plant hormone that is involved in senescence and affects 
growth, development, and ripening (Matto and Sut-
tle. 1991; Abeles et al. 1992). S-adenosylmethionine is a 
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precursor for ethylene biosynthesis and is converted into 
1-aminocyclopropane-1-carboxylic acid (ACC) by ACC 
synthase (ACS) and ACC oxidase (ACO), which cata-
lyze the synthesis of ethylene associated with the ripen-
ing process in tomatoes (Johnson and Ecker. 1998). In the 
process of ripening, the expression of several ethylene 
biosynthesis-related genes, including LeACS2, LeACS4, 
and LeACO1, dramatically increases, indicating that 
these genes are key regulators of ripening (Hoogstrate 
et  al. 2014). As other key factors for tomato ripening, 
ethylene-inducible genes, E4 and E8, show decreased and 
increased expression in response to ethylene, respectively 
(Kesanakurti et al. 2012). In addition, ripening inhibitors 
(RINs), including colorless non-ripening (CNR) and non-
ripening transcription factor (NOR), play an important 
role upstream of the ethylene production pathway in fruit 
ripening (Vrebalov et  al.2002; Giovannoni. 2004; Man-
ning et al. 2006). In particular, RINs regulate gene expres-
sion by binding to the promoters of ACS and ACO in 
tomatoes (Kesanakurti et al. 2012). Moreover, the tomato 
agamous-like 1 (TAGL1) gene plays an important role 
in fruit expansion and ripening as an important regula-
tory factor (Pan et  al. 2010). Our previous work proved 
that negatively regulating ethylene biosynthesis via 
sound-wave treatment delays tomato ripening. Real-time 
quantitative polymerase chain reaction analysis showed 
that tomato ripening is affected by the expression lev-
els of several ethylene biosynthesis genes, such as ACS2, 
ACS4, ACO1, E4, and E8, and ripening-related transcrip-
tion factors, such as RIN, TAGL1, hemoglobin 1 (HB-1), 
NOR, and CNR. In addition, these genes are influenced 
by sound-wave treatment throughout 15 d of ripening 
(Kim et al. 2015).

Sound is an external signal in the form of molecular 
vibrations transmitted via various media, and the mech-
anism of the plant response to sound remains unclear 
(Gagliano et  al. 2012; Shipman et  al. 2016). In a recent 
study, we reported that specific sound waves delayed 
fruit ripening, promoted plant growth, and increased the 
production of functional metabolites, such as vitamin C 
and flavonoids (Kim et al. 2017, 2020). These results sug-
gest that appropriate sound-wave treatment in plants can 
regulate gene expression and metabolite synthesis. Sound 
waves promote the growth of Arabidopsis roots, rice, and 
cucumber seedlings (Takahashi et al. 1991; Johnson et al. 
1998; Kim et al. 2021); regulate the level of plant growth 
hormones in Chrysanthemum (Bochu et  al. 2004; Kim 
et al. 2021); and induce the development of resistance to 
abiotic and biotic stresses (Wang et al. 2003; Choi et al. 
2017).

Metabolomics studies using liquid chromatography-
mass spectrometry (LC–MS) and gas chromatogra-
phy-mass spectrometry (GC–MS) have been widely 

performed to identify and quantify metabolites from var-
ious sources (Yang and Hoffman. 1984; Wishart. 2019). 
Recently, untargeted metabolome analysis could produce 
7,188 accurate mass values and identified 1,577 metabo-
lites in tomato samples (Ara et  al. 2021). Further, Mun 
et  al. (2021) performed a non-targeted metabolomics 
study using five tomatoes from different regions to evalu-
ate regional differences. A metabolic pathway map of 
tomatoes was built to infer metabolic differences among 
these tomato varieties. Zhang et al. (2019) also analyzed 
tomato metabolomes and transcriptomes to identify 
transcription factors affecting tomato fruit quality. They 
independently analyzed tomato samples and reported the 
accumulation of alpha-tomatine in fruits based on meta-
bolic studies. In contrast, the metabolomics aspects of 
the effect of sound-wave treatment on tomato ripening 
remain unknown. Thus, an accurate experimental design 
and precise metabolomic analysis are needed to deduce 
the key metabolites associated with the tomato ripening 
process and the effect of sound-wave treatment.

In the present work, we compare the tomato metabo-
lites with and without 1-kHz sound-wave treatment at 
7-, 10-, and 14-d ripening. A total of 29 metabolites were 
identified and analyzed with statistical analysis such as 
PLS-DA. Variable importance in the projection (VIP) 
values provided by PLS-DA was used for finding metab-
olites related to the ripening process. Based on findings 
from this study, several metabolites provide supportive 
evidence that sounds wave treatment delay of tomato 
ripening.

Materials and methods
Materials
LC–MS-grade methanol, acetonitrile, and water were 
obtained from Thermo Fisher Scientific (Hampton, NH, 
USA) and used without further purification. Other rea-
gents, including hydroxymethoxy amine and N, O-bis 
(trimethylsilyl)trifluoroacetamide (BSTFA), were pur-
chased from Sigma–Aldrich (St. Louis, MO, USA).

Plant materials and treatment conditions
Tomato (Solanum lycopersicum L.) fruits were collected 
at the mature green stage of development (average weight, 
172.9 ± 1.7  g) from a commercial greenhouse facility in 
Jeongeup and Yong-In, South Korea. The sampled tomato 
fruits were exposed to a sound wave with a frequency of 
1  kHz for 6  h. A single-frequency wave was generated 
using Pro Tools M-Powered software (Avid Technology, 
Burlington, MA, USA). The speaker volume was 100 dB, 
and the experiments were performed in a custom-made 
soundproof chamber (Korea Scientific Technique Indus-
try Co., South Korea) to prevent exposure to external 
noise. The sound level within the chamber was fixed at 
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approximately 40 dB, whereas the sound level in a com-
mercial growth chamber typically reaches approximately 
80 dB. The tomato fruits were placed in the soundproof 
chambers to prevent vibration transfer among the toma-
toes during sound-wave treatments. The treatment and 
control groups were maintained at 23 ± 1  °C, following 
storage at 23 ± 1  °C. Changes in quality were monitored 
at 7, 10, and 14 d.

Metabolite preparation, LC–MS analysis, and GC–MS 
analysis
For LC–MS analysis, metabolites from powdered samples 
(20  mg) were extracted using 800 μL of 80% methanol 
using a homogenizer (Bioprep-24; Allsheng, Hangzhou, 
China), followed by sonication for 5  min at room tem-
perature and centrifugation at 14,000 rpm for 10 min at 
4  °C. The supernatant was injected for LC–MS analysis. 
Three biological replicates were analyzed, and the aver-
age result was calculated in both LC–MS and GC–MS 
analyses. The extracted and prepared metabolite sam-
ples were separated on a Waters ACQUITY I class UPLC 
system (Waters, Milford, MA, USA) using an ACQUITY 
BEH C18 column (2.1  mm × 100  mm, 1.7  μm particle 
size). The mobile phase consisted of 0.1% formic acid 
in water (eluent A) and 0.1% formic acid in acetonitrile 
(eluent B) in the gradient mode at a flow rate of 0.35 mL/
min. The gradient applied was: 0–1  min, 10% eluent B; 
1–8  min, linear increase to 100% eluent B; 8–9.5  min, 
100% eluent B; 9.5–10  min, linear decrease to 10% elu-
ent B at 0.35 mL/min. The eluate was analyzed in positive 
mode using a Waters G2-XS Q-TOF mass spectrometer 
equipped with an electrospray ionization source operat-
ing in positive mode over m/z 50–1,500 range with a scan 
time of 0.2 s. The capillary voltage was set at 3 kV with 
sample cone voltage of 30 V. The flows of desolvation gas 
and cone gas were 800 L/h and 30 L/h, respectively. The 
ion source temperature was at 100  °C, and the desolva-
tion temperature was at 400 °C.

For GC–MS analysis, 80% methanol was added to 
tomato fruits to a final concentration of 0.02 g/mL. The 
samples were then centrifuged at 14,000 rpm for 10 min. 
Subsequently, 10 µL of the supernatant was completely 
dried using CentriVap (Labconco, Kansas City, MO, 
USA). Derivatization was performed by adding 70 µL 
of hydroxymethoxy amine to the samples and reacting 
at 37  °C for 90 min. BSTFA (70 µL) was added, and the 
mixture was incubated at 70 °C for 30 min. The derivat-
ized samples were centrifuged at 14,000 rpm for 10 min, 
and the supernatant was injected for GC–MS analysis. 
To separate the derivatized metabolites, a Shimadzu 
GC-2010 Plus system (Shimadzu, Tokyo, Japan) equipped 
with a DB-5 MS column (30 m × 0.25 mm, 0.25 μm film 
thickness; J&W Scientific, Santa Clara, CA, USA) was 

used for the separation. The flow rate of the helium car-
rier gas was 1 mL/min, and the split ratio was 40:1. The 
injector temperatures were 200  °C. The oven was pro-
grammed to hold for 2 min at 70 °C, increase to 210 °C at 
7 °C/min, increase to 320 °C at 10 °C/min, and then hold 
at 320  °C for 7 min. For GC–MS analysis, a GCMS-TQ 
8030 mass spectrometry interfaced with Q3 scan mode 
was used for MS-based spectral identification and quan-
tification. The ion source and interface temperatures 
were 230  °C and 280  °C, respectively. The detector volt-
age was 0.1 kV, and event time was 0.03 s at 15 eV. A mix-
ture of all samples was injected after every six samples for 
quality control.

Metabolite identification, quantification, and statistical 
analysis
The LC–MS results were collected and aligned using 
MassLynx software (Waters). The collected data using 
peak-to-peak baseline noise of 1, noise elimination of 6, 
peak-width at 5% height of 1 s, and an intensity threshold 
of 50,000 were aligned with a 0.05 Da mass window and 
0.2 min retention time window. Metabolite identification 
with aligned data was performed against Chemspider 
(www. chems pider. com), Metlin (metlin.scripps.edu), and 
human metabolome database (www. hmdb.ca). NIST 11 
and Wiley 9 mass spectral libraries were used for identi-
fication of the metabolites in GC–MS data. In addition, 
retention indices (RIs) were also used for the identifica-
tion. The collected LC–MS and GC–MS data were pro-
cessed using the UNIFI (Waters) and GC–MS solution 
systems (Shimadzu), respectively. Fourteen and nineteen 
specific metabolites assigned from LC–MS and GC–MS 
data were quantified using peak areas; then, partial least 
squares discriminant analysis (PLS-DA) was performed 
to discern differences among the groups using SIMCA-
P + version 16.0.2 (Umetrics, Umeå, Sweden). PLS-DA 
provides variables important in projection (VIPs), which 
explain the intergroup variation. Finally, the boxplots 
were drawn using the R-project.

Results and discussion
Morphological and physicochemical differences
In a previous study, we showed that tomato ripening 
along with the expression of ethylene biosynthesis-
related genes (ACS2, ACS4, ACO1, E4, and E8) and rip-
ening-related genes (RIN, TAGL1, HB-1, NOR, and CNR) 
is affected by sound-wave treatment (Kim et al. 2015). In 
this study, we extended our study from genomic analy-
sis to metabolomics analysis using mass spectrometry. 
Before sample selection and metabolite extraction, we 
examined morphological differences between tomatoes 
with and without sound-wave treatment (Fig. 1). The pro-
portion of green fruits was calculated during the ripening 

http://www.chemspider.com


Page 4 of 11Jeong et al. Journal of Analytical Science and Technology           (2023) 14:27 

process for up to 14 d. During ripening, the extent of red 
color was lower in tomatoes treated with 1-kHz sound 
waves than that in control tomatoes, while there was no 
considerable difference in color between the control and 
treated tomatoes during the 0-d ripening period. The 
morphological traits indicated delayed ripening upon 
1-kHz sound-wave treatment (Fig.  1). For the metabo-
lomics study, we collected samples at three time points 
based on the color difference between tomatoes with and 
without sound-wave treatment. The 0-d tomato samples 
were excluded from this metabolomics study because the 
treated tomatoes were not considerably different from 
untreated tomatoes. Three tomatoes were chosen from 
each group as biological replicates for the subsequent 
metabolomics analysis. The morphological differences 
could be explained based on our previous study, wherein 
the sound-wave treatment was shown to affect ripening 

from 0 to 14 d (Kim et al. 2015). Although the early rip-
ening analysis showed delayed ripening with sound-wave 
treatment, we chose 7-, 10-, and 14-d-ripened tomatoes 
for this study because the greatest color differences were 
observable on these days. Based on the color of the toma-
toes, three biological replicates were selected and sub-
jected to metabolite extraction for MS-based analysis.

Metabolite profiling of tomatoes using LC–MS and GC–MS
Metabolite profiling was performed using a UPLC–Q-
TOF mass spectrometer and GC–MS to identify and 
analyze metabolites from the six different groups. The 
metabolite profiles of tomato samples from LC–MS and 
GC–MS analyses are shown in Fig.  2. In total, 147 and 
25 peaks were detected in the LC–MS and GC–MS runs, 
respectively. However, only 14 metabolites were assigned 
as major metabolites for LC–MS (Table  1). The major 
metabolites shown in Table 1 were identified using elu-
tion time, molecular weight, and MS/MS fragmenta-
tion patterns from Chemspider and Metlin databases. 
Then, the metabolites were selected based on p value 
(< 0.05) again except protein, LPC (18:2), and Choles-
teryl acetate which were not shown as boxplot in Fig. 4. 
The VIP values of major metabolites in Table  1 were 
varied from 0.73 to 1.46. The total ion chromatogram 
generated via GC–MS is shown in Fig.  2, and assigned 
metabolites are listed in Table 2. Nineteen major metab-
olites were assigned the RI and NIST databases and were 
chosen based on the p values (< 0.05). The VIP values 
of major metabolites in Table  2 were varied from 0.78 
to 1.46. Unlike LC–MS, GC–MS data analysis used RI 
values along with molecular weight and MS/MS pat-
terns for identification. The 14 major metabolites from 
LC–MS analysis comprised amino acids, flavonoids, 
LPC, and others. In contrast, the 19 major metabolites 
from GC–MS comprised organic acids, amino acids, and 
others. Although a recent study reported 1,577 metabo-
lites derived from tomatoes (Ara et  al. 2021), our cur-
rent study evaluated only 14 and 19 major metabolites 
because fully confirmed metabolites should be consid-
ered for accurate statistical analysis.

Statistical analysis of LC–MS data
To evaluate the effect of sound-wave treatment on the 
tomato ripening process, we performed PLS-DA analysis 
with triplicate peak area data from LC–MS in which the 
CV% varied from 0.24 to 59.79%. The analytical repro-
ducibility of LC–MS and GC–MS is shown in Additional 
file 1: Fig. S1 and Additional file 2: Fig. S2, respectively. 
The PLS-DA score plot based on LC–MS is shown 
in Fig.  3A, and total variability was 38.8% (t1-22.4%, 

Fig. 1 Delayed ripening of tomatoes mediated by sound‑wave 
treatment at 1 kHz. The morphological changes in ripening are 
shown with respect to the color of the tomatoes at A 0, B 7, C 10, and 
D 14 d after harvest. E Proportion of green tomato fruits during the 
14 d following sound‑wave treatment (1 kHz). Non, control; Sound, 
sound‑wave treatment
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t2-16.4%). Based on the PLS-DA model, total 11 metab-
olites were chosen among the 14 identified metabolites 
using variable importance in projection (VIP) values 
(> 0.5) and p values (< 0.05). Boxplots of the chosen 11 
metabolites are drawn in Fig.  4. The quantities of sev-
eral metabolites, including adenosine, tryptophan, and 
phytosphingosine, decreased with sound-wave treat-
ment, while no metabolites showed increasing levels 
with the sound-wave treatment. Guevara et al. reported 
that tryptophan accumulation occurs during the ripen-
ing of red fruits. (Guevara et al. 2021) In the same study, 
the researchers also observed that phytosphingosine 
was more abundant in red fruits than in green fruits. 
Their study indicated that the levels of the two metabo-
lites increase as tomato ripening progresses; thus, these 
results are consistent with our LC–MS boxplot results 
wherein sound-wave treatment disrupted the ripening 
process and reduced the production of tryptophan and 

phytosphingosine. The metabolic levels decreased in the 
treated samples compared with those in the controls, 
supporting our hypothesis that the sound-wave treat-
ment delays tomato ripening. In addition, our results 
indicated that adenosine might be one of the indicators 
for the ripening process.

Statistical analysis of GC–MS data
The GC–MS metabolites quantification data were ana-
lyzed in the same manner used in LC–MS data analysis. 
The peak areas from triplicated GC–MS data were used 
for PLS-DA, and the CV% of the triplicate varied from 
0.02% to 13.54%. Based on the PLS-DA results (Fig. 3B) 
including VIP values (> 0.7) and p values (< 0.05), total 
18 metabolites were used for drawing boxplots shown 
in Fig. 5. The GC–MS quantitative analysis with statis-
tical analysis showed that glutamic acid and aspartic 
acid levels were lower in the treated samples than in the 

Fig. 2 Representative A LC–MS chromatogram for tomatoes using samples ripened for 7 d and B GC–MS chromatogram from one quality control 
sample. The numbers in the chromatograms represent the identified peaks matched with Tables 1 and 2. LC–MS, liquid chromatography–mass 
spectrometry; GC–MS, gas chromatography–mass spectrometry
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Table 1 Identification of major metabolites from LC–MS runs

The metabolites were identified based on elution time, m/z, and MS/MS pattern. LC–MS, liquid chromatography-mass spectrometry; RT, retention time; VIP, variable 
importance projection; LPC, lysophosphatidylcholine

No. RT (min) Category Compound Exact mass [M +  H]+ MS fragments VIP p value

1 1.06 Amino acids Phenylalanine 166.0847 1.11 2.16E−03

2 1.55 Tryptophan 205.0964 1.16 2.71E−04

3 2.88 Flavonoids Rutin 611.1594 287, 303 1.23 0.035

4 4.19 Nariiigenin 273.0747 119, 147, 153 1.12 4.79E−10

5 0.85 Others Adenosine 268.1017 136 1.46 1.70E−08

6 2.95 Esculeoside A 1270.6125 814, 754, 652, 592 0.99 2.49E−03

7 3.17 Beta 1 hydroxytomatine 918.5097 652, 594, 432 0.91 2.80E−05

8 3.54 Protogracillin 1065.5529 741, 579, 417 0.97 1.29E−03

9 4.14 Protein 1093.2407 0.57 0.319

10 5.45 Myristic diethauolamide 316.2824 1.2 3.68E−04

11 5.67 phytosphingosine 318.2989 300, 282 1.09 1.12E−04

12 9.21 Cholesteryl acetate 429.3712 164, 165, 205 0.73 0.553

13 6.63 Lysophosphadti‑
dyl‑choline

LPC(18:2) 520.3398 184 1.01 0.058

14 6.99 LPC(16:0) 496.3389 184 1.28 4.13E−05

Table 2 Identification of major metabolites from GC–MS runs

The metabolites were identified based on RI, m/z, and fragment ions. GC–MS, gas chromatography-mass spectrometry; RT, retention time; RI, retention index; VIP, 
variable importance projection

No. RT(min) Category Compound RT VIP p value

1 9.55 Organic acid Phosphoric acid 1265 0.83 2.43E−13

2 10.04 4‑Aniinobutanoic acid, 2TMS 1297 0.92 2.64E−05

3 12.65 Malic acid 1476 0.91 3.82E−16

4 13.25 4‑Aniinobutanoic acid, 3TMS 1521 1.46 1.09E−05

5 16.69 Citric acid 1809 1.4 2.92E−11

6 19.17 Palmitic acid 2043 1.14 7.96E−11

7 21.07 Stearic acid 2241 1.06 3.66E−09

8 10.88 Amino acid Serine 1354 0.86 1.62E−10

9 11.24 Threonine 1379 0.93 2.11E−10

10 13.09 Aspartic acid 1508 0.82 8.57E−13

11 14.37 Glutamic acid 1613 0.9 1.60E−17

12 14.97 Asparagine, 3TMS 1663 0.82 8.49E−12

13 16.2 l‑Glutamine, 3TMS 1767 0.81 2.14E−17

14 18.04 Tyrosine 1933 1.22 7.53E−05

15 13.13 Others Oxoproline 1511 0.81 4.43E−11

16 19.58 Myo‑inositol 2084 1.37 5.93E−10

17 17.26/17.37 Fructose 1862 0.85 7.03E−11

18 17.54/17.76 Glucose 1887 0.78 4.73E−13

19 24.35 Sucrose 2625 1.49 3.67E−17
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controls. Our previous study showed that TAGL1 plays 
a key role in the ripening process and increases the lev-
els of several amino acids such as tyrosine, glutamic 
acid, and valine. Similar to our previous findings, levels 
of glutamic acid and tyrosine decreased in the treated 
samples, which contained relatively lower amounts 
of amino acids as the sound-wave treatment retarded 
ripening. In addition, fructose and glucose levels were 
higher in the control samples than in the treated sam-
ples. These results are consistent with the fact that 
ripen tomatoes are sweeter than green tomatoes. The 
levels of other organic acids such as phosphoric acid 
and 4-aminobutanoic acid decreased in the sound-wave 
treated tomatoes, whereas malic acid and citric acid 
levels increased in the treated tomatoes. The malic acid 
content in ripe fruits is fairly low, which agrees with 
the higher levels in the sound-wave-treated tomatoes 
(Agius et al. 2018).

Conclusions
Based on our previous study on the effect of sound-
wave treatment on tomato ripening, we expanded the 
concept of delayed ripening via sound waves through 
metabolomics analysis. Tomatoes that ripened from 7 
to 14 d were collected and prepared for LC–MS and 
GC–MS analyses. Although many metabolite peaks 
were annotated using the databases, a total of 32 major 
metabolites were identified based on VIP and p values, 
representing significant differences. LC–MS analysis 
showed that the levels of tryptophan and phytosphin-
gosine decreased with sound-wave treatment. The lev-
els of several amino acids and sugars determined via 
GC–MS are also in agreement with our previous find-
ings and those of other studies. Sound-wave treatment 
was effective at delaying the ripening of tomatoes and 
regulating the production of several primary metabo-
lites, corresponding with the results of other studies.

Fig. 3 PLS‑DA score plots for A liquid chromatography‑mass spectrometry results and B gas chromatography–mass spectrometry results. PLS‑DA, 
partial least squares‑discriminant analysis
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Fig. 4 Boxplot of each metabolite identified in LC–MS analyses. The 11 metabolites were quantified based on LC–MS signals, and boxplots for 11 
metabolites were drawn. LC–MS, liquid chromatography–mass spectrometry; LPC, lysophosphatidylcholine
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Fig. 5 Boxplot of each identified metabolite from GC–MS analyses. The 18 metabolites were quantified based on GC–MS signals, and boxplots for 
18 metabolites were drawn. GC–MS, gas chromatography–mass spectrometry; LPC, lysophosphatidylcholine
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ACC   1‑Aminocyclopropane‑1‑carboxylic acid
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Additional file 1: Fig. S1. The LC‑MS chromatograms are shown from 
non‑treated tomato samples with (A) 7 days ripening, (B) 10 days ripening, 
and (C) 14 days ripening. The LC‑MS chromatograms from sound‑wave 
treatment are shown in (D) 7 days ripening, (E) 10 days ripening, and (F) 
14 days ripening.

Additional file 2: Fig. S2. The GC‑MS chromatograms are shown from 
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treatment are shown in (D) 7 days ripening, (E) 10 days ripening, and (F) 
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