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Editorial on the Research Topic
 Advances in tomato and tomato compounds research and technology




Tomato is the fruit of Solanum lycopersicum L., a Solanaceae crop of worldwide economic importance. Today, there are a large number of tomato cultivars and local varieties with different morphological and sensory characteristics, as well as a wide range of tomato-based foods. These are great dietary sources of micronutrients and bioactive compounds, such as lycopene, vitamins, minerals, and phenolic compounds, which have been linked to many health-promoting effects (1). Several pre- and postharvest efforts have been made to improve the quality of tomato fruit and derived food products, as both tomato production and processing are being carried out under more sustainable and innovative practices. This Research Topic features 12 papers covering relevant subjects, including the production and processing of tomatoes and tomato-based foods and ingredients, as well as the bioaccessibility and health-promoting effects of tomato bioactive compounds.

Traditional varieties represent an important component of agricultural biodiversity and play a vital role in the sustainability and security of the agri-food system (2). In this sense, Raigón et al. characterized morphological, nutritional, and chemical characteristics of two Malacara tomato cultivars (with red and yellow fruits) grown under organic farming conditions. This type of cultivars (“Cuelga”) originates from Sierra de Cádiz, Spain, is cultivated and harvested during the summer and tomato trusses are hung from beams in the farmhouses for consumption during the winter; hence the name “Cuelga” which stands for hanging. The main differences among these small, pallid tomatoes were mainly related to morphological parameters, but also to fiber, minerals (Fe, Mg, Ca), and lycopene contents. 2-Phenylethanol was detected in both Malacara cultivars, and the low concentration of aldehydes in this varietal type could be related to its long shelf-life.

The effect of different production systems on tomato quality was also addressed in this Research Topic. Ilahy et al. investigated the impact of pre-harvest treatments with saline water and spent engine oil on nutritional quality of ripe tomatoes. Moderate salinity stress promoted an increase in soluble solids, lycopene, total phenolics, and radical scavenging activity compared with the control treatment (untreated plants). In turn, the flavonoid content decreased when plants received the treatment of 0.5% spent engine oil. Interestingly, the correlation of the redness/yellowness ratio with β-carotene, lycopene, vitamin C, tocopherols, and radical scavenging activity was suggested as a possible indicator of tomato fruit quality in areas inflicted by such agro-environmental restrictions. In another study, Erika et al. analyzed sensorial properties and volatile organic compounds (VOCs) associated with tomato flavor under organic low-input production systems. Salad and cocktail cultivars showed a wide range of variation for the studied traits, with the exception of specific VOCs. Twelve VOCs were correlated with sensorial attributes and allowed the differentiation of the cultivars depending on their fruit types, namely salad and cocktail cultivars. Among these, phenylethyl alcohol and benzyl alcohol were positively correlated with the acceptability of cocktail cultivars, whereas 2-isobuthylthiazole and 6-methyl-5-hepten-2-ol negatively was correlated with the acceptability of salad cultivars. Therefore, organic breeders were recommended to use cultivars from a wide range of breeding programs to improve important tomato quality and agronomic traits and compromise the trade-off of high yield and quality.

Light-emitting diode (LED) lamps are increasingly being used in tomato production systems. Alsina et al. evaluated the effect of additional lighting of different quality used in greenhouse cropping systems on the accumulation of bioactive compounds in tomatoes. High-pressure sodium lamps (HPSL) stimulated the accumulation of primary metabolites; the soluble solids content was higher compared to other lighting sources. Since LED and induction lamps emit about 20% blue-violet light, the obtained results suggested that blue-violet light of the spectrum stimulates the accumulation of phenolic compounds in tomatoes when additional lighting from these lights sources is implemented. Moreover, red fruit varieties tend to synthesize more β-carotene under these light sources, compared to HPSL, while the increase of blue light promoted the synthesis of lycopene, phenolics, and flavonoids and decreased soluble solids content. In the same context, Wang et al. studied the suitability of red and blue LED for supplementing light on tomato plants for different time periods in the morning and evening. The accumulation of vitamin C, organic acids, amino acids, carotenoids, phenolic acids, and other health-promoting compounds in fruit was promoted when plants were treated with light supplementation in the morning, while light supplementation in the evening increased the contents of sugars, flavonoids, and aromatic compounds. Thus, it could be suggested that morning light supplementation may improve the nutritional quality of tomato fruit, while evening treatments are beneficial to their flavor-related parameters.

The bioactive constituents of tomato fruit are affected by several factors, including genetic features, environmental conditions, maturation degree, and postharvest treatments. In this sense, Lima et al. performed a literature review aiming to investigate how pre- and postharvest factors may influence the content of bioactive compounds in tomatoes (with a particular focus on phenolic compounds, carotenoids, and biogenic amines) and how some heat processing methods may change the antioxidant status of food products. The potential for reintroducing tomato by-products into the value cycle was also addressed in this mini-review.

This Research Topic also covered important findings for the tomato processing and trade sectors. A non-destructive method for estimating soluble solids and lycopene contents in tomato fruit or for rapid analysis of tomato homogenates during raw material quality assessment was developed by Égei et al. using visible and near-infrared (Vis-NIR) absorbance and reflectance data. In turn, tomatoes at the mature-red and mature-green stages are prone to chilling injury when stored at temperatures below 5 and 10°C, respectively, leading to a decline in quality and shelf-life, thus restricting trade flexibility. Zhao et al. reported that the silencing of Sly-miR171e enhanced the expression of GRAS24 (the target gene of miR171), increased the gibberellic acid content and the expression of CBF1 and COR genes, and by which chilling injury of tomato fruit was alleviated. In the study by Zhang et al., lycopene was successfully encapsulated in polyelectrolyte complex nanoparticles made with a negatively charged polysaccharide and positively charged sodium caseinate. These stable nanoparticles exhibited improved water-solubility, powerful antioxidant capacity, and controlled release ability through a simulated gastrointestinal tract when compared with free lycopene. Furthermore, these biocompatible nanoparticles increased cell viability, prevented apoptosis and protected cells from oxidative damage, thus constituting a potential health supplement or nutraceutical to improve human health. In a study with canned tomatoes, Izzo et al. showed that a noticeable percentage of rutin, naringenin, chlorogenic acid, and lycopene remains bioaccessible after simulated gastrointestinal digestion, thus evidencing which compounds may exert beneficial effects on consumers' health.

Regarding the health benefits of tomato fruit and tomato compounds, Cámara et al. revised the scientific evidence regarding the beneficial effects of tomato products on both cardiovascular disease prevention and antiplatelet aggregation, as well as the European Food Safety Authority health claims for tomato products. Curiously, only one health claim has been approved so far for a water-soluble concentrated extract of tomato, namely “helping to maintain normal platelet aggregation, which contributes to healthy blood flow.” Finally, Huang et al. concluded that lycopene can effectively alleviate liver steatosis induced by a high-fat diet and could be used as a possible dietary strategy for the control and treatment of non-alcoholic fatty liver disease. This beneficial effect was related to the fact that lycopene increased the expression of genes related to liver lipid metabolic process.

Overall, this Research Topic showed that tomato is a functional food which remains in the spotlight of many researchers who focus on different nutritional/nutraceutical quality issues, ranging from its production to the final impact on consumers' health. The findings compiled in the present Research Topic highlight the importance of scientific evidence regarding the health effects of tomato fruit and food products and light up new directions for further research.
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Liver is an important organ for fat metabolism. Excessive intake of a high-fat/energy diet is a major cause of hepatic steatosis and its complications such as non-alcoholic fatty liver disease and non-alcoholic steatohepatitis. Supplementation with lycopene, a natural compound, is effective in lowering triglyceride levels in the liver, although the underlying mechanism at the translational level is unclear. In this study, mice were fed a high-fat diet (HFD) to induce hepatic steatosis and treated with or without lycopene. Translation omics and transcriptome sequencing were performed on the liver to explore the regulatory mechanism of lycopene in liver steatosis induced by HFD, and identify differentially expressed genes (DEGs). We identified 1,358 DEGs at the translational level. Through transcriptomics and translatomics joint analysis, we narrowed the range of functional genes to 112 DEGs and found that lycopene may affect lipid metabolism by regulating the expression of LPIN1 at the transcriptional and translational levels. This study provides a powerful tool for translatome and transcriptome integration and a new strategy for the screening of candidate genes.

Keywords: translatomics, Ribo-seq, lycopene, high fat diet, NAFLD


INTRODUCTION

The liver is one of the vital metabolic organs and the main area of lipid metabolism. The liver not only utilizes lipids to produce energy, but also secretes lipids in the form of very low-density lipoproteins (VLDLs) (1). However, high-fat/energy diet can cause lipid deposits in the liver (2), which may increase the risk of non-alcoholic fatty liver disease (NAFLD). A recent epidemiological study has shown that 12–38% of adults are suffering from NAFLD (3). Due to the high incidence of NAFLD in the population, its hazard to health, and limited treatment options (4, 5), there is an urgent need to develop new drugs and therapeutic strategies.

Lycopene (ψ,ψ-carotene) is a polyene, mainly found in ripe tomatoes, watermelon, guava, rose hips, papaya and grapefruit (6, 7). During recent decades, studies on the function of lycopene have mainly focused on its antioxidative, lipid-lowering, anti-inflammatory and antitumor effects (8–11). Some research has shown that lycopene can inhibit hepatic steatosis by inducing downregulation of fatty acid binding protein 7 through regulating miRNA-21 (12). In another study, the lycopene metabolite, apo-10'-lycopenoic acid, protects against the development of steatosis in ob/ob mice by upregulating SIRT1 gene expression and activity (13). Metabolomics research has revealed that lycopene can increase the levels of metabolites related to the antioxidant response, to alleviate steatosis induced by high-fat diet (HFD) (14). The regulatory effect of lycopene on lipid metabolism has been reported in miRNA (12), RNA (13), and metabolomics (14) studies, but the lack of studies at the level of gene translation has limited our further understanding of the lipid-lowering effect of lycopene.

Proteins are deeply involved in all aspects of cellular, physiological and developmental processes, such as cell growth and division, organogenesis, and reproductivity (15–17). Therefore, researchers have focused on protein expression. However, proteomics has some shortcomings. The sensitivity of protein profile detection is low, and it is difficult to detect low-abundance proteins, which may lead to some proteins with important biological functions, but low expression not being detected (18). RNA sequencing (RNA-seq) has the advantages of high throughput, high sensitivity and low cost; therefore, scientists usually use RNA-seq to detect the abundance of gene transcriptional expression to evaluate the abundance of protein expression (19). However, in recent years, it has been recognized that there is a poor correlation between mRNA and protein abundance. Gygi et al. found that there were 20–30-fold differences in mRNA and protein expression levels after comparing 106 yeast proteins (20), which indicated that it is inappropriate to regard gene transcriptional abundance as protein abundance (21). From RNA to protein, there are many processes such as RNA degradation, splicing, non-coding RNA regulation, epigenetic modification, and protein processing. Translatomics can fill the long omics gap between RNA and protein quantification and facilitate the study of gene expression regulation more directly. Ribosome footprint sequencing (Ribo-seq) is a recently developed method that can measure translational activity in a genome-wide and quantitative manner by base pair resolution (22), which opens a new way to understand biological problems.

This study depicted the molecular portrait of mice liver with or without lycopene treatment from translatome, which fills the gap in the research on the translation level of the lipid-lowering effect of lycopene. The purpose of the present study was to explain the regulatory mechanism of lycopene in liver lipid metabolism and identify differently expressed genes (DEGs) through the joint analysis of translatomics and transcriptomics. The results can provide a method for screening candidate genes and further understanding the mechanism of lycopene for the treatment of NAFLD.



MATERIALS AND METHODS


Animals and Feeds

The C57/BL6 mice used in the experiment were purchased from Guangxi Medical University. Mice were randomly divided into three groups (n = 8 per group) and fed with different diets from week 8: CK: standard feed (10% kcal, Supplementary Table 1), HFD: high-fat feed (45% kcal, Supplementary Table 1), and LYC: high-fat feed containing lycopene (0.33% w/w) (23, 24). The feed for mice was purchased from Jiangsu Medicience Biopharmaceutical Co. Ltd., and the lycopene mixed into the feed was purchased from Xian Baichuan Biotechnology Co. Ltd. Animals were housed in a pathogen-free barrier environment, on a 12/12-h dark/light cycle throughout the study, and were supplied water ad libitum. After 8 weeks on different diets, the mice were euthanized.



Oil Red O Staining

Liver tissue was prepared in frozen sections, which were stained with Oil Red O solution in 60% isopropanol for 10 min, and then counter-stained with hematoxylin for 1 min. The slides were viewed at 200 × magnification.



Cell Culture

HepG2 cells were purchased from the Cell Bank of the Chinese Academy of Sciences Shanghai Institute of Cell Biology (Shanghai, China) and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum under an atmosphere of 5% CO2 at 37°C. At 80% confluence, the DMEM was changed to DMEM supplemented with oleic (200 μM) and palmitic (100 μM) acids (OAPA), simulating a high-fat environment. Lycopene (98%) was purchased from the China Beijing Solarbio Science & Technology Co., Ltd., dissolved in tetrahydrofuran containing 250 ppm butylated hydroxytoluene (99%; Shanghai Industrial Co., Ltd., Shanghai, China) and diluted to 10 μ M with fetal bovine serum. The cells were collected after 24 h of incubation.



Triglyceride (TG) Measurement

TG content of the cells and tissues were measured using the TG assay kit (Pulilai, Beijing, China), as described previously (25).



RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

Total RNA from tissues and cells was extracted using TRIzol reagent and cDNA was synthesized using PCR conditions of 95°C for 3 min, followed by 40 cycles of 95°C for 10 s, 60°C for 1 min, and 72°C for 10 s. Gene expression levels were measured by quantitative PCR using the 2−ΔΔCt method with β-actin as an internal control. The forward and reverse primers were as follows: LPIN1: TAAACGGAGCCGACACCTTGGA and CCGTTGTCACTGGCTTGTTTGG; β-actin: AACAGTCCGCCTAGAAGCAC and CGTTGACATCCGTAAAGACC.



Western Blot

Tissue was lysed in RIPA lysis buffer (Solarbio, Beijing, China) containing 1 mM PMSF. The total protein concentration was determined using a BCA protein assay kit (Beyotime, Shanghai, China). The centrifuged supernatant was boiled and SDS-PAGE electrophoresis was performed (Mini-PROTEAN Tetra System, Bio-Rad), followed by transfer to a PVDF membrane. Subsequently, the primary antibodies anti-LPIN1 rabbit polyclonal antibody (1:1,000; D163631, Sangon Biotech, Shanghai, China), β-tubulin antibody (1:1,000; 2146s, Cell Signaling Technology, Inc., Shanghai, China) were incubated overnight at 4°C. The Image Lab (Universal Hood II, Bio-Rad) was used to detect chemiluminescent signals after the secondary antibody incubation.



Ribo-seq

Total ribosome footprints (RFPs) extraction from liver tissue of mice was performed as previously described (26). Liver was pre-treated with 100 mg/ml cycloheximide for 15 min, washed with pre-chilled phosphate-buffered saline, then treated with cell lysis buffer {1% Triton X-100 in ribosome buffer [RB buffer, 20 mM HEPES–KOH (pH 7.4), 15 mM MgCI2, 200 mM KCl, 100 μg/ml cycloheximide and 2 mM dithiothreitol]}. Cell debris was removed by centrifugation at 16,200 × g for 10 min at 4°C. Supernatants were transferred into new pre-chilled 1.5-ml tubes with the addition of 2 μl Ribolock RNase Inhibitor (40 U/μl, Fermentas) in each tube. RNase I (10 U/μl, Fermentas) was added at 0.2 μl per tube, followed by incubation at 37°C for 15 min and reaction termination with 1% sodium dodecyl sulfate (1/10 volume per tube). The digested samples were pooled and layered on the surface of 15 ml sucrose buffer (30% sucrose in RB buffer). The ribosomes were pelleted by ultracentrifugation at 185,000 × g for 5 h at 4°C. Ribosome protected fragment (RPF) extraction was performed using the TRIzol method and rRNA was depleted using the Ribo-Zero rRNA Removal Kit (Mouse) (Epicenter).



RNA-seq

Total RNA was isolated using TRIzol reagent. Equal amounts of total RNA or RFPs from the HFD and LYC groups were prepared for subsequent library construction and high-throughput sequencing. RNA libraries were prepared according to the protocol of the VAHTS mRNA-seq v.3 Library Prep Kit for Illumina (Vazyme Biotech Co. Ltd., Nanjing, Jiangsu, China), and the raw sequencing reads were generated on an Illumina HiSeqX Ten sequencer.



Sequence Analysis

We used cutadapt and bowtie2 software to process raw data to obtain high-quality clean data. The clean data were compared to the reference genome (GRCm38/mm10) using STAR software. The FANSE2 series algorithm (27, 28) was used for quantitative genetic analysis. The mRNA and RPFs in each sample were normalized using reads per kilobase per million reads (RPKM) (29). Differential gene calculation was carried out for the identified genes by edgeR (30) software, and the screening threshold was |log2 fold change|>1 and p < 0.001. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis were performed using the OmicShare tools; a free online platform for data analysis (http://www.omicshare.com/tools).



Statistical Analysis

The results were analyzed using GraphPad Prism 8 and presented as the mean ± standard error of the mean. The student's t-test was used to determine the significance of the difference between two groups, and the differences were considered statistically significant if p < 0.05.




RESULTS


Lycopene Alleviates TG Deposition Induced by High-Fat Diet

Figure 1 shows the schematic of the study design and high-throughput sequencing. After 8 weeks of feeding, the liver TG level under HFD was significantly increased (p < 0.001, Figure 2A), but the liver TG level of mice fed HFD supplemented with lycopene (LYC) was significantly lower than in those fed HFD alone (p < 0.001, Figure 2A). We also studied the effect of lycopene on lipid metabolism in HepG2 cells by adding OA and PA to DMEM to simulate a high lipid environment. The results showed a 25% decrease in intracellular TG level in the OAPA + lycopene group compared to the OAPA group (p < 0.01, Figure 2B). Oil Red O staining showed that a large number of lipid droplets accumulated in the liver of the HFD group, while the number of lipid droplets was significantly reduced in the LYC group (Figure 2C).


[image: Figure 1]
FIGURE 1. Schematic of the study design and high-throughput sequencing.
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FIGURE 2. Lycopene alleviates liver fatty deposition induced by HFD. (A) Mouse liver TG level. (B) Oil Red O staining (×200 magnification) of the liver in different groups. Scale bar = 100 μm. (C) HepG2 cell TG level. Data are expressed as the mean ± SD. **p< 0.01, ***p or ###p < 0.001. NFD, normal fat diet group; HFD, high fat diet group; LYC: lycopene group.




Overview of Ribo-seq Results

To investigate the underlying mechanism of lycopene on improving hepatic steatosis, we used a translatome analysis to identify the liver DEGs between the HFD and LYC groups. Six cDNA libraries, including three biological replicates from the HFD group (HFD1, HFD2, and HFD3) and three biological replicates from the LYC group (LYC1, LYC2, and LYC3) were constructed and analyzed by high-throughput sequencing. The principal component analysis of six samples was calculated and showed high-level repeatability of intraclass samples (Figure 3A). The overlapping genes in the HFD and LYC groups were counted, and there were 11,580 genes detected in both groups (Figure 3B). The abundance of gene in the HFD and LYC groups had a high correlation (R2 = 0.7814, Figure 3C), which indicated that these two groups can be analyzed together. Subsequently, 1,358 DEGs of Ribo-seq were identified by |log2(fold change) |>1, p < 0.01, among which 505 were upregulated and 853 downregulated (Figure 3D and Supplementary Table 2). The 1,358 DEGs of Ribo-seq were demonstrated in a heat map based on gene expression levels (Figure 3E).


[image: Figure 3]
FIGURE 3. Overview of Ribo-seq results in HFD and LYC mice livers. (A) Principal component analysis of Ribo-seq. (B) Venn diagram showing number of common genes among the two groups. (C) RPFs abundance correlation scatter plot between HFD and LYC livers. (D) Volcano plots indicate the directionality of significant DEGs. Genes upregulated (red) or downregulated (orange) by supplement lycopene correspond to a 1.0 decrease or increase in log2 fold change with p < 0.01. (E) A total of 1,358 DEGs were clearly distinguished based on their Ribo-seq abundance. The color key (from blue to red) of Z-score value (−2–2) indicated low to high expression levels. HFD1, HFD2, and HFD3 represent group HFD biological repetition 1, 2, and 3. LYC1, LYC2, and LYC3 represent group LYC biological repetition 1, 2, and 3.




GO and KEGG Functional Enrichment Analysis

GO and KEGG analyses were conducted to examine the functional pathways for DEGs. The top 20 GO terms, classified by –log10(p-value), were significantly enriched in DEGs of Ribo-seq compared to the genome background GO. The top 20 GO terms included eight biological process (BP), 11 cellular component (CC) and one molecular function (MF). The BP terms were enriched in cellular metabolic process, metabolic process, organic substance metabolic process (Figure 4A, Supplementary Table 3). The functional enrichment cycle diagram displayed the top 20 KEGG pathways, classified by –log10(p-value), which revealed that the DEGs of Ribo-seq were mainly enriched in five KEGG A classes, including metabolism, genetic information processing, cellular processes, organismal systems and human diseases. Among these pathways, metabolism included oxidative phosphorylation (ko00190) and glycerophospholipid metabolism (ko00564); genetic information processing included protein processing in endoplasmic reticulum (ko04141) and spliceosome (ko03040); cellular processes included ferroptosis (ko04216); organismal systems included thermogenesis (ko04714); human diseases included NAFLD (ko04932) (Figure 4B, Supplementary Table 4). As shown in Supplementary Figures 1A,B, the KEGG network diagram, respectively, showed 24 DEGs of Ribo-seq enriched in the oxidative phosphorylation pathway and 25 DEGs of Ribo-seq enriched in the NAFLD pathway. In conclusion, our data indicated that lycopene can regulate lipid metabolism by effecting translational level, thus alleviating NAFLD.


[image: Figure 4]
FIGURE 4. GO and KEGG analysis of DEGs in Ribo-seq. (A) GO bubble diagram showing the top 20 enriched GO terms. Three colors represent three GO categories, including cellular component, biological process and molecular function. (B) The enrichment circle diagram shows the KEGG analysis of the top 20 pathways. Four circles from the outside to the inside. First circle: the classification of enrichment, outside the circle is the scale of the number of genes. Different colors represent different categories. Second circle: number and p-values of the classification in the background genes. The more genes, the longer the bars, the smaller the value, the redder the color. Third circle: bar chart of the total number of DEGs. Fourth circle: rich factor value of each classification (number of DEGs in this classification divided by the number of background genes). Each cell of the background helper line represents 0.1.




Lycopene Altered Gene Expression at Transcriptional and Translational Levels

To further investigate the role of lycopene in regulating hepatic steatosis induced by HFD, we performed RNA-seq using the liver of mice in the HFD and LYC groups. In the RNA-seq data, there was a good correlation of biological duplications within the two groups (Supplementary Figure 2). The volcano map shows 1,127 DEGs in RNA-seq (Supplementary Figure 3 and Supplementary Table 5). Due to the high correlation of gene expression abundance between transcriptome and translatome, the two omics can be combined for analysis (R2 = 0.7225 and 0.5372, respectively; Supplementary Figure 4). We detected 695 upregulated and 432 downregulated genes at the transcriptional level, and 505 upregulated and 853 downregulated genes at the translational level (Figure 5A). Only 51 DEGs were upregulated in both the transcriptome and translatome, and only 61 DEGs were downregulated in both the transcriptome and translatome (Figure 5B). Based on the fold change of RPKM (| log2(fold change) | > 1 and p < 0.01 as cutoff), genes were classified into nine categories (Figure 5C and Supplementary Table 6). Further analysis revealed that 1.03% of the responsive genes (112 genes) were among the accordant groups (quadrant C and G), which were co-regulated with their expression increased or decreased to a similar extent at the transcriptional and translational levels. Meanwhile, 16.61% of the responsive genes (1,799 genes) were located in the other six discordantly regulated groups (classes A, B, D, F, H, and I; Figure 5C). By combining RNA-seq and Ribo-seq, we were able to narrow our focus to the 112 DEGs (C and G quadrants) that are regulated in the same direction as transcription and translation.


[image: Figure 5]
FIGURE 5. Lycopene altered gene expression at both transcriptional and translational levels. (A) Number of DEGs (|log2 fold change| ≥1 and p < 0.01) at transcriptional or translational levels. The red and blue bars refer to the number of upregulated and downregulated genes, respectively. (B) Venn diagram showing the relationship between transcriptome and translatome. (C) Fold changes of RPKMs at transcriptional and translational levels. Nine squares in different colors indicate nine responsive groups (|log2fold change| ≥1 and p < 0.01).




Functional Enrichment Analysis of Protein–Protein Interaction Networks

The functional protein association networks were conducted using the online STRING website (https://string-db.org/) and the interactions of the coding proteins of the 112 DEGs (quadrants C and G, Figure 5C) were analyzed to identify the important genes. The results showed LPIN1 had most crossover nodes in TG metabolic process, lipid metabolic process and cellular lipid metabolic process (Figure 6A). According to real-time fluorescent quantitative PCR, western blot, RNA-seq and Ribo-seq data, compared with the HFD group, LPIN1 was significantly increased in the LYC group (Figure 6B). LPIN1 promoted TG metabolism. These results suggest that lycopene may play a lipid-lowering role by regulating the expression of genes related to TG metabolism.


[image: Figure 6]
FIGURE 6. Protein–Protein Interaction Networks. (A) Interactive map encoded by differential genes. Nodes represent the proteins. Red: TG metabolic process; Green: lipid metabolic process; purple: cellular lipid metabolic process. (B) LPIN1 expression level base on RT-qPCR, western blot, RNA-seq and Ribo-seq data. **p < 0.01. ****p< 0.0001.





DISCUSSION

Currently, there is no definitive treatment for NAFLD, and therefore, finding new drugs and treatments is valuable. In our research, liver TG levels were significantly increased in mice fed a HFD (Figure 2A), indicating successful construction of the NAFLD model. In addition, lycopene can improve liver fat accumulation induced by HFD (Figure 2A). This is consistent with previous reports (31–33). In vitro, lycopene also significantly alleviated TG accumulation in HepG2 cells induced by OA and PA. Our previous study (20) has shown that different concentrations of lycopene are non-toxic and promoted cell proliferation. In addition, the mice fed with lycopene had no adverse effect, and the body weight increased and the body fat rate decreased significantly. It is suggested that lycopene can be used as a harmless natural dietary supplement.

Translational regulation is a main element of gene expression regulation. Omics measurements proved that translational regulation is obligated to more than half of all regulatory magnitudes (34, 35). Translatome, as a novel technology of omics research in recent years, may provide important information on many biological problems and can detect lncRNA (36, 37), circRNA (38) and pri-miRNA (39), which encode polypeptide. Besides, compared with the transcriptome, the translatome is more able to reflect the changes in expression of the proteome. Schafer et al. reported that in rat liver and heart tissues, ribosomal footprint abundance was better associated with genome-wide protein abundance than RNA-seq data was (40). The low correlation between RNA and protein can be attributed to mRNA half-life, protein folding, degradation and post-translational modification (41, 42). Our study showed a high correlation between mRNA and RPFs abundance (Supplementary Figure 4). Therefore, it is speculated that lycopene may participate in TG metabolism by participating in the regulation of gene transcription and translation.

Firstly, we performed RNA-seq on the livers of mice fed HFD and HFD supplemented with lycopene, and identified 695 upregulated and 432 downregulated DEGs of RNA-seq (Supplementary Figure 3). To narrow the focus of the functional genes, Ribo-seq was performed, and 505 upregulated and 853 downregulated DEGs were identified (Figure 3D). KEGG enrichment analysis of the 1,358 DEGs from Ribo-seq showed that the top 20 pathways included the NAFLD pathway (Figure 4B), suggesting that lycopene plays a role in the improvement of NAFLD by affecting the translational expression of related genes. By combining 1,127 DEGs in transcriptomics with 1,358 DEGs in translatomics, the functional genes of interest were narrowed down to 112 DEGs that regulated in the same direction at transcriptional and translational levels (Figure 5C). Translational responses contribute to the establishment of complex genetic regulation, which cannot be achieved by controlling transcription alone (43).

Protein–protein interaction analysis indicated that lycopene improved hepatic steatosis by regulating the TG metabolic process and lipid metabolic process, mainly regulating the expression of LPIN1 (Figure 6A). LPIN1 can activate mitochondrial fatty acid oxidative metabolism by inducing the expression of the nuclear peroxisome proliferator-activated receptor α (44). In addition, the protein encoded by LPIN1 is involved in the regulation of lipid metabolism in the liver and is associated with the phenotype of fatty liver dystrophy mice (45). Free fatty acids are the major sources of TG stored in the liver. The imbalance of fatty acid absorption and processing is a key factor leading to fat accumulation in the liver (46). Lycopene may play a lipid-lowering role by promoting triglyceride metabolism.



CONCLUSIONS

Based on the results, we concluded that lycopene can effectively alleviate liver steatosis induced by HFD, and can be used as a possible dietary strategy for the control and treatment of NAFLD. This beneficial lipid-lowering effect is due to lycopene increasing the expression of genes related to liver lipid metabolic process at transcriptional and translational levels (Figure 7). Our study fills the gap in the translation profiling of lycopene in the process of alleviating hepatic steatosis, which provides a reasonable molecular regulatory mechanism for this phenotype. However, it has not yet formed an in-depth and systematic regulatory network, which is worth exploring in the next step. In addition, our combined analysis based on transcriptomics and translatomics provides a new way to narrow the range of key functional genes, contributing to a better understanding of the mechanisms involved. This provides a new direction for the further research of the relationship between lycopene and lipid metabolism.
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FIGURE 7. Schematic representation of the mechanisms that mediate lycopene-provided protection against NAFLD.
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The loss of genetic diversity due to the replacement of local tomato (Solanum lycopersicum L.) varieties by improved cultivars has been mitigated in many cases by the good work of organic farmers in maintaining local agricultural biodiversity. In parallel to these initiatives, in recent years, consumers have developed an increasing awareness of both food-related health, environmental issues, and food demand to recover the flavors of the past. In the case of tomatoes, these attributes (nutritional, organoleptic, social, and environmental) are closely related to organic production using local varieties. “Malacara” tomato is an example of a local variety. Coming from Sierra de Cádiz, it is a varietal type called “Cuelga” (“for hanging,” because the tomato trusses are hung from beams in the farmhouses). Cultivated and harvested in the open air during the summer months, these tomatoes are commercialized and consumed in the winter. Historically, this variety has enabled the fresh consumption of tomatoes during the winter, without the need to force cultivation. It is highly appreciated in the local cuisine and is the basis for sauces figuring in typical dishes. Its characteristic traits are small, pallid fruits, and long shelf life. The main objective of this work has been to typify two Malacara tomato cultivars (red and yellow color) grown under organic farming conditions, through the characterization of morphological, nutritional, and volatile parameters. The main differences are due to morphological parameters (fruit weight and color of the exocarp and endocarp). Other characteristics such as the content of ash, fiber, moisture, the concentration of iron, magnesium, and calcium, and content of lycopene are different between both cultivars. This study provides information on the nutritional and aromatic composition of two Malacara tomato cultivars, differentiated by their color and grown under organic farming conditions. The results add value to the native horticultural heritage and can aid in the selection of tomato varieties suitable for a sustainable production system and to produce tomatoes with high nutritional value and rich in aroma.

Keywords: biodiversity, flavors of the past, for hanging, red exocarp, yellow exocarp


INTRODUCTION

Plant genetic resources for food and agriculture, and specifically, traditional varieties, play an important role in the sustainability and security of the global food system. Traditional varieties are an essential component of agricultural biodiversity, guaranteeing agricultural production adapted to the territory and ensuring the livelihood of a large proportion of people who depend on agriculture (1). Genetic diversity within crop species is wide. Germplasm grown under local environmental conditions can be optimized for small regional production areas that adjust to prevailing environmental and climatic patterns. However, in recent years there has been the phenomenon of genetic erosion within species, that is, “the loss of individual genes and the loss of particular combinations of genes, such as those manifested in locally adapted varieties” (2). This erosion has been supported for the contemporary plants breeding investigations, more focused on increasing the productivity of some crop species, than on enhancing cultivated genetic diversity (3). The work that small farmers have traditionally carried out in the conservation of genetic material adapted to local conditions (soil, climate, and consumption) must be highlighted, and in particular, the important role of organic farmers (4).

The health of people and the planet are at critical moments. There are synergies between intensivist global food systems and phenomena such as climate change, malnutrition, and obesity. Coexisting with scenarios of global loss of biodiversity, instability in the planet's natural systems, limits of the phosphorus and nitrogen cycles, lack of water resources, along with social and economic disturbances (5). The alternatives to these issues go through the development of a sustainable food system, including organically grown food. And consequently, the area devoted to the organic crop increases, ~2% annually worldwide (6). In 2019, Spain was the third country in the world with the largest organic area, behind Australia and Argentina. Organic horticultural production, in Spain, is in the fifth position, behind cereal, olive tree, dried fruit, vineyard, and legume acreage. In line with this trend, an increasing proportion of tomato (Solanum lycopersicum L.) production is organically grown. The continuous growth in Spain of the agricultural area under organic production responds to the marked increase in organic consumption in European markets, and also, the growing demand in the domestic market. The main commercialization channels for autochthonous varieties are the local markets, better adapted to specific agro-climatic conditions, and especially recommended for organic agriculture. This phenomenon is observed with greater intensity in exquisite crops such as tomatoes (7, 8).

Tomato is an excellent source of nutrients and bioactive antioxidant compounds that are important for human health, including minerals, vitamins C and E, β-carotene, lycopene, flavonoids, organic acids, phenolics, and chlorophyll (9, 10). Some of the tomato components mentioned above have antioxidant properties (11), while others, such as sodium, potassium, magnesium, calcium, manganese, copper, zinc, and iodine, may reduce the risk of cardiovascular diseases (12) and its organic acids that may contribute to maintaining acid-base balance (13). The chemical composition of the tomato fruit depends on factors such as crop system, fruit maturity, environmental conditions (soil and climate), and the cultivation method in which the plants are grown (14–16). The results regarding the research on the effects of organic and conventional production on tomato quality are sometimes contradictory. In terms of quality, some studies report better taste, higher vitamin C contents, and higher levels of other quality-related compounds for organically grown tomatoes (17–19).

The identification of cultivars with high nutritive value represents a useful approach to selecting tomato cultivars with better quality and health-promoting properties. The diversity of tomatoes rapidly declined during the 20th century as a result of the industrialization of agriculture and the advance of plant breeding programs. Part of this diversity was collected and conserved in germplasm banks. The Spanish National Inventory contains 2,634 accessions of tomato conserved in different Spanish institutions. Several efforts have been made to characterize Spanish tomato materials (20, 21), there are even works on the characterization of tomato cultivars under organic farming conditions (22) and works that have characterized some varieties of tomato called “Cuelga” (23) or “for hanging” because the tomato trusses are hung from beams in the farmhouses. These types of tomatoes are grown and harvested during the natural cycle, in the open air during the warm months, and are commercialized and consumed in the winter. Historically, these various types have enabled the fresh consumption of tomatoes during the winter, without the need to force cultivation in greenhouse conditions. “Cuelga” tomatoes are a varietal type, which comprises a set of cultivars (integrated by inbreds) with great heterogeneity in fruit morphology. It is highly appreciated in the local cuisine and is the basis for sauces figuring in typical dishes. The characteristic traits are small, pallid fruits and long shelf life. In this context, this study mainly aims to characterize two Malacara tomato cultivars, differentiated by the red and yellow exocarp color, grown under organic farming conditions, through the characterization of physical parameters and nutritional composition. The literature shows the typification of other “Cuelga” tomatoes, but it is the first time that the nutritional composition of Malacara tomatoes has been characterized, identifying characteristics between the fruits of the two cultivars of different colors.



MATERIALS AND METHODS


Plant Material

Tomato crop was carried out during the summer in 2019 in the “La Verde” cooperative in Villamartín (Cadiz, Spain) (36° 52′ 0″ N, 5° 38′ 0″ W). The cooperative has been involved with organic agriculture certificates for 33 years. Its agricultural activity is mainly directed toward horticultural production. The cooperative has three hectares to produce nectarines, apples, pears, plums, citrus, and figs, and one hectare of olive grove, which is also needed to increase biodiversity. The rest of the area (ten hectares) is divided into 14 plots for the cultivation of horticulture species, which vary according to the season, following a precise crop rotation. The cooperative promotes re-seeding and seed exchange, understood as a model of ex situ conservation in the country, involving the maintenance of varieties by their cultivation and closing cycles. At present, its seed bank contains over 250 varieties available in some 40 different species (24), including among the traditional varieties, the Malacara tomato seeds, which they grow for the local market. Although the local varieties have a high genotypic heterogeneity, the Malacara tomato has been in the “La Verde cooperative” for ~25 years ago, as a result of seed exchange between local producers. It is possible that the lack of specialized markets has caused this tomato to spread little by other farmers. But the specific conditions of the cooperative (strong commitment to indigenous seeds, conservative tradition, local markets, and diversification) have made it possible to maintain these cultivars and introduce them annually on the market. Therefore, although the origin of the samples is from a single source, it is very robust to achieve the objectives.

The Malacara tomato was grown outdoors in the 2019 harvest, following organic farming methods, in clay-loam soil, fertilized with sheep manure in quantities of 2 kg of manure per m2 and year. Plantlets were raised in seedling trays filled with organic compost and kept in an insect-free climate chamber until transplanted. No fertilization or phytosanitary treatments were applied before the transplant. Plants were cultivated in the summer cycle. The seedbed was carried out in February and the transplant to the field was carried out in April. A month later, the training of the plants is done. 1,000 tomato plants were grown, of different varieties, and 200 plants were from Malacara (100 for each cultivar and plot). The plants were spaced 1.2 m between rows and 0.45 m within the row. A total of 8 L of water per plant and week, in the pre-fruiting phase, were applied by a drip irrigation system, decreasing the frequency after fruiting. The average temperatures for the period were 15°C minimum and 30°C maximum. Weeding was done manually between plants, with three applications throughout the growing cycle, and mechanically between lines, with one application. Phytosanitary treatments consisted of the authorized use of sulfur powder as a preventive treatment. Harvesting of the tomato fruits began in June and continued until the end of October. In both cultivars, common practices of transplanting, weeding, training, pruning, and harvesting were similar.

Samples of tomatoes are shown in Figure 1. Tomato fruits were collected homogeneously, by hand, selecting fruits from the central plants of the plot. The fruits come from two harvests made commercially ripe, in early September. Of the collected fruits, ~100 sample fruits of Malacara tomatoes by each color were supplied for analysis.


[image: Figure 1]
FIGURE 1. Red and yellow type of tomatoes cv. Malacara.


For composition determinations, the fruits were transversely cut in half, and the seeds were eliminated. One-half of the tomatoes were grouped and squeezed with a domestic extractor for the analysis of pH, titratable acidity, contents in soluble solids, reducing sugars (glucose, fructose), vitamin C, carotenoids, total polyphenols, and total antioxidant capacity analysis. The other tomato halves were homogenized, and one aliquot was dried for the proximate and mineral determination. Another fraction of fresh tomato was immediately freezing, in a vial and hermetically closed, for subsequent determination of volatile components. When using a headspace chromatography methodology, the volatile components are not significantly altered.



Morphological Parameters

The morphological parameters such as tomato dimensions (unit weight, smaller diameter, larger diameter, smaller height, larger height) and color parameters of exocarp, mesocarp, and endocarp were monitored on 60 tomatoes by cultivar. The fruit weights were measured with an analytical balance (CB-Junior, Cobos) with an accuracy of ± 0.01 g. The fruit's dimensions were measured using an electronic digital slide gauge (model CD-15 DC; Mitutoyo (UK) Ltd, Telford, UK) to within 0.01 mm accuracy. Color measurement in CieLab space (25) was carried out using a colorimeter (Konica Minolta CR-300, Photo Imaging Inc., Mahwah, NJ, USA). In each measurement the values of the three coordinates (L*, a*, b*) are obtained which, combined with each other, gives rise to the color index. The Chroma (C) of each fruit is calculated using the formula: [image: image]

The Hue-Angle (H) of each fruit is calculated using the formula: [image: image]

The color index (CI) of each fruit is calculated using the formula: [image: image]

The C shows the greater or lesser saturation toward that certain color. A high value of C is a highly saturated color. A value of zero for C indicates an achromatic stimulus. Hue (H) is the property of color associated with the dominant wavelength. With CI values close to 0, the yellow tones are evaluated, and values close to 20, the red tones are evaluated (26).



Nutritional Parameters

Proximate composition was carried out by official methods: moisture (AOAC 984.25), proteins (AOAC 984.13), fat (AOAC 983.23), fiber (AOAC 991.43), and ashes (AOAC 923.03). The carbohydrate (CH) content was calculated by difference. The energy was calculated by multiplying by 9 kcal the grams of fat and 4 kcal the grams of protein and carbohydrates each 100 g of tomato. The final results are expressed as g·100 g−1 of fresh weight (fw).

The mineral composition was determined by previous digestion of the samples to the method Association of Official Analytical Chemists (AOAC) 985.35. The samples were calcined in a Carbolite CWF 1100 muffle at 550°C, the ashes were dissolved and settled with concentrated HCl until a 2% HCl solution. The calibration curves were made by diluting the standards to the specific concentrations for each element. The analytical curves were obtained with a linear response for the selected concentration ranges. Mineral analysis was performed by atomic absorption spectroscopy, in a Thermo elemental AAseries spectrometer, software v.11.03, and hollow cathode lamps for each element, except for the phosphor, which was analyzed by colorimetry (27) using a UviLine 9400 (Schott Instruments) spectrometer. The determination of the soluble solids content (SSC) present in the tomato juice was carried out by refractometric techniques (27). The material used in this determination is in a hand-held refractometer with a range of 0–32 °Brix. The pH determination was made by direct potentiometric measurement of the homogenized tomato juice with pH & Ion-metro GLP 22 (CRISON). The determination of the total acidity (TA) consists of the potentiometric titration of the sample with an alkaline solution (0.5 N NaOH) up to pH = 8.1 of the acidity of the tomato juice (27). The results are expressed in grams of citric acid for 100 g of sample. The taste index of tomato (S), expressed in percentage, is based on the soluble solids content and total acidity content of fruit (28) and is determined by the expression: [image: image]. The optimal value for flavor balance is considered when the taste index is higher than 1.

Contents in reducing sugars (fructose and glucose, F+G) were determined by titration with thiosulfate (27). The vitamin C (Vit C) concentration in the tomato juice was determined by potentiometric titration with chloramine-T, using an automatic titration equipment (702 SM Titrino, Metrohm, Herisau, Switzerland), the results were expressed as mg 100 g−1 fw of tomato. A UviLine 9400 (Schott Instruments) spectrometer was used to measure the absorbance for carotenoids, polyphenols, and antioxidants. The carotenoids, lycopene (Ly) and β-carotene (β-car), were determined by extraction in darkness with ethanol:hexane (4:3 v/v) and UV/V spectrophotometry following the protocol developed by Zscheille and Porter (29) with the modification of Russeaux et al. (30). For the total carotenoids (TC), the absorbance of the samples at 452 and 510 nm wavelengths were measured. Results were expressed as μg 100 g−1 fw. Total polyphenols (TP) were determined in an aliquot of the methanolic extract by a modification of the Folin–Ciocalteu assay, according to a previously published protocol (31), using gallic acid as the reference standard. The results are expressed in mg of gallic acid for 100 g of fruit fresh (mg EAG 100 g−1 fw). To measure the effect of the extract on the DPPH (2,4-dinitrophenylhydrazine) radical, the optimized method of Brand-Williams (32) adapted to tomatoes was used. This measure of the total antioxidant (AOT) capacity, it is carried employing methanol:HCl (99:1) as a dissolvent. The results are expressed in an activity equivalent to Trolox (μmol 100 g−1 of fresh fruit weight).



Volatile Composition

Headspace/solid-phase microextraction (HS/SPME) was used for the extractions of the volatile fraction according to the methodology of Moreno et al. (33). For the analysis, 2 g of fruit mesocarp per sample were put into a 20 mL sealed headspace vial, which was pre-incubated at 40°C for 30 min. After that, 40 min of extraction at 40°C was carried out, using an SPME fiber Divinylbenzene/Carboxen/Polydimethylsiloxane (DVB/CAR/PDMS, 50/30 μm) (Supelco, Bellefonte, PA, USA) which was introduced into the vial headspace and adsorbed the volatiles. Then, the thermal desorption of the fiber was performed in the splitless mode at 250°C for 30 s in the gas chromatograph injection port. The analysis of volatiles was performed using a 6890 N Network Agilent gas chromatograph coupled by a Life-T-effluent (1:1) to a 5973 Inert Mass Selective detector (Agilent Technologies, Santa Clara, CA, USA). A silica capillary column (stationary phase: 5% phenyl, 95% dimethylpolysiloxane; 30 m × 0.25 mm × 0.25 μm) was used and helium was employed as carrier gas (1 mL·min−1). MSD ChemStation D.02.00.275 (Agilent Technologies) was used to perform the chromatograms and mass spectra. For the identification of volatile compounds, a comparison of their mass spectra and GC retention time with reference commercial standards were carried out (RS. Sigma-Aldrich, Saint Louis, MO, USA), or tentatively by comparison of the mass spectrum (MS) with the NIST Mass Spectral library (MS Search 2.0) according to other bibliographic data or data from our own research library. For quantification, a total ion current chromatogram (TIC) was employed to integrate the peak area of each compound similarly to other previous works (34). Total volatiles and each individual volatile was studied on the basis of the GC-peak areas (traces values were not considered).



Statistical Analysis

Every parameter analyzed was done in triplicate. Data obtained were processed using Statgraphics Plus version 5.1 software (StatPoint Technologies, Warrenton, VA, USA) which computed the means and standard errors. Differences between the effects of type, red (R) and yellow (Y) were tested using an ANOVA one-way analysis, and differences among groups were identified with the F-test and the Kruskal-Wallis test which compares medians instead of means at the 95.0% confidence level. The Kruskal-Wallis test tests the null hypothesis that the medians of parameters within each of the two types of Malacara tomato are the same. And it requires the fulfillment that the populations are normal, independent, and present homoscedasticity. Pearson's linear coefficients of correlation (r) between traits were calculated (n = 6) from regression analyzes between pairs of traits.




RESULTS


Morphological Parameters

Table 1 shows the results of the morphological parameters in Malacara tomato's fruits red and yellow. Statistically highly significant differences were found between all the morphological parameters (size and color) between all the two types of Malacara tomatoes studied. The red type was characterized for more variability for the morphological parameter than the yellow type. Red-type tomatoes are larger in size. On average the differences in weight are ~22.5 g, the average differences in diameter are 7.2 mm, and the differences in height are 6.87 mm, in favor of red type Malacara tomatoes. The shape of the fruits is round, the width/length ratio is close to 1 (1.09 for yellow type and 1.03 for red type). For the color, in the L* it is seen that the exocarp of tomatoes present a measurement difference of 7.29, which means that the yellow Malacara tomatoes are significantly lighter than those of the red type. Also, the mesocarp and endocarp of the yellow-type tomatoes are more luminous, with differences of ΔL = 8.94. The a* plane value for the exocarp, meso, and endocarp of tomatoes is significantly higher for Malacara red-type tomatoes, confirming visual appreciation. The significant differences between the values of plane b*, in the different parts of the tomato, also confirm the appreciation of the yellow color. The results show that the chroma, regardless of the part of the fruit, of the yellow Malacara tomatoes is significantly higher, that is yellow color is more marked than red. The tonality of the tomatoes is significantly higher, both in the exocarp, as well as in the meso and endocarp of the red Malacara tomatoes. The CI value close to 15 obtained for the peel and pulp in red Malacara tomato indicate a light shade of red or pink.


Table 1. Morphological parameters for the two types of Malacara tomatoes (mean ± SD, n = 30 and p-value).
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Nutritional Parameters

The nutritional fraction, proximate composition, and the content of each mineral studied, expressed in 100 g of the red and yellow, fresh Malacara tomatoes shown in Table 2. The total energy for each 100 g of fresh tomato is 46 kcal for yellow type and 36 kcal for red type. This greatest value is due to the high carbohydrates content (9.65 g 100 g−1 for yellow tomato and 7.16 g 100 g−1 for red tomato) and the lower moisture content of the yellow Malacara tomatoes since the calories from fat in the yellow tomato is 4.31% and in the case of red tomato 6.29%. Significant differences were found between the two types of tomatoes for, energy value, moisture, carbohydrates contain, and total fiber. No significant differences were found between the two types of tomatoes for protein and total fat. The most abundant mineral element in the Malacara tomato, regardless of color, is potassium, followed by sodium and magnesium for the yellow type, compared to phosphorus for red fruits, in third place. The most abundant trace element in the yellow tomato is iron, followed by zinc, and in the red tomato, zinc predominates over iron. Significant differences were found between the two types of tomatoes for calcium, iron, and magnesium content.


Table 2. Nutritional fraction and individual mineral content (100 g of fresh fruits) for the two types of Malacara tomatoes (mean ± SD, n = 3 and p-value).

[image: Table 2]

Table 3 shows the average content for the fruit traits evaluated related to tomato flavor and other bioactive characters, of the red and yellow Malacara tomatoes. The traits evaluated in the tomato Malacara demonstrate the importance of its consumption for aspects related to health and sensory attributes. The pH and the soluble solids content in fresh tomato are greatest value for yellow type (pH = 4.20 in yellow vs. pH = 4.14 in red Malacara tomato) and (6.20 °Brix in yellow vs. 5.87 °Brix in red Malacara tomato). The higher values of these parameters in the yellow tomato have, as a consequence, a higher value of the taste index. When considering the traits related to tomato flavor and other bioactive characters, no significant differences (p > 0.05) were found among the two types, except for lycopene, total carotenoids, and total antioxidant capacity (Table 3). The values of the parameters of bioactive components in the Malacara tomato are higher for the red type. For vitamin C, although the differences are not significant (p = 0.1029), the average contents are 12.4% higher (353.33 mg 100 g−1 fw in yellow and 403.33 mg 100 g−1 fw in red). Despite the existence of significant differences among means for the two types of Malacara tomato, for the flavor and other bioactive character traits, considerable variation was found within each of the types. In this respect, in most cases the ranges of variation overlap with the other value, the exception being the total antioxidant capacity, showing significant differences between yellow and red Malacara tomatoes, with slight increases for red tomatoes.


Table 3. Fruit traits related to tomato flavor and other bioactive characters for the two types of Malacara tomatoes (mean ± SD, n = 3 and p-value).
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Volatile Composition

A total of 42 volatile compounds were found among the two types of Malacara tomato, grouped in 12 chemical families with quantitative and qualitative differences. Table 4 shows the list of volatile compounds names, retention index (RI), identification method (RS: reference commercial standard, MS: comparison of the mass spectrum with NIST library and bibliographic data), aroma, and GC peak area total mean values. There are some volatile components that have only been found in the yellow tomato, specifically an aldehyde [(E)-2-hexenal)], three esters (methyl octanoate, isopentyl 3-methylbutanoate and methyl dihydrojasmonate), and two terpenes (carvone, α-thujene). Other components have only been detected in the red Malacara tomato, such as a monoterpene (perillene), four carotenoid components (β-cyclocitral, neral or β-citral, geranial or α-citral, and geranylacetone), and two polyphenolic derivatives (guaiacol and eugenol). In addition to the differences by compounds not detected between both types of tomato, statistically significant differences have been found for four monoterpenes (p-cymene, limonene, β-ocimene, and γ-terpinene), for the carotenoids 6-methyl-5-hepten- 2-one, for the phenol derivatives methyl salicylate, and the three nitrogen and sulfur compounds (2-Isobutylthiazole, pentane, 1-nitro and benzyl nitrile), in all cases, except for methyl salicylate, the concentrations are higher in yellow Malacara tomato.


Table 4. List of volatile compounds names, retention index (RI), identification method (RS, reference commercial standard; MS, comparison of the mass spectrum with NIST library and bibliographic data), aroma, mean ± SD, n = 3 and p-value, for the two types of Malacara tomatoes.
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In the aromatic profile of the yellow Malacara tomato, the major components (71.79% of its total volatile fraction) are the volatiles derived from nitrogen and sulfur compounds, mainly by 2-isobutylthiazole. Other volatile metabolites were monoterpenes (12.59%), aldehydes (7.24%), and 3.18% due to anethole (oxygenated benzene derivatives). The rest of the chemical families have a low percentage presence, without exceeding 0.67%. In the Malacara red tomato, the fraction of volatile components is more distributed, increasing the weights in some of them, vs. the derived from nitrogen and sulfur compounds. This remains the majority fraction with 44.49% of the total, followed by carotenoids (19.12%), monoterpenes (12.72%), aldehydes (7.86%), phenol derivatives (5.58%), furans (4.62%) due to the only presence of 2-pentylfuran, oxygenated benzene derivatives (3.30%) and 1.05% corresponding to the only detected alcohol (2-phenylethanol). The rest of the chemical families do not exceed 0.6%, being the group of terpenes with a single detected component (camphor) the one that is least represented in the aromatic fraction of the Malacara red tomato. In addition, for the red tomatoes group, the chemical family of esters is not detected in its volatile fraction.



Correlations Among Traits

Many significant correlations amongst traits were studied (n = 6). Figure 2 represents the Pearson correlations between each pair of variables. These correlation coefficients range from −1 to +1, and they measure the strength of the linear relationship between the variables. Of the correlations detected, standing out are those shown between the most representative molecules involved with carbon (fiber, carbohydrate, soluble solids content) with the minerals [iron (Fe), magnesium (Mg), and calcium (Ca)], and with the more important volatile compounds, mainly of the derivatives of nitrogen and sulfur, terpenes, and (Z)-2-heptenal. The relationships between fiber and carbohydrates, and fiber vs. Fe, Mg, and Ca are statistically significant. Carbohydrates vs. Ca are also statistically significant, and those are related to carbohydrates and fiber and the indicated aromatic components. In addition, these hydrocarbon molecules have negative relationships with the antioxidant parameters analyzed (lycopene and carotenoids, vitamin C, and total antioxidant capacity), showing that these relationships have statistical significance (p-values below 0.05). In addition, these hydrocarbon molecules have negative relationships with the antioxidant parameters analyzed (lycopene and carotenoids, vitamin C, and total antioxidant capacity), showing that these relationships have statistical significance (p-values below 0.05). In general, the antioxidant parameters (lycopene and carotenoids, vitamin C, and total antioxidant capacity), show negative relationships against the volatile components of Malacara tomatoes, except for 6-methyl-5-hepten-2-one and methyl salicylate, with which positive relationships are found.
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FIGURE 2. Pearson linear correlations between the traits (nutritional and volatile) studied for the data obtained in the two Malacara tomatoes (yellow and red cv). A positive trend between each pair of variables (red color), a negative trend between each pair of variables (blue color), and no relationship between each pair of variables (green color). The strongest positive/negative relationships are displayed with the greatest intensity of color.


The typical aroma of tomato fruits depends on numerous volatile compounds and their synergic effects, the chemical nature, and odor threshold, which can be related to their composition as well crop conditions. In addition, Malacara is a long shelf life type of tomato, whose aromatic components can degrade over time to give rise to other components. Pearson correlations allow obtaining information on the most important relationships and the synergies or antagonisms of the aromatic components of the Malacara tomato and therefore of the possibilities of changes in the evolution of aromatic components in the Malacara tomato. Other significant correlations involved a positive correlation of 2-isobutylthiazole and (E)-2-pentenal, 2-isobutylthiazole and (Z)-2-heptenal, 2-isobutylthiazole and benzeneacetaldehyde, 2-isobutylthiazole and decanal, 2-isobutylthiazole and (E,E)-2,4-decadienal, 2-isobutylthiazole and 1-nitro pentane, 2-isobutylthiazole and benzyl nitrile, benzothiazole and p-cymene, benzothiazole and (Z)-2-heptenal, benzothiazole and decanal, benzothiazole and (E,E)-2,4-decadienal, benzothiazole and biphenyl, benzothiazole and estragole, benzothiazole and anethole, p-cymene and limonene, p-cymene and β-ocimene, p-cymene and estragole, p-cymene and anethole, limonene y β-ocimene, limonene and styrene, β-ocimene and (Z)-2-heptenal, β-ocimene and 1-nitro pentane, β-ocimene and benzyl nitrile, (E)-2-pentenal and (Z)-2-heptenal, (E)-2-pentenal and benzeneacetaldehyde, (E)-2-pentenal and decanal, (E)-2-pentenal and (E,E)-2,4-decadienal, (E)-2-pentenal and biphenyl, hexanal and anethole, (Z)-2-heptenal and benzeneacetaldehyde, (Z)-2-heptenal and decanal, (Z)-2-heptenal and (E,E)-2,4-decadienal, (Z)-2-heptenal and biphenyl, (Z)-2-heptenal y 1-nitro pentane, (Z)-2-heptenal and benzyl nitrile, benzeneacetaldehyde and decanal, benzeneacetaldehyde and (E,E)-2,4-decadienal, benzeneacetaldehyde and biphenyl, decanal and (E,E)-2,4-decadienal, decanal and biphenyl, (E,E)-2,4-decadienal and biphenyl, 6-methyl-5-hepten-2-one and methyl salicylate, biphenyl and estragole, biphenyl and anethole, estragole and anethole, pentane, 1-nitro and benzyl nitrile.




DISCUSSION

Tomatoes have a very varied carotenoid composition that is able to provide different tonalities from yellow to red. The Malacara tomato is a varietal type included in the group of “for hanging” tomatoes, which are the result of the natural selection carried out historically by farmers, in order to increase the conservation and extend the shelf life of the tomato and improve the quality and adaptation to local edaphoclimatic conditions (35). With this typology, two types differentiated by their color in ripe stage (yellow and red) are studied. Morphologically, Malacara is a tomato with velvety skin, and in terms of external appearance, it could be confused with plum fruit (Figure 1). The sizes found in Malacara tomatoes are within the range indicated by other authors (23, 36, 37). There are “for hanging” tomato lines, with fruit weight ranging from 21.7 to 168.4 g, although large fruits or more than 120 g have little acceptance among farmers and consumers (38), consequently, Malacara tomatoes, regardless of color, may have good commercial acceptance. The number of locules varies from 2 to 3 (Figure 1). This parameter is highly variable among the fruits of “for hanging” tomato lines (37). The spherical shape of the fruits is another attribute that increases the degree of acceptance of the two types of Malacara tomato. The characteristic color of tomato fruits is mainly due to the presence of carotenoids and their composition is influenced by several factors, including geographical origin, fruit maturity, and particularly, the variety (39). Color is one of the most remarkable features among the different tomato fruits and a key factor of external and internal quality and consumer acceptance (40). In fact, it has great importance in evaluating commercials. The color index shows significant differences in the case of both types of Malacara tomatoes. The largest number of “for hanging” tomato lines are slightly intense red fruit colors, there are also pink and orange fruits (41), but as far as in bibliography has been consulted, “for hanging” tomato lines have not been evaluated, of such intense yellow color, as those studied in the present work.

The nutritional composition of long shelf life tomatoes has been studied from different viewpoints. Patanè et al. (42) study the physicochemical components and the activities of enzymes related to the preservation of fruits, of two Sicilian landraces of long-shelf-life tomatoes, to contribute to the diversification in the agri-foods industry production. Conesa et al. (36) collect information on the morphological parameters, pH, soluble solids, and total acidity of Mediterranean landraces in order to highlight the importance of this genetic resource, to evaluate the shelf life of these tomatoes and the potential ability to adapt to changing conditions of the weather. Recently (43), the changes in quality and nutritional traits (dry matter, soluble sugar, organic acids, volatile compounds, and carotenoid contents) of one Italian long-shelf-life tomato landraces, over 120 days of natural storage, have been studied. Mainly to obtain data and to promote to traders and consumers during the winter, and early spring, when high-quality fresh tomatoes are not available. Regardless of these sources, the FAO database (InfoFoods) and the “Pera” tomato (44) were used to establish comparisons with the data obtained. Consequently, Malacara tomatoes have a lower moisture content and a higher energy value. In general, Malacara, mainly the yellow type, is a tomato that doubles the content of protein and fiber and multiplies the carbohydrate content by nine. The fat contents are similar to those shown in the bibliography (44). The quality of tomato concerning mineral contents may vary depending on interactions between cultivars, environmental factors such as light and temperature, the composition of the nutrient solution, crop management practices, and the interaction of all these factors (45). One of the immediate consequences may be that with organic fertilization practices, higher concentrations of potassium accumulate in the edible parts (45), which could explain the high concentrations of potassium in the Malacara tomato, regardless of color.

Regarding fruit quality, soluble solid content in the two types of Malacara tomato studied ranged around 5.87 ± 0.23 °Brix (red tomato) to 6.20 ± 0.20 °Brix (yellow tomato), similar in average to values found by other authors (23, 37, 46) but slightly lower to the values found in Figàs et al. (47) in various landraces of tomato, including some long shelf life varieties. Similarly, when looking at reducing sugars, the mean values obtained for the two types of Malacara tomato are higher than those found by other authors (47) indicating the greater sweet taste of this tomato accession. The average titratable acidity in the two types was also similar to those found for other “for hanging” tomato lines (20, 37, 47, 48). Other authors (46), in Italian growing areas, have obtained means of titratable acidity higher than 1.0% in this type of long-lived tomatoes, possibly due to differences in the ripening stage at the time of harvesting. Regardless of color, in Malacara tomato, the taste index has been higher than 1, which is considered the optimal value for flavor balance (49) in salad tomato, and suggesting that this tomato has an excess of soluble solids. In most alc long shelf-life tomato varieties taste index has similar results (37).

The pH values, the soluble solids content, the titratable acidity, and the taste index, the vitamin C content, the antioxidant capacity, and the total phenolic content of Malacara tomatoes are within the range indicated in the literature for other “for hanging” tomato cultivars (23, 35). Compared with the FAO database (InfoFoods) for the “Pera” tomato (44), the yellow Malacara tomato studied contain, on average, around 2-fold more vitamin C and red Malacara tomato around 2.5-fold more vitamin C, and similar content in lycopene.

Lycopene is practically not detected in the yellow Malacara tomato, while the lycopene concentrations in the red Malacara tomato show twice the content of other “for hanging” tomato cultivars (35). Lycopene content and the total carotenoid content are aspects that are related to the pigments and the color that tomatoes develop. In general, ripe long shelf-life tomato fruits do not acquire the typical intense red coloration, with substantially low carotenoid levels. These observations may be related to the alc mutation, being able to influence the key regulators of carotenogenesis in the tomato fruits (41), this statement may be the cause of the yellow color in Malacara-type tomatoes.

The perception of flavor based on volatile compounds is very complex, as well as the biochemical chains that intervene in the development of aromas, because volatile compounds are secondary metabolites that, once synthesized, can undergo modifications to produce a new volatile or non-volatile compound. The important volatiles, which positively contribute to tomato aroma, are mainly derived from amino acids (phenolic and branched-chain compounds), fatty acids (includes the most abundant volatiles produced in the tomato fruit), and terpenoids (mono and sesquiterpenoids, and carotenoids). The presence of esters is extremely important to the aroma of fruit in many species. Esters have not been detected in the red Malacara tomato and a small fraction (0.64%) in the yellow tomatoes. Coinciding with these results, green-fruited wild tomato species accumulate considerably higher levels of esters compared with tomato red-fruited, due to the insertion of a retrotransposon in a position adjacent to the most enzymatically active tomato esterase, increasing gene expression. Enzymatic activity results in a dramatic reduction in the levels of many esters that are negatively correlated with human preference (50). In the matrix of Malacara tomatoes, 2-phenylethanol has been detected, which had been previously described as having a positive effect on tomato flavor, increasing floral aroma, and the perception of sweetness (51), this alcohol is 15% more in red tomatoes. Aldehydes, mainly fatty acid derivatives, constitute a class of compounds that include the most abundant volatiles produced in the tomato fruit: the C5 volatiles (E)-2-pentenal, C6 volatiles hexanal, (E)−2-hexenal, or benzaldehyde, C7 volatiles (Z) - 2-heptenal, (E, E)−2,4-heptadienal, and others with a higher number of carbon atoms, like decanal or (E, E)−2,4-decadienal. These compounds are classified as “green leaf” aromas due to their characteristic green, fresh scent of cut grass. In tomato fruits, the production of those compounds is increased at ripening, probably due to the loss of integrity of cellular membranes (52). The long shelf-life characteristic of the Malacara tomato prevents these degradative processes from taking place in the membranes and could be one of the causes of the lower concentration of aldehydes in the Malacara tomato compared with other varieties.

Based on their biosynthetic origin, the volatile compounds carotenoid derivatives are significant in the Malacara red tomato and only 6-methyl-5-hepten-2-one is found in the yellow type. This component is lycopene-derived and is not consistent (53) in its presence in yellow tomatoes. It is possible that the mutation of this tomato causes this concentration, providing an exceptional value for its color and the presence of this carotenoid component. Terpenoids are associated with fresh citrus-like flavors, with warm, peppery notes of the tomato stem, which supplement the aroma and attract consumer attention. Low concentrations of terpenes have been linked to breeding programs primarily focused on larger fruit yields and may have decreased the amount of defensive terpenoids produced in the vegetative part of the plant; therefore, terpene levels are relatively low in tomatoes (53). These compounds are related to numerous roles in plants (they are involved in membrane structure, growth, signaling, and defense mechanisms). The high values of terpenes (~12% in both types of Malacara tomato) may be due to being a native variety. The phenolic volatiles of the Malacara tomato is practically negligible in the yellow type as opposed to the red type. These compounds are involved, positively or negatively, in the human capacity for tomato taste perception, and include a variety of compounds derived from the amino acid phenylalanine and its decarboxylation. Alternatively, it could be transformed into 1-nitro-2-phenylethane or benzyl nitrile by means of other unknown enzymes (54). These enzymatic mechanisms could be responsible for the high concentrations of nitrogen and sulfur compounds in the Malacara tomatoes in yellow and red type, giving rise to more spicy and ripe aromas, compared with floral and fresh aromas.

Although the vitamin C values have been high, our results indicate that in the Malacara tomato, the carotenoids may have a greater contribution to the total antioxidant activity, compared with what was found by other authors (47) where the greatest contribution to the antioxidant capacity comes from ascorbic acid. One of the characteristics of Malacara tomatoes is their low moisture content. The major water content of tomato fruits is negatively related to most of the parameters studied, except with the concentration of lycopene, total carotenoids, vitamin C content, total antioxidant capacity, and the volatile components 6-methyl-5-hepten-2-one and methyl salicylate. It has been shown that carbohydrates, fatty acids present in fat, and amino acids in proteins, represent the natural carbon reserves for the generation of volatile compounds (55). In general with Malacara tomato fruits, the volatile components detected increase when the concentration of the proximate fraction of the tomato is higher. The degradation of carotenoids in the Malacara tomato is responsible for the greater synthesis of the components of the volatile fraction, except in the case of 6-methyl-5-hepten-2-one and methyl salicylate, which are considered volatile derivatives of carotenoids.

Tomato is one of the most consumed and widely grown vegetable crops in the world, but the most commonly stated reason for consumer dissatisfaction with tomatoes is lack of flavor. Factors implicated in the tasteless tomatoes are complex as it comprises several components, including reducing sugars, free acids, minerals, amino acids, and volatile components (56). Factors that are mainly related to the production system, maturity stage at harvest, post-harvest treatment, storage period, and the genotype (57). The feature of the prolonged shelf life of Malacara tomatoes appears to involve attenuation of several metabolic processes associated with slower degradation of cell walls and the sustenance of firmness. In concordance with other “for hanging” tomato cultivars, this trait seems to be correlated with higher sucrose and reduced water loss (41). The high sucrose levels contribute to the Malacara tomato fruit's organoleptic qualities. For this reason, the Malacara tomato in either of its two ecotypes can help to break the trends sensorial of “tasteless tomatoes” and to re-availability of tasty tomatoes, and the results have practical implications for tomato growers, as well as the end consumer.



CONCLUSIONS

Local varieties create the potential to diversify global food production and better enable local adaptation to the diverse and changing environments humans inhabit, offering nutritional and organoleptic diversity. The Malacara tomato is an example of this. In its two versions color, Malacara tomato adjusts to the variability shown of “for hanging” tomato lines, with respect to morphological parameters, providing a yellow color characteristic with high value for commercialization and long shelf-life (12 moths proximally). Although the Malacara tomato is produced during the hot summer months, its long-life characteristic allows it to be consumed fresh, in the winter months, being a high source of bioactive components such as vitamin C, carotenoids, and polyphenols, and an important source mineral, especially potassium, without detracting from its aromatic characteristics.

One of the characteristics of Malacara tomatoes is their low moisture content. The major water content of tomato fruits is negatively related to most of the parameters studied, except with the concentration of lycopene, total carotenoids, vitamin C content, total antioxidant capacity, and the volatile components 6-methyl-5-hepten-2-one and methyl salicylate. In this sense, yellow tomatoes Malacara could be a greater reservoir of proteins, carbohydrates, fiber, and mineral components. While the red tomato Malacara shows a higher concentration of bioactive substances (vitamin C, carotenoids, and antioxidant capacity) and a higher and complex aromatic fraction.

This study provides extensive information on the typing of two Malacara tomato cultivars, differentiated by their color, grown in organic farming conditions that have never been described in the literature. The results incorporate an added value to the native horticultural heritage in the framework of local genetic resource conservation and can help in the selection of suitable tomato varieties, for a particular production system and the selection of local tomato varieties, of high organoleptic quality (rich in flavor and aromas, and attractive colors), high nutritional value and with characteristics to facilitate the improvement of the shelf life of tomato. Furthermore, consumers' dissatisfaction with taste concerning the tomato might be a reason for switching to specialty tomatoes, such as Malacara tomatoes in either of its two versions.
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Light is an important environmental factor that regulates the activity of metabolism-related biochemical pathways during tomato maturation. Using LED to improve lighting conditions during the process of tomato growth and development is a feasible and efficient method to improve the quality of tomato fruit. In this study, red and blue LEDs were used to supplement light on “MicroTom” tomato plants for different periods of time in the morning and evening, and the differences between the primary and secondary metabolites and other nutrient metabolites in the tomato fruit were analyzed using liquid chromatography and liquid chromatography mass spectrometry and other methods. Supplementing light in the morning promoted the accumulation of vitamin C, organic acids, amino acids, carotenoids, phenolic acids, and other health-promoting substances in the tomato fruits. Supplementing light in the evening significantly increased the content of sugars, flavonoids, and aromatic substances in tomato fruits, whereas the promoting effect of LED on the accumulation of amino acids and carotenoids was lower in the evening than in the morning. Both morning and evening light supplementation reduced the mineral content of fruit. In conclusion, morning light supplementation improved the nutritional quality of tomato fruits, while evening light supplementation improved their flavor.

Keywords: tomato, LED, period, flavor quality, nutrition quality


INTRODUCTION

Tomatoes are one of the most widely cultivated vegetables in the world, and are deeply loved for their unique flavor and rich nutritional quality. Tomatoes contain soluble sugars, organic acids, polyphenols, carotenoids, amino acids and other nutrients (1). Eating tomatoes can prevent cancer and other diseases and have great health benefits (2, 3). The ever-increasing population has led to the pursuit of high yields of tomatoes. In order to increase yields, breeders have to lower the requirements for tomato quality and discard some good quality traits and varieties (4, 5). In addition, factors such as climate change, intensification of environmental pollution and improper use of fertilizers have led to the deterioration of tomato quality (6, 7). In recent years, with the improvement of people's requirements for food quality, it is generally believed that tomatoes have lost their “childhood taste,” and the goal of increasing the quality of tomato fruits has attracted more and more attention.

Previous studies have found that there are many ways to improve tomato fruit quality. Appropriate fertilization and irrigation methods can promote the nutritional quality of tomato fruits (8–10). Root application or foliar spraying of certain concentrations of exogenous substances such as methyl jasmonate, quercetin, selenium, and potassium can increase the contents of sugars, carotenoids, and other nutrients in tomato fruits (1, 11–13). Small molecular gases such as nitric oxide and hydrogen sulfide also significantly improved the nutritional and sensory quality of tomato fruits (14, 15).

Light is an important environmental factor that regulates the activities of metabolite-related biochemical pathways during tomato ripening and plays an important role in determining tomato quality (16). Both the leaves and fruits of tomato contain photoreceptors, including phytochrome and cryptochrome (17, 18), and appropriate illumination can promote the absorption of light and enhance the photosynthetic capacity of tomato (19). Moreover, light can contribute to promoting the absorption and transport of water and nutrients (20), thereby influencing metabolic processes and metabolite production (21). Light-emitting diodes (LEDs) are an efficient environmentally friendly source of artificial light, the supplementary illumination provided by which can promote the growth and development of tomatoes and other vegetables (22, 23), and the findings of recent studies have revealed that such supplementary light can play an important role in improving tomato fruit quality. LEDs with different spectra and supplementary LED illumination of differing durations can have different effects on tomato fruit metabolites and contribute to enhancing the amounts of key compounds related to tomato fruit quality characteristics (16, 24). For example, compared with white light, a combination of red and blue (R:B, 3:1) LED illumination has been shown to increase the contents of soluble solids, glucose, fructose, and sucrose in tomato fruits by promoting the accumulation of proteins related to glucose metabolic pathways (25), whereas compared with lighting using high pressure sodium lamps, LEDs have been found to significantly increase the content of lycopene in tomato fruits (26). Similarly, a combination of red and blue LEDs has been demonstrated to promote lycopene biosynthesis and the accumulation of carbohydrates by increasing the contents of melatonin in tomato fruits (27), whereas either blue or a combination of red and blue LEDs was found to increase the contents of potassium and beta carotene in fruits by promoting the absorption and transport of potassium by tomato roots (28). Furthermore, it has been observed that blue light LEDs can significantly increase the contents of soluble solids, lycopene, and phenolic compounds in post-harvest tomato fruits (29), whereas high-intensity blue light LEDs can stimulate the antioxidant system in tomato fruit, thereby enhancing the ascorbic acid content (30). Continuous illumination with red light LEDs has also been found to significantly promote increases in the contents of lycopene, beta carotene, phenolic acid, and flavonoids in post-harvest tomato fruits (31), whereas significant increases in the contents of free amino acids in post-harvest tomato fruits have been detected in response to continuous illumination with blue light LEDs (32). In addition, the provision of red light LED lighting can improve the content of Mg, Ca, Cu, and other mineral elements in tomato fruits (19), and the sensory qualities of aroma and texture in fruits can be significantly enhanced in response to an increase far-red irradiation (33). In our previous studies, we have also found that exposing tomato plants to red-blue light LEDs can improve the soluble sugar and soluble protein contents of fruits (34).

Collectively, the findings of these studies indicate that appropriate LED lighting can contribute to enhancing the quality of tomato fruit. However, although previous studies in this regard have tended to focus on the quality and intensity of LED light, as well as the duration of supplementary illumination, it is also well-established that the metabolic processes of plants are regulated by circadian rhythms and biological clocks (35, 36). Consequently, it might be predicted that the effects of supplementary LED illumination on tomato quality would be dependent on an appropriate timing of light supplementation. It is thus considered necessary to examine the temporal effects supplementary LED lighting on the quality of tomato fruit. At present, however, the responses of tomato fruit to the provision of supplementary light at different times during the day have yet to be sufficiently well-characterized. Accordingly, in this study, we examined the effects supplementary light treatments with red and blue LEDs provided at different periods of time on tomato, with a specific focus on differences between primary and secondary metabolites and other nutritional metabolites, analyzed based on liquid chromatography and liquid chromatography mass spectrometry and other approaches. The principle objectives of study were to clarify the effects of the timing of LED supplementation on tomato fruit quality, provide new insights for enhancing the quality of tomato fruit quality, and establish a new theoretical basis for supplementary LED lighting technology for tomatoes.



MATERIALS AND METHODS


Plant Materials and Growing Conditions

The tomato variety used in this experiment was “Micro Tom.” After soaking in warm water, tomato seeds were placed in a dark artificial climate box at 28°C to promote germination. After 36 h, the uniformly germinated seeds were sown on the seedling substrate, and then put into the artificial climate box where the seedlings were raised. The conditions of the artificial climate chamber were 12 h of illumination and 12 h of darkness. When illuminating, the temperature was 26°C, the humidity was 70%, and the light intensity was 450 μmol·m−2·s−1. Under dark conditions, the temperature was 18°C and the humidity was 50%. When the seedlings had two leaves and one heart, they were moved into the greenhouse for normal management.



Experimental Design

The experiment was carried out in a plant light supplement cultivation frame completely isolated from natural light in the greenhouse. Two kinds of LED light sources were installed on the cultivation rack: one was a full-spectrum LED plant growth light (T8-0.9M-28W-220V, Xiamen rural Hui Photoelectric Technology Co., Ltd.), which provided 10 h of daylight between 8 A.M. and 18 P.M., with light intensity 400 μmol·m−2·s−1. The other was a red and blue (7R2B) LED plant growth light (HY-85CM-27 × 3W-RB, Shenzhen Houyi Energy Saving Tech Co., Ltd.), which was the supplementary light source in this experiment, with light intensity 51 μmol·m−2·s−1. The experiment consisted of three treatments: treatment without supplementary light (CK), red and blue light supplementation for 3 h before 8 o'clock in the morning (T1), and red and blue light supplementation for 3 h after 18:00 in the evening (T2) (Figure 1). Fifty tomato plants with the same flowering time were selected for each treatment when the first flower was just blooming, and transferred to the plant light cultivation rack where the treatment commenced. When the tomato fruit matured, fruit of the same size and maturity were selected to determine the quality, and all the index analyses were set up with 3 biological repeats in each treatment.


[image: Figure 1]
FIGURE 1. Schematic diagram of the illumination time of each treatment. CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.




Sugar Components

Tomato fruit (5 g) were homogenized, transferred to a 25 mL volumetric flask with ultrapure water to make the volume constant, and then sonicated in a water bath at 30°C for 60 min, filtered into a 50 mL centrifuge tube at 4°C, centrifuge for 10 min at 10,000 r·min−1. Supernatant (2 mL) was extracted and filtered through a 0.22 μm aqueous filter, and the filtrate was used for liquid chromatography. The measuring instrument was a high performance liquid chromatograph (HPLC) with a differential refractive index display (Agilent 1100 Series, Agilent Technologies, USA), the chromatographic column was an LC-NH2 amino column (250 × 4.6 mm, Phenomenex, USA), the mobile phase was V(acetonitrile): V(water) = 75: 25, isocratic elution, flow rate 1.0 mL·min−1, column temperature 30°C, and the injection volume was 20 μL.



Organic Acid Components

A fresh sample of tomato fruit (0.5 g) was transferred to a 25 mL volumetric flask with ultrapure water to make the volume constant, shaken well, transferred to a 50 mL centrifuge tube, centrifuged at 4°C, 10,000 r·min−1 for 10 min; 2 mL of supernatant was extracted and filtered through a 0.22 μm water system Filter by filter, and the filtrate was used for liquid chromatography (HPLC) determination. The measuring instrument was a high performance liquid chromatograph with a UV detector (Agilent 1260 Infinity II, Agilent Technologies, USA), the chromatographic column was X-Peonyx AQ-C18 (250 × 4.6 mm, FeiniGen Instrument, China), the detection wavelength was 210 nm, and the mobile phase was 0.2 mmol·L−1 dihydrogen phosphate sodium, isocratic elution, flow rate 1.2 mL·min−1, column temperature 30°C, injection volume was 5 μL.



Amino Acid Components

Amino acid components were determined according to the method of Ma et al. (37) with slight modifications. The tomatoes were heated in a constant temperature drying oven at 105°C for 15 min, and then dried at 80°C to a constant weight. After grinding, 0.5 g was weighed into a 50 mL Erlenmeyer flask, 25 mL of 0.1% hydrochloric acid solution was added, then ultrasonically extracted for 15 min. The extract was transferred into a 50 mL centrifuge tube, centrifuged at 4°C, 10,000 r·min−1 for 10 min, the supernatant was filtered through a 0.22 μm aqueous filter, and the filtrate supplied for HPLC-MS (LC-MS) determination. The measuring instrument was a triple quadrupole LC/MS system (Agilent 1290 Infinity, Agilent 6460 Triple Quad, Agilent Technologies, USA), the chromatographic column was Poroshell 120 HILIC-Z (100 × 2.1 mm, Agilent Technologies, USA), and the mobile phase A was 20 mM ammonium formate (pH = 3): water = 1: 9, the mobile phase B was 20 mM ammonium formate (pH = 3): acetonitrile = 1:9, gradient elution (0 min, 100% mobile phase B; 11.5 min, 30% mobile phase A and 70% mobile phase B; 12 min, 100% mobile phase B), the flow rate was 0.5 mL·min−1, the column temperature 25°C, the injection volume 1 μL. The mass spectrometry ionization mode was the ESI positive ion mode, the drying gas temperature was 330°C, the gas flow rate 13.0 L·min−1, and the capillary voltage 1,500 V. The mass spectrometry detection parameters of each amino acid, such as parent ion and product ion, are detailed in Supplementary Table 1.



Carotenoid Components

Carotenoid components were determined according to Kang et al. 's method (38) with slight modification. The tomato fruits were freeze-dried at −30°C for 72 h in a freeze dryer (Alpha 1-2 LDplus, Martin Christ, Germany). The freeze-dried tomatoes were ground into powder, weighed (0.5 g) into a 50 mL centrifuge tube, with 30 mL of petroleum ether and acetone mixture (2:1, v/v), then to a water bath for ultrasonic extraction. For carotene, the extract was collected in a brown bottle, and 30 mL of a mixture of petroleum ether and acetone was added until all the color was removed. The combined filtrate was transferred to a separatory funnel, washed twice with 250 mL of distilled water, the water phase was drained, and a small amount of anhydrous sodium sulfate was added to the upper extract to remove the water phase. The extract was filtered into a round-bottomed flask with a sand core funnel under vacuum and placed in a rotary evaporator at 40°C until dry. The dried extract was then dissolved with 25 mL of an acetonitrile: dichloromethane: methanol (55:20:25) mixture, and filtered through a 0.22 μm oil filter. The filtrate was used for liquid chromatography determination. The extraction process was protected from light. The measuring instruments were high performance liquid chromatograph (Alliance Waters e2695, Waters, USA) and ultraviolet detector, the chromatographic column was HPLC C18 (250 × 4.6 mm, Waters, USA), the detection wavelengths were 286 nm, 450 nm, 470 nm and 665 nm, and the mobile phase was V(acetonitrile): V(two Chloromethyl): V(methanol) = 55: 20: 25, isocratic elution, the flow rate 1.2 mL·min−1, the column temperature 30°C; the injection volume 10 μL.



Phenolic Acids and Flavonoids

To determine the phenolic acids and flavonoids, 0.1 g of freeze-dried fruit powder was weighed and placed in a 5 mL centrifuge tube with 2 mL of methanol, and placed at 4°C for 1 h, shaking it 3 times during the hour. The tube was centrifuged at 8,000 r·min−1 at 4°C for 10 min, then 2 mL of supernatant was extracted, filtered through a 0.22 μm oil-based filter, and the filtrate was used for liquid chromatography measurement. The measuring instruments were high performance liquid chromatograph (Alliance Waters e2695, Waters, USA) and ultraviolet detector, the chromatographic column was HPLC C18 (250 × 4.6 mm, Waters, USA), the detection wavelength 240 nm, 280 nm and 322 nm, mobile phase A was methanol, mobile phase B was 1% acetic acid, gradient elution (Supplementary Table 2), flow rate 1.1 mL·min−1, column temperature 30°C, injection volume 10 μL.



Mineral Element Content

To determine the mineral element content, 0.5 g of dried and ground tomato fruit was placed in a 150 mL erlenmeyer flask, and digested using the H2SO4-H2O2 digestion method. The digestion solution was washed into a 50 mL volumetric flask without damage, with ultrapure water to make the volume constant, and shaken well. The extract was used for the determination of mineral elements phosphorus (P) and potassium (K). 0.5 g of dried and ground tomato fruit was put into a porcelain crucible and ashing was carried out by dry ashing method. The ash was dissolved with 5 mL 6 mol·L−1 HCL, filtered and filled with water in a constant volume of 50 mL volumetric flask. The extract was used for the determination of mineral elements such as calcium (Ca), magnesium (Mg), copper (Cu), iron (Fe), manganese (Mn), zinc (Zn) and sodium (Na). Phosphorus was determined using the Mo-Sb colorimetric method. The K, Ca, Mg, Cu, Fe, Mn, Zn, and Na contents were determined by an atomic absorption spectrometer (ZEEnit700P, Analytik Jena AG, Germany).



Volatile Compounds

To determine the contents of volatile compounds a sample of fresh tomato fruit (0.5 g), was added to 1.5 g anhydrous sodium sulfate, ground quickly and fully, and then pourrf into a headspace bottle. After closing the cover, the headspace bottle was placed on a magnetic stirrer, heated and stirred at 70°C for 10 min to balance the internal headspace gas, and then the electronic nose (PEN3, Airsense, Germany) was used to detect the volatile substances in the gas at the upper part of the headspace bottle. The detection conditions of the electronic nose were as follows: the flushing time was 60 s, the sensor zeroing time 5 s, the pre sampling time 5 s, the injection flow rate 400 ml·min−1, and the measurement time 120 s. Please refer to Supplementary Table 3 for the material type and performance description of the sensor.



Statistical Analysis

There were replicates for each treatment and the results are presented as mean ± standard deviation (SD). One-way analysis of variance was performed, and Duncan's honesty significant difference test was used to assess the differences between two groups, using SPSS ver. 21 (SPSS, Inc., Chicago, IL, USA). Heat map production and hierarchical cluster analysis (HCA) were carried out in Origin 2021 (Origin, Inc., San Francisco, California, USA). HCA was based on the calculation of Pearson correlation. P < 0.05 were deemed statistically significant.




RESULTS


Sugar Contents

Sugars are important plant constituents that contribute to the flavor of tomato fruit and play key roles in determining fruit quality (39). We first determined and analyzed the contents of the main soluble sugars (fructose, glucose, and sucrose) in tomato fruits. Compared with the control group, 3 h of evening light supplementation significantly increased the contents of fructose (Figure 2A) and glucose (Figure 2B) in the tomato fruits. Compared with the control group 3 h of morning light supplementation made no significant difference in the contents of fructose and glucose in the tomato fruits. Light supplementation in the evening significantly increased the sucrose content in tomato fruit, and conversely, light supplementation in the morning decreased the sucrose content (Figure 2C). Consistently, we found that the total sugar contents of tomato fruit were significantly increased by 3 h of evening light supplementation, although there was no significant difference between treatment and control fruits when supplementary light was provided in the morning (Figure 2D).


[image: Figure 2]
FIGURE 2. Fructose (A), glucose (B), sucrose (C), and total sugar (D) contents in tomato fruits under different LED supplementary light periods. The data are expressed as average values ± SD (n = 3). a−cIndicate significant differences between treatments (P < 0.05, Duncan's multiple range test). The bars indicate standard errors. CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.




Organic Acid Components

Among the organic acids present in tomato fruits, we selected five to evaluate the differences in organic acid contents in tomato fruits in response to supplementary light at different times of the day. Compared with the control, 3 h of light supplementation in the morning and evening significantly promoted the accumulation of tartaric acid in tomato fruits (Figure 3A) but had no effect on the accumulation of malic acid (Figure 3B). Light supplementation for 3 h in the morning significantly promoted the accumulation of ascorbic acid (Figure 3C) and oxalic acid (Figure 3D) in the tomato fruits, while light supplementation for 3 h in the evening had no significant effect on the contents of ascorbic acid and oxalic acid. In contrast, exposing plants to supplementary light for 3 h in the evening promoted a significantly reduction in the accumulation of citric acid, whereas we detected no significant differences in the citric acid contents of treatment and control fruit when light supplementation was provided in the morning (Figure 3E). Light supplementation for 3 h in the morning significantly promoted the accumulation of total organic acids (Figure 3F) in tomato fruits, while light supplementation for 3 h in the evening had no significant effect on the accumulation of total organic acids.


[image: Figure 3]
FIGURE 3. Tartaric acid (A), malic acid (B), ascorbic acid (C), oxalic acid (D), citric acid (E), and total organic acids (F) contents in tomato fruits under different LED supplementary light periods. The data are expressed as average values ± SD (n = 3). a−cIndicate significant differences between treatments (P < 0.05, Duncan's multiple range test). The bars indicate standard errors. CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.




Amino Acid Contents

Amino acids are the basic substances that constitute proteins, maintain the normal metabolism of plants, and provide the material basis for life activities. In the present study, we quantitatively analyzed 21 amino acids in tomato fruits using liquid chromatography-mass spectrometry. We found that compared with the control treatment, with the exception of serine, for which there was no significant effect, supplementary lighting for 3 h in the morning significantly increased the contents of the assessed amino acids. Supplementing light for 3 h at night significantly increased the content of phenylalanine, leucine, isoleucine, tryptophan, methionine, valine, proline, tyrosine, alanine, glycine, glutamate, arginine, glutamine, and lysine in tomato fruits, significantly reduced the content of aspartic acid, and had no significant effect on the accumulation of cystine, histidine, serine, cysteine, asparagine, and threonine. Compared with the treatment of supplementing light for 3 h in the evening, supplementing light for 3 h in the morning significantly increased the accumulation of threonine, phenylalanine, leucine, isoleucine, asparagine, methionine, valine, proline, tyrosine, cysteine, alanine, histidine, aspartic acid, arginine, and cystine in tomato fruits (Figure 4A; see also Supplementary Table 4). Moreover, providing light supplementation for 3 h in both the morning and evening promoted significant increases in the accumulation of total amino acids in tomato fruits, with amounts in the fruit of plants exposed morning supplementation being significantly higher than those in plants receiving evening supplementation (Figure 4B).


[image: Figure 4]
FIGURE 4. Amino acid component (A), total amino acids (B) contents in tomato fruits under different LED supplementary light periods. The data are expressed as average values ± SD (n = 3). a−cIndicate significant differences between treatments (P < 0.05, Duncan's multiple range test). The bars indicate standard errors. CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.




Carotenoid Components

Carotenoids are important natural pigments in plants. We determined four common carotenoids in tomato fruits. We found that providing supplementary light for 3 h in the evening promoted a significant increase in the fruit contents of phytoene (Figure 5A), and that 3 h of both morning and evening light supplementation significantly increased the contents of beta carotene, with morning supplementation promoting a significantly higher accumulation of this carotene (Figure 5B). Both morning and evening light supplementation for 3 h had no significant effect on the lutein content in tomato fruits (Figure 5C), Both morning and evening light supplementation for 3 h significantly promoted the accumulation of lycopene (Figure 5D). Similarly, 3 h of both morning and evening light supplementation were found to promote significant increases in the accumulation of total carotenoids in tomato fruits, with morning supplementation having a more pronounced effect in this regard (Figure 5E).


[image: Figure 5]
FIGURE 5. Phytoene (A), beta carotene (B), lutein (C), lycopene (D), and total carotenoids (E) contents in tomato fruits under different LED supplementary light periods. The data are expressed as average values ± SD (n = 3). a−cIndicate significant differences between treatments (P < 0.05, Duncan's multiple range test). The bars indicate standard errors were indicated by bars. CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.




Phenolic Acids and Flavonoids

Phenolic acids and flavonoids are natural antioxidants in plants, which can prevent diseases in the human body. We quantitatively analyzed 12 phenolic acids and 4 flavonoids in the tomato fruits. Compared with the control, supplementing light for 3 h in the morning significantly increased the contents of six phenolic acids and one flavonoid in the tomato fruit, including p-hydroxybenzoic acid, caffeic acid, cynarin, cinnamic acid, benzoic acid, ferulic acid, and quercetin, and the contents of three phenolic acids and one flavonoid: gentisic acid, 4-coumaric acid, gallic acid, and rutin decreased significantly. Supplementing light for 3 h in the morning had no significant effect on the content of three phenolic acids and two flavonoids: protocatechuic acid, chlorogenic acid, sinapic acid, kaempferol, and naringenin. Supplementing light for 3 h at night significantly increased the contents of four phenolic acids and two flavonoids: p-hydroxybenzoic acid, sinapic acid, cinnamic acid, ferulic acid, quercetin, and rutin in tomato fruits, while the contents of four phenolic acids and one flavonoid, caffeic acid, gentisic acid, 4-coumaric acid, gallic acid, and naringenin, decreased significantly. Supplementing light for 3 h at night had no significant effect on the contents of four phenolic acids and one flavonoid: protocatechuic acid, chlorogenic acid, cynarin, benzoic acid, and kaempferol (Figure 6A, see also Supplementary Table 5). Moreover, compared with the control plants, supplementary lighting for 3 h in the morning was found to promote significant accumulations of total phenolic acids in tomato fruits, whereas we detected significant reductions in total flavonoid contents. Contrastingly, there were significant increases in the contents of total flavonoids in tomato fruits in response to 3 h of light supplementation in the evening, although this treatment had no significant effects on the accumulation of total phenolic acids (Figures 6B,C).
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FIGURE 6. Phenolic acid component and flavonoids component (A), total phenolic acid (B), and total flavonoids (C) contents in tomato fruits under different LED supplementary light periods. The data are expressed as average values ± SD (n = 3). a−cIndicate significant differences between treatments (P < 0.05, Duncan's multiple range test). The bars indicate standard errors. CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.




Mineral Contents

Table 1 shows the contents of minerals in tomato fruits under different light supplementation periods. Compared with the control, supplementing light for 3 h in the morning significantly increased the accumulation of Ca in tomato fruit, but significantly decreased the contents of P, Cu, Fe and Zn in tomato fruit, and had no significant effect on the contents of K, Mg, Na and Mn. Supplementing light for 3 h in the evening significantly increased the accumulation of Ca in tomato fruit but decreased the content of P and Zn, and there was no significant difference in the content of K, Mg, Na, Cu, Fe, and Mn.


Table 1. Mineral contents in tomato fruits under different LED supplementary light periods (mg/g).

[image: Table 1]



Differences in the Aroma Characteristics of Tomato Fruits

In order to study the effect of supplementary light period on the aroma characteristics of tomato, we used electronic nose (E-nose) to analyze the volatile compounds of tomato fruit. The radar map presented in Figure 7A shows the difference in the response values of the 10 sensors of the E-nose to volatile compounds in tomato fruits exposed to the different treatments. We found that the W5S, W1C, W2W, W3C, and W3S sensors, which are specifically responsive to nitrogen oxides, aromatic benzene compounds, aromatic organic sulfide substances, aromatic ammonia compounds, and long-chain alkanes, respectively, were more sensitive to the volatile compounds in tomato fruits. We also carried out hierarchical cluster analysis (Figure 7B) on the aroma characteristics of tomato fruits exposed to different supplementary light treatments. We accordingly found that the three treatments clustered into two categories, with the control treatment without supplementary lighting comprising one cluster, and the 3 h morning and evening supplementary light treatments comprising the other. This result further indicated that the supplementary light treatment changed the aroma components of tomato fruits. Supplementary light for 3 h in the morning increased the contents of ammonia aromatics and long chain alkanes in the tomato fruits, while light supplementation for 3 h in the evening increased the contents of ammonia aromatics, long chain alkanes, and benzene aromatics in the tomato fruits (Supplementary Table 6).


[image: Figure 7]
FIGURE 7. Aroma characteristic response values (A) and HCA (B) of tomato fruits under different LED supplementary light periods. The data are expressed as average values (n = 3). CK, no light supplementation control; T1, light supplementation for 3 h in the morning; T2, light supplementation for 3 h in the evening.





DISCUSSION

With the rapid development of LED light supplement technology, its use to improve the quality of vegetables and fruits has attracted research attention (40–42). We used red and blue (7R2B) LEDs to supplement the light of the flowering tomatoes in the morning and evening and analyzed the differences in the quality of tomatoes with different treatments using metabolomics-related technology. Sugars and organic acids in tomato fruit are the key components that affect tomato quality and people's favorite degree of flavor, so appropriately increasing the contents of sugar and organic acid in tomato fruit can improve the quality of tomatoes (43). Our study found that light supplementation for 3 h in the evening promoted the accumulation of fructose, glucose, sucrose, and total sugar in tomato fruit, while light supplementation for 3 h in the morning had no significant effect on the contents of fructose, glucose, and total sugar. However, light supplementation for 3 h in the morning significantly reduced the content of sucrose in the fruit, because there was no significant change in the content of total sugar in the fruit (Figure 2). This may be because the supplementary light in the morning promoted the decomposition of sucrose in tomato fruit to some extent and accelerated the conversion of sucrose to fructose and glucose (44). The study of organic acid in tomato fruit showed that supplementing light for 3 h in the morning increased the contents of tartaric acid, ascorbic acid, oxalic acid, and total organic acid in tomato fruit, but had no significant effect on the accumulation of malic acid and citric acid. Supplementing light for 3 h at night increased the content of tartaric acid and decreased the content of citric acid in tomato fruit but had no significant effect on the contents of malic acid, ascorbic acid, oxalic acid, and total organic acid (Figure 3). The sour taste of tomato is mainly attributed to citric acid and malic acid, and citric acid accounts for the highest proportion of the organic acids in tomato fruit (45). Thus, these results showed that supplementing light for 3 h in the evening significantly reduced the sour taste of tomato fruit, while supplementing light for 3 h in the morning increased the sour taste of tomato fruit. To sum up, supplementing light for 3 h in the evening can increase the content of soluble sugar in tomato fruit and reduce the content of organic acid, improve the flavor quality of tomato fruit, and may enhance the favorite degree of consumers.

Amino acids are the basic substances that make up proteins, which can maintain the normal metabolism of life and provide material basis for life activities. Amino acids have rich tastes such as sweetness, sourness, bitterness and saltiness, and are important taste substances in tomato fruits (46). Our study found that supplementing light for 3 h in the morning could significantly increase the contents of most amino acids and total amino acids in tomato fruits, while supplementing light for 3 h in the evening could also increase the contents of some amino acids and total amino acids in tomato fruits. However, the type and degree of improvements were significantly weaker than those following light supplement for 3 h in the morning (Figure 4). These results showed that supplementing light for 3 h in the morning and 3 h in the evening promoted the accumulation of amino acids in tomato fruits, but the accumulation effect of 3 h in the morning was better, which was similar to the effect of blue light LED irradiation on the content of amino acids in tomato fruits (32).

Carotenoid is the main pigment of tomato fruit and the precursor of odor and flavor synthesis (47). Carotenoid is also a substance that promotes human health and has a good effect on reducing coronary heart disease and lung cancer (48). Our study found that light supplementation for 3 h in the morning promoted the accumulation of beta carotene, lycopene, and total carotenoids in tomato fruits. Light supplementation for 3 h in the evening promoted the accumulation of octahydrolycopene, beta carotene, lycopene, and total carotenoids in tomato fruits, but the increase in the contents of beta carotene and total carotenoids in tomato fruits after light supplementation for 3 h in the evening was weaker than that in the morning. However, the two supplementary light treatments had no significant effect on the accumulation of lutein in fruit (Figure 5). This is similar to the results of Dannehl et al. (26) and Panjai et al. (49); they treated tomatoes with full spectrum LED and red-light LED, respectively, and found that lycopene and beta carotene in tomato fruit increased significantly after the treatments with LEDs.

Phenolic acids and flavonoids are important substances that regulate the sensory quality of vegetables and fruits (50). They have attracted wide attention because of their physiological effects such as antioxidation, anti-inflammation, and anti-allergy; these are important substances that can promote human health (51, 52). Among the 12 phenolic acids and 4 flavonoids we determined, supplementing light for 3 h in the morning increased the accumulation of 6 phenolic acids and total phenolic acids in the tomato fruits but decreased the accumulation of total flavonoids. Supplementing light for 3 h at night increased the accumulation of total flavonoids in tomato fruit but had no significant effect on the accumulation of total phenolic acid (Figure 6). These results showed that supplementing light for 3 h in the morning and 3 h at night had different effects on the accumulation of phenolic acids and flavonoids in tomato fruits, which was similar to results from previous studies. Previous studies found that supplementing light with white light and blue light LED could significantly increased the accumulation of phenols in okra (53), and red-blue light and red-blue-green light LED treatment significantly increased the accumulation of total phenols and flavonoids in tea callus (54).

We also studied the mineral content in tomato fruit. Minerals not only regulate the growth and development of plants, but also play an important role in human health and growth (55, 56). Our study showed that light supplementation for 3 h in the morning and 3 h in the evening promoted the accumulation of Ca in tomato fruits, but light supplementation for 3 h in the morning decreased the contents of P, Cu, Fe, and Zn in tomato fruits, and light supplementation for 3 h in the evening decreased the contents of K, Mg, Na, Cu, Fe, and Mn (Table 1). Some studies have found that red-blue light LED can promote the ripening of tomato fruit by increasing the content of melatonin in tomato fruit (27). In the process of tomato fruit ripening, some mineral content in tomato fruit will decrease to a certain extent (57). In this study, the change of mineral content in tomato fruit may be due to the fact that LED light supplementation promoted the ripening of tomato fruit, which led to the decrease of mineral content in advance of that in fruit without light supplement. Therefore, the mineral content in tomato fruit decreased in different degrees under different light supplement treatments.

Volatile aroma, along with sugars and organic acids, is an important factor affecting tomato fruit flavor, and aroma characteristics are important indicators to distinguish different vegetables and fruits (58). Our study showed that light supplementation for 3 h in the morning and evening significantly increased the contents of ammonia aromatics and long-chain alkanes in tomato fruits, and light supplementation for 3 h in the evening also increased the content of benzene aromatics in tomato fruits. The aroma characteristics of tomato fruits of 3 h in the morning and 3 h in the evening were similar and were clustered into the same category, while the aroma characteristics of tomato fruits without supplemental light treatment were clustered into a separate category (Figure 7). This indicated that the aroma characteristics of tomato fruits were changed by supplementing light for 3 h in the morning and evening, and the benzene aromatic substances in tomato fruits were increased by supplementing light for 3 h in the evening. The latter makes the aroma of tomato fruit more rich (59), which may be more treasured by consumers.



CONCLUSION

The use of red and blue (7R2B) LEDs to supplement the light of the flowering tomato plants in the morning and evening had different effects on the flavor and nutritional quality of the tomato fruit. Supplementing light for 3 h in the morning significantly increased VC, total organic acids, amino acids, carotenoids, phenolic acids, ammonia aromatics, and long-chain alkanes in the fruit aroma of tomato fruit, and reduced the contents of flavonoids and some minerals, without significant effects on the sugar content of the fruit. Supplementing light for 3 h in the evening significantly increased the contents of sugars, amino acids, carotenoids, flavonoids in tomato fruit, and ammonia aromatic substances, long-chain alkanes, and benzene aromatic substances in the fruit aroma, and decreased the content of minerals, but had no significant effect on the contents of total organic acids and phenolic acids in tomato fruits. However, compared with 3 h of light supplementation in the evening, 3 h of light supplementation in the morning promoted the accumulation of health-promoting substances such as VC, amino acids and carotenoids in tomato fruits. In conclusion, supplementing light for 3 h in the morning improved the nutritional quality of tomato fruit, while supplementing light for 3 h in the evening improved the flavor quality (Figure 8).


[image: Figure 8]
FIGURE 8. Effects of LED supplementation on fruit quality of tomato in the morning and evening. Red represents an increase in the substance content, orange also represents an increase in the substance content, but the increase is weaker than the red box, and blue represents a decrease in the substance content.
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Tomato (Solanum lycopersicum L.) is one of the most consumed vegetables in the world; it contains high amounts of antioxidant phytochemicals and essential nutrients. Although it is commonly consumed fresh, more than 80% of its consumption derives from processed products. Since limited information on changes in the bioaccessibility of bioactive compounds during gastrointestinal digestion was reported, this current study aimed to monitor the antioxidant activity, total polyphenolic and carotenoid content, and bioaccessibility during in vitro gastrointestinal digestion of different typologies (n = 7) of canned tomatoes. A comprehensive evaluation of the polyphenolic profile of digested and not digested samples was ascertained by ultra-high-performance liquid chromatography combined with high-resolution Orbitrap mass spectrometry. The results highlighted a considerable content of rutin (1.191–9.516 mg/100 g), naringenin (0.359–1.452 mg/100 g), chlorogenic acid (1.857–11.236 mg/100 g), and lycopene (50.894–222.061 mg/kg) in the analyzed matrices. After in vitro gastrointestinal digestion, large variability, losses and low recovery were recorded. An appreciable percentage of rutin (30.7%), naringenin (29.6%), chlorogenic acid (25.8%), and lycopene (varied between 9.3 and 20%) remained bioaccessible after the in vitro gastrointestinal digestion. Our study could be a valid support to evaluate which content of bioactive compounds could be really bioaccessible to exercise beneficial effects on human health.
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GRAPHICAL ABSTRACT.


INTRODUCTION

Tomato (Solanum lycopersicum L.) is one of the most produced vegetables in the world, with an annual production of 186, 821 million tons. According to latest data reported by the Food and Agriculture Organization (FAO), Italy ranks 4th in world production of tomato and its products, with an annual production of 6,248 million tons, 27.4% of overall European amount in the year 2020. Although it is commonly consumed as fresh, more than 80% of its consumption derives from processed products (1, 2). The Italian consumption of preserved whole tomatoes or in pieces corresponds to 34 g per capita/day (3).

Consumption of fresh or processed tomato plays an important role in nutrition because of well-established health benefits. Tomato is known as a reliable source of biologically active compounds and essential nutrients owing to the array of phenolics and carotenoids it contains (4, 5).

Polyphenols are considered one of the most numerous and widely distributed groups of natural products synthesized by plants (6). There is a broad collection of natural products with similar structural properties that include various subgroups of phenolic compounds, essentially divided into flavonoid and non-flavonoid compounds. Flavonoids contain two benzene rings connected by a 3-carbon linking chain from the nearby pyran ring, whereas phenolic acids, non-flavonoid polyphenolic compounds, are substances composed of a phenolic ring and an organic carboxylic acid function (C6-C1 skeleton) (7, 8). Polyphenols have an important impact on reduction in the risk of chronic degenerative diseases and prevention of cardiovascular heart disease, inflammatory effects, and gastrointestinal disorders (9–11).

Non-nutritive phytochemicals such as lycopene, β-carotene, and lutein belonging to the carotenoid class are also present in significant amounts in tomato (12). Carotenoids constitute a polyene chain that is sometimes terminated by rings and may have additional oxygen atoms attached. Carotenoids are responsible for pigmentation of fruits and vegetables, and play an important role in human health because of their powerful antioxidant potential. In particular, they are associated with anti-inflammation, anti-aging, and anticancer, and they have anti-ulcer capacity as well as other chemoprotective capabilities (13).

As widely reported in literature, tomato contains considerable amounts of phenolic acids and flavonoids, such as rutin, naringenin, chlorogenic acid, and carotenoids. Tomato and its derived products represent major sources of lycopene, which is particularly abundant in ripe tomatoes with a concentration ranging between 30 and more than 200 mg per kg of fresh product (14–16).

To confer beneficial effects on health, bioactive compounds need to be bioaccessible before they are bioavailable to reach target tissues after gastrointestinal (GI) digestion (17). Bioaccessibility is defined as the fraction of nutrients released from the food matrix during GI digestion that is available for absorption (18). Several factors, such as food conservation, cooking, combinations of macronutrients, gastric pH, processing and preservation methods, and lytic enzymes, are able to influence the bioaccessibility of bioactive compounds, which, although they are present in the matrix as such, may not be absorbed (19).

Until now, several analytical approaches are being reported for polyphenol determination in tomato (20–23), such as liquid chromatography coupled to mass spectrometry (LC-MS). Recently, ultra-HPLC combined with high-resolution mass spectrometry has represented an optimal choice for appropriate identification and characterization of compounds with reduction in run time and amelioration in peak shape and accuracy (24–26).

Hence, this current study aimed to investigate the antioxidant activity and total polyphenol content of different typologies (n = 7) of commercially canned tomatoes, and evaluate their bioaccessibility during an in vitro GI digestion. In addition, qualitative-quantitative profiling of polyphenolic (n = 43) and carotenoid (n = 3) compounds was performed on extracts and after in vitro GI digestion by ultra-high-performance liquid chromatography coupled to high-resolution Orbitrap mass spectrometry and HPLC-diode-array UV/VIS detector analysis, respectively. To the best of the authors' knowledge, this is the first study that investigated these aspects of Italian canned tomatoes.



MATERIALS AND METHODS


Chemicals and Reagents

Water for chromatography (LC-MS grade) (< 18 MΩ/cm resistivity) used for the experiments was acquired from Merck SpA (Milan, Italy). The acetonitrile (Acn), methanol (MeOH), formic acid (FA), acetic acid (AcOH), ethanol (EtOH), hydrochloric acid (HCl), chloroform, and n-hexane of HPLC grade used for analyses were purchased from CARLO ERBA Reagents (Milan, Italy).

All the salts: anhydrous magnesium sulfate (MgSO4), sodium chloride (NaCl), potassium thiocyanate (KSCN), sodium bisphosphate (NaH2PO4) potassium persulfate (K2S2O8), potassium hydroxide (KOH), sodium hydroxide (NaOH), butylhydroxytoluene (BHT), calcium chloride (CaCl2), sodium bicarbonate (Na2CO3), diamine salt of 2,2'-azino-bis (3-ethylbenzothiazolin-6-sulfonic) acid (ABTS), ferrous chloride, 2,4,6-Tris (2-pyridyl)-s-triazine (TPTZ), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin-Ciocalteu reagent, Trolox 6-hydroxy−2,5,7,8-tetramethylcroman-2-carboxylic acid; and enzymes: α-amylase (≥ 5 units/mg), pepsin from porcine gastric mucosa (≥ 250 units/mg), pancreatin from porcine pancreas (8 × USP), and bile salts were purchased from Sigma Aldrich (Milan, Italy). Hydrophilic polytetrafluoroethylene (PTFE) syringe filters (15 mm; 0.2 μm) were acquired from Phenomenex (Castel Maggiore, Italy).



Sampling

Three batches of seven different typologies of canned tomatoes (n = 7), which included double and triple tomato concentrates, diced tomatoes, peeled tomatoes, crushed tomatoes, tomato sauce, and cherry tomatoes were analyzed. Double and triple concentrate, sauce, crushed are produced from Parma round tomato variety. Peeled tomatoes are produced from the long tomato variety. Diced tomatoes are produced from the “Datterino” tomato variety. Cherry tomatoes are produced from cherry tomato variety. All the typologies were produced with 100% Italian tomatoes and were acquired from various shops located in Campania region, Italy. After arrival in the laboratory, all the samples were properly stored at room temperature in original packaging, and the analyses were carried out before the expiration date. Prior to the analyses, the canned tomato samples were homogenized with an Ultra Turrax® instrument (T 25 digital ULTRA-TURRAX®) to obtain a homogeneous sample from all parts.



Moisture Content

Determination of moisture content of the canned tomato samples was performed according to the protocol reported in (4). In short, 5 g of the samples was dried at 70 °C using a laboratory oven for 6 h. Moisture content was determined by weighing the samples after drying. Data were expressed as g/100 g of samples.



Extraction of Polyphenol Compounds From Canned Tomatoes

Extraction of polyphenols was carried out following the procedure reported in (23), with some modifications. Following this method, 5 mL of 80% ethanol acidified with 0.1% formic acid was added to 2 g of the samples. The mixture was mixed for 1 min and subsequently sonicated for 5 min. A freezer pack was placed in a water bath to prevent degradation of bioactive compounds. Afterward, the samples were centrifuged (X3R Heraeus Multifuge, Thermo Fisher Scientific) for 5 min, at 2,800 × g at 4°C. The supernatant was recovered and kept, and the pellet was re-extracted. The pooled supernatant (about 10 mL) was dried using a nitrogen evaporator (Laborata 4000; Heidolph Instruments Italia Srl, Milan, Italy) and then reconstituted with 2 mL of water acidified to 0.1% formic acid. Finally, the extract was filtered with 0.22 μm nylon filters and was ready for successive analyses.



UHPLC Q-Orbitrap HRMS

Polyphenol determination was performed as previously described in (27). The analysis was performed using a UHPLC system (Dionex UltiMate 3000; Thermo Fisher Scientific, Waltham, MA, United States) equipped with a degassing system, a quaternary UHPLC pump, and an autosampler device. Chromatography separation was accomplished with a thermostated (25°C) Kinetex F5 (50 mm × 2.1 mm, 1.7 μm) column (Phenomenex, Castel Maggiore, Italy). Mobile phases consisted of H2O containing 0.1% formic acid (A) and MeOH containing 0.1% formic acid (FA) (B). Chromatographic separation was carried out under the following conditions: 0–0.5 min, 0% B; 0.5–1 min, 0–40% B; 1–2 min, 40–80% B; 2–5 min, 80–100% B; 5–9 min, 100% B; 9–11 min, 100–0% B; 11–13 min, 0% for column re-equilibration. Flow rate was set at 500 μL/min and injection volume at 5 μL. Detection was performed using a Q-Exactive Orbitrap mass spectrometer (Thermo Fisher Scientific, Waltham, MA, United States) operated in positive and negative modes. Full ion MS and all ion fragmentation (AIF) scan events were set. The following settings were fixed in full MS scan mode: scan range 80–1,000 m/z, resolution power of 70,000 full width at half maximum, microscan 1, automatic gain control target 1 × 106, maximum injection time 200 ms, sheath gas flow rate 18, auxiliary gas 3, sweep gas flow rate 0, spray voltage 3.5 KV, capillary temperature 320°C; S-lens RF level 60, and auxiliary gas heater temperature 350°C. In the AIF scan mode, the resolution power was set as: scan range 80–1,000 m/z, resolution power of 17,500 full width at half maximum, microscan 1, automatic gain control target 1 × 105, maximum injection time 200 ms, sheath gas flow rate 18, auxiliary gas 3, sweep gas flow rate 0, spray voltage 3.5 kV, capillary temperature 320°C, S-lens RF level 60, and auxiliary gas heater temperature 350°C. Collision energy (CE) was set at 15, 30, and 45 eV to achieve a representative product ion spectrum. Mass tolerance was fixed at 5 ppm for identification and confirmation of target molecular ions and at 1 ppm for retrospective analysis of data; scan time = 0.10 s and retention time to 30 s. Data processing was performed using the Quan/Qual Browser Xcalibur software 3.1.66.19 (Xcalibur; Thermo Fisher Scientific, Waltham, MA, United States).



Carotenoid Extraction

Extraction of carotenoids was performed following the protocol in (28), with slight modifications. The procedure involves extraction of 1 g of samples, with 6 mL of 0.1% BHT ethanol. After 1 min of vortex, the samples were incubated in a water bath for 5 min at 85°C. Then, 120 μL of an 80% aqueous KOH solution was added, vortexed for 1 min, and re-incubated for saponification for 10 min. Then, the samples were cooled for 5 min in a freezer at −80°C. Addition of 3 mL of hexane and 3 mL of water is followed by centrifugation (X3R Heraeus Multifuge; Thermo Fisher Scientific) for 5 min at 2,800 × g. After centrifugation, the hexane phase was collected. The extraction procedure was repeated two more times, and the supernatants were combined, dried with nitrogen, resuspended in 1 mL of chloroform, and filtered with 0.2-μm nylon filters before analysis.



HPLC-Diode-Array UV/Vis Detector (DAD) Analysis

Carotenoid analysis was performed on the Jasco HPLC Model 2000 Plus Series (Jasco, Cremella, Italy) equipped with a pump (PU-2080), a UV-Vis detector (UV-2075 Plus; Jasco), and an autosampler (AS-2055 Plus; Jasco,). Chromatography separation was carried out using a Gemini C18 (250 mm × 4.6 mm, 100 A, 5 μm) column (Phenomenex, Castel Maggiore, Italy). Mobile phases consisted of acetonitrile as solvent system A and n-hexane, ethanol, and dichloromethane (1:1:1) as mobile phase B. Chromatographic separation was carried out under the following conditions: initial 18% B, increased to 24% B in 8 min, to 42% B in 4 min, and to 61% B in 6 min. The gradient was reduced to 18% B in 4 min and another 5 min for column re-equilibration at 18%. Total run time was 27 min, and flow rate was 1 mL/min. The absorbance of lutein, β-carotene, and lycopene was measured at 450 nm.



In vitro GI Digestion

In vitro gastrointestinal digestion was performed following the protocol reported in (29), with slight modifications. The in vitro GI digestion includes three steps: the oral, gastric, and intestinal phases. To simulate the oral phase, 5 g of the samples were combined with 3.5 mL of simulated salivary fluid (SSF), 500 μL of a-amylase solution (1,500 U/mL in SSF), 25 μL of 0.3 M calcium chloride dihydrate, and 0.975 mL of distilled water. Then, the pH was adjusted to 7 using HCl 1 M, and the mixture was incubated at 37°C for 2 min at 150 rpm in a water bath orbital shaker (GFL-1086; Biosigma S.p.A., Venice, Italy).

The oral stage continues with the gastric phase, in which 7.5 mL of simulated gastric fluid (SGF), 1.6 mL of a pepsin solution (25,000 U/mL in SGF), 5 μL of 0.3 M calcium chloride dihydrate, and 0.695 mL of distilled water were added. In this step, the pH was adjusted to 3 with HCl 6 M, and the mixture was incubated at 37°C for 2 h at 150 rpm in the water bath orbital shaker (GFL-1086; Biosigma S.p.A., Venice, Italy).

Finally, in the intestinal phase, 11 mL of simulated intestinal fluid (SIF), 5 mL of pancreatin solution (800 U/mL), 2.5 mL of bile salts (160 mM), 40 μL of 0.3 M calcium chloride dihydrate, and 1,310 μL of distilled water were added. It is suggested to verify the pH value and adjust it to 7 using NaOH 6 M. The mixture was incubated at 37°C for 2 h at 150 rpm in the water bath orbital shaker (GFL-1086; Biosigma S.p.A., Venice, Italy).

At the end of the intestinal phase, the mixture was centrifuged using X3R Heraeus Multifuge; (Thermo Fisher Scientific) for 5 min at 2,800 × g. The supernatants were collected and freeze-dried, resuspended in methanol, and centrifuged for min at 5,000 rpm; the supernatants without salts were used for further experiments.

The preparation of SSF, SGF, and SIF is schematized in a Table of our previously published scientific study (30).



Total Phenolic Content

Total phenolic content (TPC) was measured on the diluted extract following the method reported by (31). In short, 0.125 mL of polyphenolic extract was added to 0.5 mL of deonized water and 0.125 mL of the Folin–Ciocalteu reagent. After 6 min of incubation, 1.25 mL of 7.5% sodium carbonate solution and 1 mL of deionized water were added to the mixture. After 90 min of incubation under dark conditions and at room temperature, the absorbance was recorded at 760 nm. Autozero was carried out with distilled water. All the experiments were conducted in triplicate. The results were expressed in mg gallic acid equivalent (GAE)/100 g of fresh weight.



Antioxidant Activity

Antioxidant activity was measured by three different assays: the DPPH, ABTS, and FRAP tests. All the experiments were conducted in triplicate. The results were expressed in mmol Trolox/kg of fresh weight.



DPPH Assay

Radical-scavenging activity was determined using the method suggested by (56), with slight modifications. Briefly, 2 mg of DPPH salt were diluted with methanol until to reach an absorbance value at 515 nm of 0.9 (±0.02). Once the working solution was obtained, to 1 mL of the DPPH∙+ solution, we added 200 μL of the diluted sample. Absorbance was measured after waiting for 10 min. Autozero was carried out with methanol.



ABTS Assay

Free radical-scavenging activity was determined with the method previously reported by (32). In short, 9.6 mg of ABTS salt was dissolved in 2.5 mL of deionized water. To this mixture, we added 44 μL of potassium persulfate. The solution was maintained under dark conditions at 4°C for 16 h prior to use. Then, the solution was diluted in ethanol until an absorbance value at 734 nm of 0.7 (±0.02). Once the working solution was obtained, to 1 mL of the ABTS•+ solution, we added 100 μL of the diluted sample. The absorbance was rapidly measured after waiting for 2.5 min. Autozero was carried out with ethanol.



FRAP Assay

Ferric reducing antioxidant power (FRAP) was measured based on the protocol reported in (33), with slight changes. A FRAP solution was prepared by mixing a TPTZ solution (10 mM, in HCl 40 mM), a ferric chloride solution (20 mM, in water), and an acetate buffer (0.3 M; pH 3.6) with a ratio of 1:1:10 (v/v/v). In short, 150 μL of diluted samples were added to 2,850 mL of the FRAP solution. The absorbance was recorded after 4 min at 593 nm. Autozero was carried out with methanol.



Statistical Analysis

The results were expressed as average ± standard deviation (SD) evaluated on three independent replication. Tukey's test was performed to evaluate differences among the different typologies of tested samples. Tukey's test at a level of p < 0.05 was considered significant. Statistical analysis was performed using the software Info-Stat version 2008 (https://www.infostat.com.ar/index.php?mod=page&id=15).




RESULTS


Moisture Content

The moisture content obtained by gravimetric analysis is summarized in Table 1. The moisture content found in different typologies of the tomato samples ranged from 63.8 to 90.4 g/100 g of sample.


Table 1. Levels of moisture content found in the assayed canned tomato samples.
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Quantification and Retrospective Analysis of Polyphenol Compounds in Canned Tomatoes by UHPLC-Q-Exactive HRMS

Bioactive compounds of canned tomato extracts were profiled by UHPLC-Q-Orbitrap HRMS. A total of 25 different polyphenolic compounds such as flavonoids and phenolic acids were investigated by combining MS and MS/MS spectra (Table 2). Analysis of phenolic acids and flavonoids was performed in ESI, producing the deprotonated molecular ion [M-H]. Identification was carried out by comparison to their relative reference pure standards. Quantitative –determination was performed through calibration curves at nine concentration levels (5–0.019 μg/kg).


Table 2. Chromatographic and spectrometric parameters: retention time (RT), chemical formula, theoretical and measured masses (m/z), accuracy, and sensibility for phenolic acids and flavonoids (n = 25) in the investigated canned tomato samples.
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Results of the quantitative analysis are shown in Table 3. Predominant compounds found in all the studied typologies of canned tomatoes were represented by rutin, naringenin, and chlorogenic acid. In particular, chlorogenic acid was in the range of 1.857–11.236 mg/100 g, rutin ranged between 1.191 and 9.516 mg/100 g, and naringenin ranged from 0.359 to 1.452 mg/100 g. As far as phenolic acids are concerned, chlorogenic acid was the compound quantified with highest concentration in double- and triple-concentrated canned tomatoes, followed by the cherry tomato typology, with an average value of 4.852 mg/100 g. With regard to flavonoids, rutin and naringenin were found to have an average value of 4.215 and 0.808 mg/100 g, respectively. With regard to concentration of the other investigated polyphenols, great variability was recorded among the typologies, and the amount determined was significantly lower (p < 0.05).


Table 3. Quantitative analysis of bioactive compounds in the investigated canned tomato extracts (n = 7) performed by UHPLC-Q-Orbitrap HRMS analysis.
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Retrospective analysis allowed for the identification and semi-quantification of 18 further polyphenolic compounds (Table 4). For the quantitative analysis of compounds, for which a reference standard was not available, a representative standard of the same group was selected (rutin and quercetin 3-glucoside). The most representative compounds were represented by caffeic acid hexoside (range 0.101–0.68 mg/100 g; average 0.384 mg/100 g), cryptochlorogenic acid (range 0.094–1.076 mg/100 g; average 0.566 mg/100 g), caffeic acid diesoside (range 0.101–0.68 mg/100 g; average 0.384 mg/100 g), rutin O-pentoside (range 0.106–1.271 mg/100 g; average 0.506 mg/100 g), and floretin diglycoside (range 0.067–0.755 mg/100 g; average 0.426 mg/100 g).


Table 4. Retrospective data analysis, identification, and semi-quantitative analysis of 18 no-target polyphenols in the different types of analyzed canned tomato samples (n = 7).
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Bioaccessibility of Polyphenol Compounds in Canned Tomatoes by UHPLC-Q-Exactive HRMS

Polyphenolic profile was followed during in vitro GI digestion by UHPLC Q-Orbitrap HRMS. The results are reported in Table 5. In particular, the analysis was conducted in the intestinal stage. Among the various analyzed compounds, there were large variability and losses, and low recovery amount was obtained (7.9–69.7%). Rutin was recovered at a percentage of 30.7% (range: 21–45.1%), naringenin at a parcentage of 29.6% (range 18.9–38%), and chlorogenic acid at a percentage of 25.8% (range 15.1–32.9%). Quercetin 3-glucoside and Kaempferol 3-glucoside were not bioaccessible during the GI tract digestion. For protocatechuic acids, Kaempferol and myricetin were reported to have low recovery in the analyzed intestinal stage.


Table 5. Quantitative analysis of bioactive compounds in the investigated canned tomato samples (n = 7) in the intestinal stage performed by UHPLC-Q-Orbitrap HRMS analysis.
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Assessment of bioaccessibility was also performed during GI digestion for semi-quantified compounds. The results reported in Table 6 show that coumaric acid hexoside, caffeic acid hexoside, cryptochlorogenic acid, naringenin C hexoside, rutin O-pentoside, and floretindiglycoside were the most abundant compounds. After GI digestion, rutin hexoside was recovered at a percentage of 53.6%, rutin O-pentosideat a percentage of 63.3% and caffeic acid hexoside at a percentage of 42.2%. Among the other investigated typologies, cherry tomatoes showed comparable concentrations to those of double and triple concentrates for most of the studied analytes.


Table 6. Retrospective data analysis, identification, and semi-quantitative analysis of 18 no-target polyphenols in the different types of analyzed samples (n = 7) in the intestinal stage performed by UHPLC-Q-Orbitrap HRMS analysis.
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Total Phenolic Content and in vitro Bioaccessibility

Total phenolic content was determined using the Folin-Ciocalteu assay, and the bioaccessibility of tomato polyphenols was assessed using an in vitro digestion protocol in order to provide valuable insights into their bioaccessibility. Therefore, the TPC content of non-digested samples were compared with that of digested ones. As shown in Table 7, the TPC content in the digested and non-digested samples was quantified to be in the range of 26.317 to 85.638 and 27.895 to 162.597 mg GAE/100 g, respectively. Moreover, the data highlighted that all the digested samples showed significantly lower TPC values (p < 0.05) than the digested ones, except for diced tomatoes. The percentage of decrease in TPC following GI digestion ranges from 1.6 (diced tomatoes) to 59.7% (triple concentrate), as indicated in Table 7. Furthermore, the data revealed that five out of the seven samples showed a decrease in the bioaccessibility of polyphenols of <20%, whereas the two remaining samples showed a decrease in polyphenol bioaccessibility between about one-thirds (double concentrate) and two-thirds (triple concentrate) compared with the initial TPC values.


Table 7. Total phenolic content of the investigated samples measured in digested and non-digested samples.
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Antioxidant Capacity and in vitro Bioaccessibility

The antioxidant capacity of the assayed samples recorded in the initial samples and following GI digestion was evaluated and compared. Three spectrophotometric methods, namely, DPPH, ABTS, and FRAP, were used to monitor variations in antioxidant capacity. The findings are summarized in Table 8. The data highlighted that the digestion process affected the active compounds present in the assayed samples, resulting in decreased antioxidant activity. In fact, compared to the initial values, the samples subjected to simulated GI digestion ended up with a significantly (p < 0.05) lower antioxidant activity. In particular, the results of antioxidant capacity revealed lowered values ranging from 36.1 to 89.5% (DPPH test), 13.5 to 53.7% (ABTS test), and 40.4 to 80.5% (FRAP test). Furthermore, the triple concentrate sample was found as the sample that showed highest decrease in antioxidant activity measured in all the three tests performed in this study.


Table 8. Antioxidant activity of digested and non-digested canned tomato samples (n = 7).
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Furthermore, strong positive correlations between TPC content and antioxidant capacity measured by DPPH, ABTS, and FRAP were observed for the initial values and following the GI digestion process, except for the DPPH test of the digested samples (R2 = 0.525), as shown in Table 9.


Table 9. Correlation between total phenolic content (TPC) and data obtained by the DPPH, ABTS, and FRAP tests.
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Carotenoids Content and Their in vitro Bioaccessibility

The carotenoid profile of the most representative compounds such as lutein, β-carotene, and lycopene was quantified using an HPLC method. Calibration curves with real standards at 12 concentration levels were employed (regression coefficient > 0.99) for quantitative determination of the assayed compounds. Table 10 shows the results (mean value and SD) obtained from the initial samples and following simulated GI digestion. In addition, the percentage of bioaccessibility (non-digested vs. digested samples) of each investigated carotenoid was also displayed. In the assayed canned tomato samples here, lycopene was found as the most commonly quantified carotenoid, with concentrations ranging from 50.894 to 222.061 mg/kg. As shown in Table 10, after GI digestion, the amount of lycopene is recorded in the range between 9.3 and 20.0% of the non-digested analyzed samples. As far as β-carotene was concerned, the levels of this important carotenoid were quantified in the assayed canned tomato samples at a concentration range of 9.313 to 52.404 mg/kg. After GI digestion, significant decrease in β-carotene was observed, ranging between 72.4 (crushed tomatoes) to 86.1% (triple concentrate). On the other hand, lutein was the less relevant carotenoid, being quantified in the initial canned tomato samples with a concentration range of 0. 654–4.018 mg/kg. In line with the other assayed carotenoids, decreased levels of lutein were observed after gastrointestinal digestion when compared with values of the non-digested samples.


Table 10. Intestinal bioaccessibility of carotenoids evaluated by the HPLC-DAD method in the digested and non-digested canned tomato samples (n = 7).
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DISCUSSION

This study aimed to provide valuable insights into the content of active compounds of different typologies of canned tomatoes. Although many scientific studies have reported several beneficial effects of tomato consumption against various chronic diseases, the bioaccessibility of compounds released during GI digestion has been barely studied to date. The protocol employed to replicate human GI digestion was established recently in the INFOGEST network (29).


Quantification and Retrospective Analysis of Polyphenol Compounds in Canned Tomatoes by UHPLC-Q-Exactive HRMS

Analysis of hydroxycinnamic acids (chlorogenic, caffeic, caffeic O-hexoside, and ferulic acids), flavonols (kaempferol-3-O-glucoside, rutin, and quercetin), flavanones (naringenin), and phenolic acids (protocatechuic acid) by liquid chromatography coupled to mass spectrometry was performed on the seven typologies of canned tomatoes.

Our results are in line with previous findings. Hydroxycinnamic acid derivatives have been found in tomatoes; in particular, chlorogenic acid is the most commonly reported. Rutin and naringenin have been reported as the main flavonoids found in different varieties of tomato. A recent study conducted by (34) investigated the polyphenol profile of tomatoes crude extract. The results showed that the predominant phenolic acid was represented by chlorogenic acid, with a reported concentration range of 6.77–8.65 mg/kg dry material. Rutin content was reported at a concentration range of between 21.07 and 191.18 mg/kg of dry material. Among other polyphenols, ferulic (0.26–1.96 mg/kg dry material), p-coumaric (0.11–0.43 mg/kg dry material), and vanillic acids were also found in the analyzed extracts at a lower concentration.

According to other investigations, (35) reported rutin as the most abundant polyphenol in tomatoes, followed by naringenin, and (36) reported an average range of 119.82 and 36.46 mg/kg fresh weight for rutin and naringenin in tomatoes, respectively. Furthermore, (36) also reported the identification of phenolic acid-O-hexosides, cinnamic acids and derivatives, di- and tricaffeoylquinic acid isomers in tomato. Neochlorogenic and cryptochlorogenic acids, naringenin C-hexoside, apigenin-C-hexoside-pentoside, were also found.

In another study conducted by (37), the polyphenol content of tomatoes was investigated. Chlorogenic acid content fell within the range of 0.79–21.8 mg/kg fresh weight, and naringenin was reported to have a concentration range of 0.5 to 6.9 mg/kg fresh weight.

Moreover, (4) monitored and identified phenolic compounds in tomatoes and different types of processed tomatoes sauce. From this study, it emerges that naringenin is increased in the different types of sauce: from 0.12 to 2.38 mg/100 g dry weight. Rutin content significantly increased in industrial processed sauce when compared to fruit, from 24.8 to 33.8 mg/100 g dry weight (36%). Furthermore, (38) validated a UHPLC–QqQ-MS method for analysis of hydroxybenzoic and hydroxycinnamic acid derivatives, flavonols, and flavanones in various typologies of tomato: fruits, sauce, and juice. Cherry tomatoes had the highest levels of rutin and naringenin. The highest content of naringenin was found in tomatoes sauce, with a concentration level of 206 mg/kg fresh weight. Tomato juice extracts had a lower amount of phenolic compounds than cherry tomatoes and sauce extracts.

During canning or drying process, temperature and processstepscould have an impact on the ultimate content of polyphenols, reducing their concentration in processed meals. Total phenolic and flavonoid content could be released into the surrounding medium. On the other hand, canning could also result in the development of several beneficial substances that are not naturally present in raw foods (39).



Bioaccessibility of Polyphenol Compounds in Canned Tomatoes by UHPLC-Q-Exactive HRMS

It is widely reported that plant-derived foods are a rich source of phytocompounds with high nutritional value. Certainly, the biological function of the human body depends on the real concentration that reaches the site of absorption. Health benefits of phenolic compounds are dependent on how they are released from the matrix, absorbed in the GI tract, and available for metabolism once consumed (40).

Bioaccessibility, the percentage of compounds liberated from the food matrix during GI digestion and rendered available for absorption in the small intestine, can be estimated using an in vitro gastrointestinal digestion technique that includes evaluation of the oral, gastric, and intestinal stages. The bioaccessibility of phenolic compounds is influenced by various factors such as their molecular structure. Polyphenols are subjected to various metabolism reactions such as methylation, glucuronidation, and sulfation after being absorbed (41). Polymeric or glycosylated phenolic compounds must be converted before being absorbed in the small or large intestine. The large intestine represents the site of absorption of some parts of polyphenols. With the exception of flavan-3-ols, which are primarily present in their oligomeric or polymeric forms, most flavonoids are glycosylated in their native form. Flavonoid glycosides are excessively hydrophilic to be absorbed in the small intestine directly by passive diffusion. As a result, they are deglycosylated in the small intestine lumen and passively diffused into enterocytes. The small intestine absorbs dietary phenolic acids, with the rest being changed and absorbed in the colon. Bioactive chemicals are then destroyed by the colon microbiota's esterases, resulting in additional absorbable metabolites (19, 42, 43).

In a study conducted by (44), the bioaccessibility of polyphenolic compounds after digestion was determined. A significant decrease in flavonols (26%) was observed; instead, chlorogenic acid increased (24%). Also, (45) reported an increase (<10%) in total phenolics and flavonoids after the intestinal stage. On the other hand, (46) observed a decrease in all classes of polyphenols during intestinal digestion. (47) reported that after the gastric phase there was a significant decrease in total polyphenol content, and that after the duodenal phase, further increase in total polyphenol content was observed, possibly due to structural transformation of polyphenols.

Even though the amount of phenolic compounds in food is widely recognized, to date, research on the impact of food processing on bioaccessibility is lacking.



Polyphenolic Content and in vitro Bioaccessibility

In order to clarify the polyphenol bioaccessibility of different canned tomato products, in this study, a Folin–Cioclteu assay was performed following in vitro GI digestion, and the results were compared with the initial values.

Our results are consistent with those previously reported by (48), which highlighted higher TPC and antioxidant values in concentrated canned tomato products than canned tomato and juices, due to the higher dry matter found in concentrated tomato products. The data revealed that, with the exception of chopped tomato samples, the TPC values recorded following GI digestion were significantly lower (p = 0.05) than the initial values in all assayed samples. Our data are consistent with the findings reported by (49), who observed a decrease in polyphenol bioaccessibility ranging between 12 and 96% compared to the initial values in tomato-based products. Moreover, (50) reported an increase of polyphenol bioaccessibility in cherry tomatoes as a result of cooking treatment, suggesting that the thermal process may increase the release of phenolic compounds from the matrix.

On the other hand, the antioxidant activity of the canned tomato samples under investigation was measured in both the digested and non-digested samples. The results showed that the samples subjected to in vitro GI digestion had significantly lower antioxidant capacity than the non-digested samples. Similar findings have also been observed by (4), who reported that tomato fruits and industrial and home types of processed sauce showed less antioxidant activity against DPPH, ABTS, and FRAP radical oxidation in the small intestine compared to the initial values. Furthermore, the findings revealed strong correlations between the antioxidant capacity data obtained from the spectrophotometric assays, namely, DPPH, ABTS, and FRAP and the TPC results recorded following simulated GI digestion, highlighting that the performed methods provide valid insights into the active molecules released by the different tomatoes products after the simulated gastrointestinal process.



Carotenoid Content and in vitro Bioaccessibility

A wide range of scientific studies highlighted that consumption of regular tomatoes and tomato products may display protective actions against the incidence of a host of conditions, such as cognitive dysfunction, osteoporosis, cardiovascular disease, and light-induced skin damage (51, 52). The bioaccessibility of tomato carotenoids by in vitro GI digestion has been studied for different typologies of canned tomatoes by the HPLC-DAD method. Our findings showed that lycopene, β-carotene, and lutein content in the triple concentrate was significantly higher than that in the other assayed products, which is due to the lower moisture content found in the triple concentrate samples than in the other typologies of canned tomatoes (Table 1). Moreover, the data clearly indicate that the GI process could affect the bioaccessibility of carotenoid. In this study, carotenoid bioaccessibility varied from 9.3 to 20.0, 13.9 to 27., and 9 to 16.8% for lycopene, β-carotene, and lutein, respectively.

Similar outcomes were highlighted by (14) who reported that lycopene bioaccessibility from canned tomatoes was about 21%, whereas higher bioaccessibility was reported in fresh tomatoes (about 28%) and sun-dried tomatoes (about 58%). However, (53) investigated the lycopene content in processed and crude tomatoes and found that both samples had very low lycopene bioaccessibility, with concentration levels ranging from 0.1 to 1.6%. On the other hand, the reported bioaccessibility values of β-carotene and lutein in fresh tomatoes vary in the literature; the percentage of bioaccessibility observed by (54) was 15.5 and 58.6% for β-carotene and lutein, respectively. In contrast, (55) reported in vitro bioaccessibility of β-carotene from tomatoes paste, and their findings highlighted that the bioaccessibility of β-carotene was approximately 100%.




CONCLUSION

Tomato represents a rich source of dietary nutrients, such as flavonoids, phenolic acids, and represents the major source of lycopene linked with many health benefits, such as anticancer activity and cardiovascular protection effects. The results highlighted the high amount of rutin, naringenin, and chlorogenic acid in the analyzed canned tomato samples. Lycopene content was in the range of 50.894–222.061 mg/kg. Although there is not a daily value for lycopene assumption, based on data from epidemiologic investigations, a regular intake of around 6 mg of lycopene could provide protection. According to these data, consumption of three servings (180 g) of canned tomatoes can contribute approximately to this required intake.

Moreover, the data highlighted that the digestion process affects the active compounds present in the assayed samples, resulting in decreased antioxidant activity, total polyphenol content, and recovery of the analyzed compounds. Until now, only few scientific studies have evaluated the bioaccessibility of phenolic compounds from tomatoes. To our knowledge, this is the first study that investigated the bioaccessibility of polyphenolic compounds in Italian canned tomatoes.

In conclusion, the consumption of tomato and canned derived products could be a valid support to the intake of bioactive compounds. Tomato is an excellent source of nutrients useful in disease prevention and maintaining good health. Since limited information on changes in the bioaccessibility of bioactive compounds during GI digestion of canned tomatoes was reported, our study could be a good support to evaluate which content of bioactive compounds may be really bioaccessible to exercise beneficial effects on human health. Therefore, future in vivo studies are needed to confirm the real bioavailability of plasma and tissue concentrations of active compounds, and to confirm the in vitro results.
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Cardiovascular disease (CVD) includes a group of disorders of the heart and blood vessels that includes numerous problems, many of which are related to the process called atherosclerosis. The present work is aimed to analyze the most relevant studies examining the potentially beneficial effects of tomato products on both CVD prevention and antiplatelet aggregation as well as an European Food Safety Authority health claims evaluation on tomato and tomato products. To date, only one health claim has been approved for a concentrated extract of tomato soluble in water (WSTC) marketed under the patented name of Fruitflow® with two forms of presentation: WSTC I and II, with the following claim “helping to maintain normal platelet aggregation, which contributes to healthy blood flow.” Other studies also demonstrate similar beneficial effects for fresh tomatoes, tomato products and tomato pomace extracts.
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INTRODUCTION

The World Health Organization (WHO) defines cardiovascular disease (CVD) as disorders of the heart and blood vessels originated from a chronic inflammatory vascular process that affects the wall of medium-sized arteries and ends up producing endothelial dysfunction and atherosclerosis. An important intermediate consequence of CVD is endothelial dysfunction, an alteration characterized by the functional loss of the vascular system that precedes the morphological changes characteristic of atherogenesis (1). Longer-term clinical trials examining clinical cardiology outcomes often define major cardiovascular events to include non-fatal myocardial infarction, non-fatal stroke, and CVD death.

According to the latest study published in 2020 by the American College of Cardiology Foundation on the global burden of CVD (Global Burden Disease, GBD) and its risk factors, CVD is the leading cause of death and disability in the world. Despite improvements in our knowledge of the primary prevention of CVD, progress remains muted–particularly among second- and third-world countries with limited access to preventive services. As a result, in the last 30 years (1990–2019), there has been a marked and worrying increase in the number of cases (48.2%), deaths (35.7%) and disability (48.5%) due to CVD (2).

Although CVD is multifactorial, one major risk factor is high plasma concentrations of low-density lipoprotein (LDL). Oxidative stress is another important risk factor because of the imbalance between the body's oxidation-antioxidant processes. In this situation, the endogenous defense system is overcome by the formation of reactive oxygen species (ROS) that interact with different biomolecules (carbohydrates, lipids, proteins, amino acids, and nucleic acids) and cause cellular damage. Platelets also play a relevant role in these conditions, since it has been shown that platelet hyperaggregability is associated with an increased risk of coronary heart disease (1, 3).

For this reason, the role of diet is crucial in the development and prevention of CVD. Recommendations from national and international guidelines are to follow a diet low in saturated fats and rich in bioactive compounds such as antioxidants; to achieve this goal the inclusion of fresh fruit and vegetables, as tomato fruit and tomato products, is a valuable strategy (4).



HEALTH CLAIMS RELATED TO TOMATOES AND ITS BIOACTIVES

Health claims in the labeling, presentation and/or advertising of food products are regulated in Europe by Regulations (EC) No. 1924/2006 of the European Parliament and of the Council; and Commission Regulation (EU) No. 432/2012. According to this legislation, scientific evidence on the role of a food, nutrient and/or compound in a nutritional or physiological function is not sufficient to justify the claim of beneficial effects. The substance must be present in the final product in sufficient quantities and, in addition, the amount of food that is necessary to consume to obtain the nutritional or physiological effect must be reasonable and easily achievable within the context of a balanced diet (5, 6). EFSA establishes that to consider a food or one of its constituents as subject of any health claim, it must demonstrate a beneficial effect. In this case, it would correspond to the maintenance and/or improvement of cardiovascular function, or the reduction of a risk factor for the development of this disease (7).

For lycopene, the main bioactive compound in tomato fruits, EFSA has published five scientific opinions on the approval of claims in relation to cardiovascular health and its risk factors, two of which refer to a water soluble tomato concentrate (WSTC), and three scientific opinions on lycopene (8, 9).

The first opinion was published in 2009 and evaluated the possible cause-effect relationship between the intake of a tomato extract preparation containing lycopene and whey proteins (lycopene-whey complex), and the reduction of the risk of atherosclerotic plaque formation by preventing oxidation of plasma lipoproteins. This beneficial effect was attributed to lycopene, which was sufficiently characterized. Eighty publications were evaluated, including six intervention studies, 22 observational studies, and eight reviews. The Panel reported several limitations in the design of these studies (sample size, duration, dose, absence of control groups, etc.), so a cause-effect relationship between lycopene intake and effect could not be established (7).

The second opinion was published in 2011 and evaluated the possible cause-effect relationship between the intake of lycopene and the protection of DNA, proteins, and lipids against oxidative damage due to its antioxidant capacity, as well as its contribution to normal cardiac function. According to the NDA Panel, lycopene was sufficiently characterized, and its main dietary sources corresponded to tomato and its derivatives. While a large number of scientific studies were provided in support of the health claim, many studies did not include original data since they were narrative reviews and consensual opinions. Other studies included results not related to the alleged effects or were focused on other bioactives such as carotenoids or antioxidant vitamins, alone or in combination with lycopene. In addition, none of the studies demonstrated a significant effect of lycopene on reliable markers of oxidative damage vs. controls. Finally, there was inconsistency in the provided studies that showed either no, negative, or positive associations between lycopene (either intake and/or plasma concentrations) with the risk of CVD. For all of these reasons, EFSA concluded that a cause-effect relationship could not be established between the intake of lycopene and its proposed beneficial effects (5).

The third opinion was published in 2015 and evaluated the possible cause-effect relationship between a lycopene preparation (named L-tug) obtained from an oleoresin extract from ripe tomato fruits mixed with other ingredients, and the reduction of the concentrations of plasma LDL-cholesterol. As it is a novel formulation, very limited information was provided from eight unpublished human intervention studies. The NDA Panel reported several limitations in the design of these studies, such as the absence of randomization and the lack of consideration of certain important methodological aspects, so that a cause-effect relationship could not be established between the intake of the lycopene preparation L-tug and the alleged effect (10).

Consequently, and according to the EFSA scientific opinions described above and published in 2009, 2011, and 2015, there has been insufficient scientific evidence to corroborate the alleged effects of lycopene on cardiovascular health and its risk factors for translation to published health claims on CVD and related outcomes to date.

This review is therefore aimed to review and analyse the scientific evidence for tomato products on CVD prevention and its anti-platelet effects in the context of its potential health claims according to EFSA requirements (Figure 1):

- Provide information proving that the consumption of the food/constituent (tomato-based product) reduces (or beneficially affects) platelet aggregation.

- Human clinical trials performance in subjects with platelet activation during sustained exposure to the food/constituent (at least 4 weeks).

- Use of valid markers: the percentage of inhibition in platelet aggregation should be measured using light transmission aggregometry (LTA) according to well-accepted and standardized protocols.
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FIGURE 1. Scheme of the scientific evidence on the relationship between tomato and lycopene consumption, and antiplatelet aggregation effect.




METHODOLOGY: LITERATURE SEARCH

An extensive literature search in the following platforms and databases was performed in the years ranging from 2011 to 2021:

- Official digital platforms of the organizations involved in European food legislation: European Commission (European Commission, CE); European Parliament and Council of the European Union (European Parliament and Council of the European Union) and European Food Safety Authority (European Food Safety Authority, EFSA).

- PubMed database [https://pubmed.ncbi.nlm.nih.gov] following EFSA's approach was conducted. In a first search, the selected keywords were “tomato” and “cardiovascular disease,” in the second search the keywords used were “tomato” as well as the WHO disorder classification: “coronary heart disease,” “cerebrovascular disease,” “peripheral arterial disease,” “rheumatic heart disease,” “congenital heart disease” and “deep vein thrombosis.” In the third search, the following keywords were used: “tomato,” “platelet” and “antiplatelet.”



EFSA TOMATO AND LYCOPENE HEALTH CLAIMS REQUIREMENTS AND STATUS

In order to demonstrate the beneficial effects of tomato product on lipid oxidative damage (lipid peroxidation), EFSA requires in vivo studies performance. In addition, the measurement of the following markers is required: changes in F2-isoprostanes in 24-h urine samples; measurement of oxidized LDL particles in the blood using immunological methods (antibodies) with appropriate specificity and the quantification of phosphatidylcholine hydroperoxides (PCOOH), measured in the blood or tissue by High-Performance Liquid Chromatography (HPLC) (1, 5).

According to the official database of the European Commission “EU Register on nutrition and health claims,” EFSA has evaluated 30 requests for approval of health claims referred to tomatoes and/or lycopene, both as a specific and individual compound, component of a food or constituent of a mixture in a commercial product. The great majority of the requests (24 of 30 requests) correspond to article 13.1 “general function,” while most other requests refer to article 13.5 “new function” (four of 30 requests) based on the latest scientific evidence and/or under the data protection, and article 14.1.a (two of 30 requests) relating to reducing the risk of illness.

Of all the submitted applications, 15 of 30 requests refer to lycopene as a component of tomato extracts or some derivatives (juice, pulp, and sauces) and 11 of 30 requests, relate lycopene with cardiovascular health and/or its risk factors (oxidative damage, high plasma cholesterol concentrations, and formation of atherosclerotic plaques) (11).

Of the 30 applications submitted, 29 obtained an unfavorable scientific opinion and only one health claim was approved, under article 13.5. The approved health claim is for a concentrated extract of tomato soluble in water (WSTC). This extract is marketed under the patented name of Fruitflow® (FF) with two forms of presentation: WSTC I and II. The effect claimed and approved by EFSA consisted of “helping to maintain normal platelet aggregation, which contributes to healthy blood flow” (11). Scientific evidence for Fruitflow ® included 15 studies (8 in humans and 7 in animals) which demonstrated that 37 compounds present in both forms of concentrated tomato extract (mainly nucleoside derivatives, conjugated phenolic compounds, and flavonoid derivatives) could significantly inhibit platelet aggregation (1, 12). Importantly, the 37 bioactive compounds identified in WSTC are naturally found in the starting product (that is, in tomato) and the concentration of soluble solids contained in WSTC roughly corresponds to the existing content in 2.5 tomatoes (13). To verify this information, O'Kennedy et al. (12) quantified the content of the bioactive compounds responsible for the alleged effect and that are present both in Fruitflow® and in tomato extracts and other derivatives (juice, tomato paste). The concentration of nucleoside derivatives and conjugated phenolic compounds was found to be higher in tomato (8,095.6 μg/g and 410.3 μg/g, respectively) compared to the patented WSTC extract (7,874.6 μg/g and 389.2 μg/g). The content corresponding to flavonoid derivatives was slightly lower in tomato (1,802.3 μg/g compared to 2,141.3 μg/g found in WSTC). According to O'Kennedy et al., other products, such as tomato juice and paste, showed slightly lower contents than those quantified in tomato extracts and Fruitflow®.



SCIENTIFIC EVIDENCE ON THE RELATIONSHIP BETWEEN CONSUMPTION OF TOMATOES AND ITS BIOACTIVE DERIVATIVES AND CVD PREVENTION

In our first literature search, with the selected keywords “tomato” and “cardiovascular disease,” we identified a total of 330 studies (167 and 92 in the last 10 and 5 years, respectively). These included four meta-analyses as the studies with the highest level of scientific evidence (14–17) which refer to 17 and 10 clinical trials in the last 10 and 5 years, respectively, as well as 6 systematic reviews (14–19).

The meta-analyses and systematic review carried out by Cheng et al. (14, 15), include 32 studies in humans to examine the possible relationship between plasma levels of lycopene and the risk of CVD. These studies also confirmed a significant reduction in systolic blood pressure (up to 5.66 mmHg) after supplementation with lycopene. Furthermore, Cheng et al. (15) reported that individuals with the highest plasma lycopene concentrations had a 26 and 37% lower risk of suffering a myocardial infarction and CVD mortality, respectively.

Li et al. (16) performed an umbrella review to collectively and systematically integrate individual study data, evaluate information from multiple meta-analyses on all health outcomes, and provide a wide view of the evidence landscape on tomatoes and lycopene. One hundred and seventy four articles were initially found, but only 17 articles with 20 health outcomes were identified based upon stringent eligibility criteria. Results showed that tomato intake is inversely associated with coronary heart disease mortality and CVD. The authors concluded that tomato or lycopene intake was generally safe and beneficial for multiple health outcomes in humans, but the quality of the evidence was not high.

Finally, Rattanavipanon et al. (17) conducted a systematic review and network meta-analysis on the effects of tomato intake, lycopene intake, and related food products on blood pressure in eight studies (N = 617 individuals), including seven trials (N = 501 individuals) in the analysis of systolic and diastolic blood pressure outcomes, respectively. Tomato products included standardized tomato extracts, a tomato- containing product without lycopene, and synthetic lycopene. Results showed that a standardized tomato extract significantly decreased systolic blood pressure compared to placebo, whereas the effect on diastolic blood pressure was not significant. In addition, other tomato products did not show consistent and significant effects on both systolic and diastolic blood pressure.

We then performed a second literature search using keywords like “tomato” as well as the WHO disorder classification (Table 1) results in: “coronary heart disease” (44 studies), “cerebrovascular disease” (28 studies), “peripheral arterial disease” (two studies) and “deep vein thrombosis” (one study).


Table 1. Summary of the studies found in PubMed by using the key words: “tomato” and the different types of CVD, according to WHO classification.
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SCIENTIFIC EVIDENCE ON THE RELATIONSHIP BETWEEN TOMATO AND LYCOPENE CONSUMPTION, AND ANTIPLATELET AGGREGATION EFFECT

The literature search conducted in this review using the official Pubmed database and the keywords: “tomato,” “platelet” and “antiplatelet” resulted in a total of 29 studies. Most of them were reviews and included only seven original clinical trials, (12, 20, 22–26) (Table 2).


Table 2. Characteristics of the clinical trials found in PubMed by using the keywords: “tomato,” “platelet,” “antiplatelet,” and its compliance with EFSA requirements for anti-platelet effect health claim.
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The information included in the most recent reviews (1, 27–31), and the clinical trials are discussed below.

Regarding the evidence on the beneficial effects of tomato products consumption in healthy people, Sesso et al. (32) conducted a prospective cohort study examining the intake of tomato and tomato juice in 27,267 healthy women free of baseline CVD or cancer. Results indicated that those subjects with a weekly consumption equal to or >10 servings of tomato and tomato products had lower concentrations of total triglycerides, low-density lipoprotein (LDL) cholesterol, and glycated hemoglobin (HbA1c), biological markers of cardiovascular risk. Li et al. (33) conducted a study with 25 young women (20–30 years old) who consumed 280 ml of tomato juice per day for 2 months. A significant reduction in plasma cholesterol levels was observed in all women, as well as an increase in the concentration of adiponectin, a hormone with anti-inflammatory and antiatherogenic properties that modulates the synthesis of nitric oxide (essential in endothelial function) and the proliferation of smooth muscle cells (present in blood vessels, among others). In addition, adiponectin protects against LDL oxidation. An in vivo study carried out by Hsu et al. (34) showed that the consumption of tomato paste for 8 weeks contributed to the reduction of plasma concentrations of total and LDL cholesterol, as well as an increase in plasma high-density lipoproteins (HDL) cholesterol and the activity of antioxidant enzymes such as catalase, superoxide dismutase, and glutathione peroxidase.

Burton-Freeman et al. (35) suggested that the consumption of tomato products could also attenuate the oxidation of LDL. This beneficial effect was observed in 25 individuals after eating foods with a high fat content. Postprandial oxidative stress was mitigated by the consumption of these tomato derivatives. Similarly, a decrease in lipid peroxidation, as well as an improvement in the general antioxidant status, was observed by García-Alonso et al. (36) in 18 healthy women who consumed tomato juice for 2 weeks. Xaplanteris et al. (37) also reported this effect in 19 individuals who consumed 70 grams of tomato paste during the same period. The results demonstrated a reduction in oxidative stress and an improvement in endothelial function; the latter is essential to maintain an adequate functioning of the cardiovascular system.

Different scientific studies have suggested that lycopene, as main bioactive compound in the tomato, can exert different beneficial physiological effects for improvements in cardiovascular health via platelet aggregation and related vascular mechanisms. For example, Hsiao et al. (38) systematically examined the effects of lycopene in the prevention of platelet aggregation and thrombus formation and proposed two mechanisms of action through the inhibition of the activation of the enzyme phospholipase C and the synthesis of cyclic guanosine monophosphate (GMP-c). Fuentes et al. (39) verified in vitro that tomato product intake with a higher concentration of lycopene increased the inhibition of platelet activity induced by various aggregating agents such as adenosine diphosphate (ADP), collagen, arachidonic acid, and the thrombin receptor activator peptide-6 (TRAP-6).

Several studies additionally support an association between plasma and tissue levels of lycopene and both pre-clinical and clinical cardiovascular outcomes. Kong et al. (40) also suggested a beneficial effect of lycopene in the early stages of development and progression of atherosclerosis, as well as in the thickness of the intima-media layer of the carotid artery, a parameter that allows quantifying the level of arterial thickening in preclinical phases of cardiovascular disease. Müller et al. (41) highlighted the powerful antioxidant activity of lycopene that could protect endothelial cells against oxidative stress and prevent the formation of foam cells in the early development of atheroma plaque. Sawardekar et al. (42) indicated that lycopene can exert an antiplatelet effect. Different concentrations of lycopene (4–12 μmol/L) were able to in vitro significantly reduce platelet aggregation induced by two aggregating agents, ADP, and collagen. This observed effect was comparable to that exerted by one of the best-known antiplatelet drugs, aspirin. The combination of 4 μmol lycopene/L with 140 μmol aspirin/L showed better results than a single dose of 140 μmol aspirin/L. Phang et al. (43) found an inverse association between plasma and tissue levels of lycopene and the incidence of acute coronary disorders, development of early atherosclerosis, and mortality from heart disease. In addition, Thies et al. (44) showed that subjects with higher lycopene concentrations had a lower risk of suffering a myocardial infarction (59%) and showed a significant improvement in HDL functionality enhancing HDL-antiatherogenic properties.

Clinical trials have also supported the potential beneficial cardiovascular effects attributed to lycopene described above. Klipstein-Grobusch et al. (45), Verghese et al. (46), Kim et al. (47), and Riccioni et al. (48) suggested that lycopene may reduce the risk of atherosclerosis, either directly by attenuating LDL oxidation or indirectly by acting on other cardiovascular risk factors, such as cholesterol. Gajendragadkar et al. (49) conducted a study with 72 individuals, half of them healthy and the other half-undergoing drug treatment because of CVD. There was an improvement in endothelial function in those patients with previous pathologies who ingested a daily amount of 7 mg of lycopene for 2 months. Kim et al. (50) also observed a similar improvement among 37 men with a daily intake of 15 mg of lycopene during the same 8-week follow-up period. These effects for lycopene were attributed to the ability of this bioactive to significantly mitigate oxidative stress and reduce systolic blood pressure.

Other authors have reported a decrease in various cardiovascular risk factors after supplementation with tomato extracts and their derivatives. McEwen (51), Rodríguez-Azúa et al. (52), Palomo et al. (53), Fuentes et al. (39), and Yamamoto et al. (54) suggested that supplementation with tomato extracts may have an antiplatelet effect in vitro, in vivo and/or in humans; or even a thrombolytic activity in some tomato variety studied. Both observed activities are very important to avoid the formation of thrombin and, if they have already formed, their dissolution to prevent more serious cardiovascular accidents such as embolisms.

As for WSTC, Uddin et al. (26) carried out a clinical trial with 12 prehypertensive patients who were administered a 150 mg dose of WSTC per day. After 24 h, a significant reduction in blood pressure and platelet aggregation was observed compared to the control group. Likewise, Krasińska et al. (20) indicated a significant hypotensive effect for 213 mg/day of standardized tomato extract administered for 4 weeks in 32 patients with at least high cardiovascular risk based on the European Society of Cardiology (ESC) and the European Society of Hypertension (ESH) in 2013 (55). More recently, O'Kennedy et al. (29) found that daily supplementation with Fruitflow® tomato extract reduces platelet aggregation in humans in response to different cofactors, molecules, and enzymes (ADP, collagen, arachidonic acid, and thrombin) involved in platelet activation. Furthermore, the authors suggested a possible beneficial effect of this tomato extract on some cardiovascular risk factors after intense physical activity that promotes a strong inflammatory response and platelet activation. The effect appeared more pronounced among 6 untrained individuals that had Fruitflow® 90 min before the performance of intense physical activity and significantly reduced markers of inflammation, coagulation, and platelet aggregation compared with controls.

Palomo et al. (25) conducted a pilot study to test whether a tomato pomace extract (by-product) affected platelet aggregation in healthy humans. Tomato pomace extract contains flavonoids as coumaric acid, floridzin, floretin, procyanidin B2, luteolin-7-O-glucoside, kaempferol, and quercetin; as well as nucleosides (adenosine, inosine, and guanosine). The study showed that the daily consumption of 1 g of aqueous extract of tomato pomace for 5 days exerted an inhibitory activity on platelet aggregation.

More recently, investigators have focused their efforts on the role of nutrients and bioactive compounds in helping the immune system to fight against COVID-19 through the diet (56). O'Kennedy and Duttaroy (57) suggest that targeting platelet hyperactivity in the early stages of COVID-19 infection may reduce the immunothrombotic complications of COVID-19 and subdue the systemic inflammatory response. As a result, we believe that the bioactive compounds contained in tomatoes, tomato food products or extracts could meaningfully contribute and promote antioxidant and antiplatelet effects in the human body to complement existing established pharmacologic interventions for the primary and secondary prevention of CVD.



CONCLUSIONS

With regard to the association between tomato products, cardiovascular disease prevention and antiplatelet aggregation, in order to obtain EFSA approval for a related health claim, main research gaps are related to the lack of intervention studies on healthy humans (those with no history of serious disease or hemostatic disorders). At present, with the exception of WSTC studies, most of the clinical trials are performed on individuals with some CV risk factor. With independence of study duration which can be easily fit the 4 weeks required, other difficulty is the use of valid markers to prove the percentage of inhibition in platelet aggregation according to EFSA which should be measured using light transmission aggregometry (LTA) using well-accepted and standardized protocols. Finally, as all components found in the tomato extracts are originally in fresh tomato and tomato products, very convenient and appreciated food products by consumers, future directions on this research topic could be focused on the study of mechanism by which tomatoes and tomato products contribute to cardiovascular health to be considered valued as functional foods.
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Tomatoes (Solanum lycopersicum L.) are good source of several biologically active compounds and antioxidants, especially lycopene, phenolic compounds, and vitamins. Tomatoes are found all over the world and are cultivated in a wide variety of environmental conditions. Light-emitting diode (LED) lamps are increasingly being used in the cultivation of tomatoes due to their cost-effectiveness and wide range of possibilities to adapt the spectrum of light emitted to the needs of plants. The aim of this study is to evaluate the effect of different additional lighting used in the greenhouse on the accumulation of biologically active compounds in different varieties of tomato fruit. Chemical composition—content of organic acids, lycopene, total carotenoids, total phenolics and flavonoids as well as dry matter, soluble solids content, and taste index were determined in five tomato cultivars (“Bolzano F1,” “Chocomate F1,” “Diamont F1,” “Encore F1,” and “Strabena F1”), which were cultivated in greenhouse in an autumn-spring season by using additional lighting with 16 h photoperiod. Three different lighting sources were used: LED, induction (IND) lamp, and high-pressure sodium lamp (HPSL). Experiments were performed during 3 years. Results showed that tomato varieties react differently to the supplemental lighting used. Cultivars, such as “Encore” and “Strabena,” are the most unresponsive to supplemental light. Experiments have shown that HPSL stimulates the accumulation of primary metabolites in tomato fruit. In all the cases, soluble solids content was 4.7–18.2% higher as compared to other lighting sources. As LED and IND lamps emit about 20% blue-violet light, the results suggest that blue-violet light of the spectrum stimulates the accumulation of phenolic compounds in the fruit by 1.6–47.4% under IND and 10.2–15.6% under LED compared to HPSL. Red fruit varieties tend to synthesize more β-carotene under supplemental LED and IND light. An increase of blue promotes the synthesis of secondary metabolites.

Keywords: tomatoes, LED, HPSL, lycopene, taste index, phenols, flavonoids


INTRODUCTION

As understanding of the importance of diet in ensuring quality and sustainability of human life grows, the pressure on the agricultural sector as a basic element in securing food quality is increasing. Tomatoes, as the second most grown vegetable [according to the Food and Agriculture Organization (FAO) statistics for 2019], are an important part of the cuisine of almost every nation. The limited caloric supply, relatively high fiber content, and presence of mineral elements, vitamins, and phenols, such as flavonoids, make the tomato fruit an excellent “functional food” providing many physiological benefits and basic nutritional requirements (1). The biochemically active substances found in tomatoes, mainly due to their high antioxidant capacity, are recognized not only for the general improvement of health, but also as a therapeutic option against various diseases, such as diabetes, heart diseases, and toxicities (2–4). Ripe tomato fruit contains an average 3.0–8.88% dry matter, which consists of 25% fructose, 22% glucose, 1% sucrose, 9% citric acid, 4% malic acid, 8% mineral elements, 8% protein, 7% pectin, 6% cellulose, 4% hemicellulose, 2% lipids, and the remaining 4% are amino acids, vitamins, phenolic compounds, and pigments (5, 6). The composition of these compounds varies depending on genotype, growing conditions, and fruit development stage. Tomato plants are highly sensitive to environmental factors, such as light conditions, temperature, and the amount of water in the substrate, which lead to changes in plant metabolism, which, in turn, affect the quality and chemical composition of the fruit (7). Environmental conditions affect both the tomato physiology and the synthesis of secondary metabolites. Plants grown under stress conditions react by increasing their antioxidant properties (8).

The origin of tomatoes as a species is linked to the Central American region (9) and techniques, such as the construction of greenhouses to supply the necessary temperature and light for tomatoes, are often required to provide the necessary agroclimatic conditions, especially in the temperate climatic zone and during the winter season. Under such conditions, light is often the limiting factor for tomato development. Supplementary lighting during winter and early spring seasons allows producing high-quality tomatoes during the low solar irradiance period (10). The use of lamps with different wavelengths cannot only ensure a sufficient tomato yield, but also change the biochemical composition of tomato fruit. For the last 60 years, high-pressure sodium lamps (HPSLs) have been used in the greenhouse industry due to their long operating life and low acquisition costs (11). However, in the last years, light-emitting diodes (LEDs) have become increasingly popular as a more energy-saving alternative (12). Supplemental LED has been used as an efficient light source to meet the demand for tomatoes production. Lycopene and lutein contents in tomatoes were 18 and 142% higher when they were exposed to the supplemental LED lighting. However, β-carotene content did not differ between the light treatments (12). LED blue and red light increased lycopene and β-carotene content (13), resulting in the early ripening of tomato fruit (14). Soluble sugar contents of the ripe tomato fruit were decreased by longer far-red (FR) light durations (15). Analogous conclusions were drawn in the study by Xie: red light induces lycopene accumulation, but FR light reverses this effect (13). There is less information on the effects of blue light on tomato fruit development, but studies show that blue light has a lesser effect on the amount of biochemical compounds in tomato fruit, but more on process stability. For example, Kong and others have found that blue light is better used to prolong the shelf-life of tomatoes, as blue light significantly increases the firmness of the fruit (16), which essentially means that blue light slows down the ripening process, which leads to an increase in amount of sugars and pigments. The use of greenhouse coverings as a means of regulating the composition of light proves a similar pattern. The use of a coating with a higher red and lower blue light transmission increases the lycopene content by about 25%. In combination with a photoperiod increased from 11 to 12 h, the amount of lycopene increases by about 70% (17). It is not always possible in studies to accurately distinguish the effect of factors on changes in the chemical composition of tomato fruit. Especially, in greenhouse conditions, the composition of the fruit can be increased by elevated temperatures or reduced water levels. In addition, these factors may correlate with the genotype-specific to the variety and development stage (1, 18). Water deficit may benefit tomatofruit quality due to increased levels of total soluble solids (sugars, amino acids, and organic acids), which are major compounds accumulated in fruit. A rise of soluble solids improves the quality of fruits because it affects the flavor and taste (8).

Despite the reported effects of light spectrum on the accumulation of plant metabolites, the wider knowledge of different spectrum effects for improving the quality of tomatoes is required. Accordingly, the aim of this study is to evaluate the effect of additional lighting used in the greenhouse on the accumulation of primary and secondary metabolites in different tomatoes varieties. Changes in the spectral content of lighting system can alter the composition of primary and secondary metabolites in tomato fruit. The acquired knowledge will improve the understanding of the effect of light on the relationship between yield and its quality.



MATERIALS AND METHODS


Plant Material and Growing Conditions

Experiments were conducted in greenhouse (4 mm cell polycarbonate) of the Institute of Soil and Plant Sciences, Latvia University of Life Sciences and Technologies 56°39'N 23°43'E during 2018/2019, 2019/2020, and 2020/2021 late autumn-early spring seasons.

Commercially grafted tomato (Solanum lycopersicum L.) cultivars “Bolzano F1” (fruit color—orange), “Chocomate F1” (fruit color—red-brown), and red fruit cultivars “Diamont F1,” “Encore F1,” and “Strabena F1” were used. Each plant had two leading heads and during growth, it was trellised on a high–wire system. Obtained plants, first, were transplanted in black 5 L plastic containers with “Laflora” peat substrate KKS-2, pHKCl 5.2–6.0, and fraction size 0–20 mm, PG mixture (NPK 15-10-20) 1.2 kg m−3, Ca 1.78%, and Mg 0.21%. When plants reached anthesis, they were transplanted into 15 L black plastic containers with the same “Laflora” peat substrate KKS-2. Plants were fertilized once a week with 1% solution of Kristalon Green (NPK 18-18-18) with Mg, S, and microelements during the vegetative phase of plant growth and with Kristalon Red (NPK 12-12-36) with microelements or 1% Ca(NO3)2 during the reproductive phase, in proportion 300 ml per L of substratum.

The water content in the vegetation containers was maintained at 50–80% of the full water holding capacity. Average day/night temperatures were 20–22°C/17–18°C. Maximal temperature during the day (March) did not exceed 32°C and minimal temperature (November) during the night was not <12°C. Temperature has also been measured under the lamps at the distance 50, 100, and 150 cm from the luminaire. It was detected that under the HPSL 50 cm from the luminaire, temperature was 1.5°C higher than under the others. Temperature differences at the fruit level were not detected.



Lighting Conditions

Tomatoes were cultivated in autumn-spring seasons by using additional lighting with a 16 h photoperiod. Three different lighting sources were used: Led cob Helle top LED 280 (LED), induction (IND) lamp, and HPSL Helle Magna (HPSL). At the apex height, plants received 200 ± 30 μmol m−2 s−1 under LED and HPSL and 170 ± 30 μmol m−2 s−1 under IND lamps. Distribution of light radiance is shown in Figures 1, 2. Light intensity and spectral distribution were detected by handheld spectral light meter MSC15 (Gigahertz Optik GmbH, Türkenfeld, Germany, UK).


[image: Figure 1]
FIGURE 1. Spectrum of lighting sources.



[image: Figure 2]
FIGURE 2. Spectral distribution of lighting source.


The used lamps differed in their light spectral distribution. The most similar to sunlight in the red part (625–700 nm) of the spectrum was HPSL. The IND lamp in this part of the spectrum gave 23.5% less light, but LED was close to 2 times more. Orange light (590–625 nm) was emitted mostly by HPSL, green light (500–565 nm) was emitted mostly by IND, blue light (450–485 nm) was emitted mostly by LED, but purple light (380–450 nm) was emitted mostly by IND lamp. When comparing the whole spectrum of visible light, the LED light source should be considered as the closest to sunlight and the IND should be considered as the most inappropriate in terms of spectrum.



Extraction and Determination of Phytochemicals

Tomato fruits were harvested on the full ripeness stage. Fruits were harvested once a month starting in the middle of November and ending in March. All the fruits were counted and weighted. At least, 5 fruits from each variant (for cv “Strabena” −8–10 fruits) were sampled for analyses. Tomato fruits were ground into a puree by using a hand blender. For each evaluated parameter, three replications were analyzed.


Determination of Lycopene and β-Carotene

To determine the concentration of lycopene and β-carotene, a sample of 0.5 ± 0.001 g from the tomato puree was then weighed into a tube and 10 mL of tetrahydrofuran (THF) was added (19). The tubes were sealed and kept at room temperature for 15 min, shaking occasionally, and finally centrifuged for 10 min at 5,000 rpm. The absorbance of the supernatants obtained was determined spectrophotometrically by measuring the absorbance at 663, 645, 505, and 453 nm and then the lycopene and β-carotene contents (mg 100 mL−1) were calculated according to the following equation.
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where A663, A645, A505, and A453—absorption at corresponding wavelength (20).

The lycopene and β-carotene concentrations are expressed as mg [image: image].



Determination of Total Phenols

A sample of 1 ± 0.001 g from the tomato puree was weighed into a graduated tube and 10 ml of solvent (methanol/distilled water/hydrochloric acid 79:20:1) was added. The graduated tubes were sealed and shaken for 60 min at 20°C in the dark and then centrifuged for 10 min at 5,000 rpm. The total phenol concentration was determined by using the Folin–Ciocalteu spectrophotometric method (21) with some modifications: Folin–Ciocalteu reagent (diluted 10-fold in distilled water) was added to 0.5 ml of the extract and after 3 min add 2 mL of sodium carbonate (Na2CO3) (75 gL−1). The sample was mixed and after 2 h incubation at room temperature in the dark, the absorbance at 760 nm was measured. The concentration of total phenolic compounds was calculated by using the calibration curve and obtained equation 3, and expressed as gallic acid equivalent (GAE) per 100 g of fresh tomato mass.
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where A760–absorption at corresponding wavelength and m—mass of the sample.



Determination of Flavonoids

A sample of 1 ± 0.001 g from the tomato puree was weighed into a graduated tube and 10 mL ethanol was added. The graduated tubes were sealed and shaken for 60 min at 20°C in the dark and then centrifuged for 10 min at 5,000 rpm. The colorimetric method (22) was used to determine flavonoids with minor changes: 2 mL of distilled water and 0.15 mL of 5% sodium nitrite (NaNO2) solution were added to 0.5 mL of the extract. After 5 min, a 0.15-mL of 10% solution of aluminum chloride (AlCl3) was added. The mixture was allowed to stand for another 5 min and 1 mL 1 M sodium hydroxide (NaOH) solution was added. The sample was mixed and after 15 min at room temperature, the absorbance at 415 nm was measured. The total flavonoid concentration was calculated by using calibration curve and Equation 4 and expressed as the amount of catechin equivalents (CEs) per 100 g of fresh tomato weight.
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where A415–absorption at corresponding wavelength and m—mass of the sample.



Determination of Dry Matter and Soluble Solids

Dry matter was determined by drying samples in the thermostat at 60°C.

The total soluble solids content (expressed as °Brix) was measured with a refractometer (A.KRÜSS Optronic Digital Handheld Refractometer Dr301-95) calibrated at 20°C with distilled water.



Determination of Titratable Acidity (TA)

A sample of 2 ± 0.01 g from the tomato puree was weighed into a graduated tube and distilled water was added till 20 mL. The graduated tubes were sealed and shaken for 60 min at room temperature and then centrifuged for 10 min at 5,000 rpm. 5 mL aliquots were titrated with 0.1 M NaOH in the presence of phenolphthalein.

[image: image]

where VNaOH–volume of used 0.1 M NaOH, Vt—total volume (20 mL), and Vs—sampled volume (5 mL).

Results are expressed as mg of citric acid per 100 g of fresh tomato weight. 1 mL 0.1 M NaOH corresponds to 6.4 mg citric acid.



Determination of Taste Index (TI)

A TI was calculated by using equation 6 (23).
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Statistical Analyses

The normality and homogeneity of the descriptive statistics were tested for 354 observations. The Shapiro–Wilk test was used for the evaluation of normality within each combination of variety and lighting treatment. To estimate homogeneity of variances, Levene's test was conducted. The Kruskal–Wallis test was used to examine the differences between lighting conditions. When statistically significant differences were identified, the Wilcoxon post-hoc test with Bonferroni corrections was used for pairwise comparisons. The significance level used in the text, tables and graphs is α = 5%, unless stated otherwise.




RESULTS

Tomato fruit size and fruit biochemical parameters are genetically determined parameters, but cultivation conditions have a significant impact on these features. The largest fruits are harvested from “Diamont” (88.3 ± 22.9 g) and the smallest fruits are harvested from “Strabena” (13.0 ± 3.8 g), which are a variety of cherry tomatoes. The size of the fruit within the variety also varied from the time of harvest. The largest fruits were harvested at the beginning of production and the size of the tomatoes decreased as the plants grew. However, it should be noted that with the increased proportion of natural light at the end of March, tomatoes size slightly increased.

In all three years, the highest tomato yield was harvested using HPSL as additional lighting. The yield decrease under LED's was 16.0%, and under IND - 17.7% compared with HPSL. Different varieties of tomatoes reacted differently to supplemental lighting. Yield increase, although statistically insignificant, were observed for the cv “Strabena”, “Chocomate” and “Diamont” under LEDs. For cv “Bolzano” neither LED nor IND additional lighting was suitable, the reduction of total yield by 25–31% was observed.

In average, larger tomato fruits contain less dry matter and soluble solids, they are not so tasty, and contain less carotenoids and phenols. The factor that is least affected by fruit size is the acid content. A high correlation is observed between the dry matter and soluble solids content and the TI (rn = 195 > 0.9). The correlation coefficient between the dry matter or soluble solids content and the carotenoid (lycopene and carotene) and the phenol content ranges between 0.7 and 0.8 (Figure 3).


[image: Figure 3]
FIGURE 3. Correlations between the fruit parameters of tomatoes.


Experiments have shown that, although the differences in the studied parameters between the lights used are sometimes large, there are few such parameters that would change significantly under the influence of the light source used during the whole growing season and taking into account the variety and three growing seasons (Table 1). It can be stated that tomatoes of all the varieties grown under HPSL have more dry matter (Table 1 and Figure 5).


Table 1. P-values (Kruskal-Wallis test) of the effects of different supplementary lightings on tomato fruit quality (n = 118).

[image: Table 1]


Fresh Weight, Dry Matter, and Soluble Solids

The weight and size of the fruit depend significantly on the growing conditions of the plant. Although there were differences between the varieties, the average fruit of tomatoes growing under induction lamps was 12% smaller than under HPSL or LED. Different varieties seem to react differently to the supplementary LED light. Larger fruits are formed under the LEDs by “Chocomate” and “Diamont,” but the fresh weight of “Bolzano” is on average only 72% of the weight of tomato under HPSL. Fruits of “Encore” and “Strabena” grown under LED and IND supplementary lighting are similar in weight and are 10 and 7% smaller, respectively, than tomatoes grown under HPSL (Figure 4).


[image: Figure 4]
FIGURE 4. Fresh weight (g) of tomato fruits grown under different supplemental light sources.


Dry matter content is one of the indicators of fruit quality. It correlates with the soluble solids content and influences tomatoes taste. In our experiments, the dry matter content of tomatoes varied between 46 and 113 mg g−1. The highest dry matter content (on average 95 mg g−1) was found for cherry variety “Strabena.” Among other tomatoes cultivars, the highest dry matter content (on average 66 mg g−1) was found in “Chocomate” (Figure 5).


[image: Figure 5]
FIGURE 5. Dry matter (g 100 g−1) of tomato fruits grown under different supplemental light sources.


During the experiment, the organic acid content, expressed as citric acid (CA) equivalent in tomatoes, averaged from 365 to 640 mg 100 g−1. The highest organic acid content was found in the cherry tomato cv “Strabena,” an average of 596 ± 201 mg CA 100 g−1, but the lowest organic acid content was found in the yellow fruit cv “Bolzano,” an average of 545 ± 145 mg CA 100 g−1. Organic acid content varied greatly not only between varieties, but also between sampling times; however, on average, higher organic acid content was found in tomatoes grown under IND lamps (exceeding HPSL and LED by 10.2%).

On average, the highest dry matter content was found in fruits grown under HPSL. Under the IND lamp, the dry matter content of tomato fruit decreases by 4.7–16.1%, below the LED of 9.9–18.2%. The varieties used in the experiments are differently sensitive to light. The smallest decrease in the dry matter under different light conditions was observed for cv “Strabena” (5.8% for IND and 11.1% for LED, respectively) and the largest decrease in the dry matter under different light conditions was observed for cv “Diamont” (16.1% and 18.2% respectively).

On average, soluble solids content varied between 3.8 and 10.2 °Brix. Similarly, for dry matter, the highest soluble solids content was detected in cherry tomatoes cultivar “Strabena” (on average 8.1 ± 1.0 °Brix). The tomato cv “Diamont” was the least sweet (on average 4.9 ± 0.4 °Brix).

Supplemental lighting significantly affected soluble solids content of tomato cultivars “Bolzano,” “Diamont,” and “Encore.” Under LED light, soluble solids content in these varieties significantly decreased in comparison with HPSL. The effect of the IND lamp was less. Under this lighting conditions, growing tomatoes of cv “Bolzano” and “Strabena” had on average 4.7 and 4.3% more sugar than under HPSL grown. Unfortunately, this increase is not statistically significant (Figure 6).


[image: Figure 6]
FIGURE 6. Soluble solids (Brix) in tomato fruits grown under different supplemental light sources.


Tomatoes TI varies from 0.97 to 1.38. The tastiest was tomatoes of cv “Strabena,” on average TI was 1.32 ± 0.1 and the less tastiest was tomatoes of cv “Diamont,” on average TI was only 1.01 ± 0.06. High TI has tomato cultivar “Bolzano,” on average TI (1.12 ± 0.06), followed by “Chocomate,” on average TI (1.08 ± 0.06).

On average, the TI is not significantly affected by lighting source, except for cv “Strabena,” where the fruits under IND lamp have the TI increase in comparison with HPSL by 7.4% (LED by 4.2%) in comparison with HPSL and cv “Diamont” under both the previously mentioned lighting conditions decrease by 5.3 and 8.4%, respectively, was detected.



Carotenoids Content

Lycopene concentration in tomatoes varied from 0.07 (cv “Bolzano”) to 7 mg 100 g−1 FM (“Strabena”). Slightly higher lycopene content in comparison with “Diamont” (4.40 ± 1.35 mg 100 g−1 FM) and “Encore” (4.23 ± 1.33 mg 100 g−1 FM) was found in brownish red-colored fruits of “Chocomate” (4.74 ± 1.48 mg 100 g−1 FM).

On average, fruits from plants grown under IND lamps contain 17.9% more lycopene in comparison with HPSL. LED lighting has also promoted lycopene synthesis, but to a lesser extent, by an average of 6.5%. The effect of light sources has varied depending on the cultivar. The largest differences in lycopene biosynthesis were observed for “Chocomate.” The increase of lycopene content under IND compared to HPSL was 27.2% and below LED by 13.5%. “Strabena” was the least sensitive, with changes of 3.2 and −1.6%, respectively, compared to HPSL (Figure 7). Despite the relatively convincing results, the mathematical processing of the data does not confirm its reliability (Table 1).


[image: Figure 7]
FIGURE 7. Lycopene content (mg 100 g−1 FM) in tomato fruits grown under different supplemental light sources.


During the experiment, β-carotene content in tomatoes averaged from 4.69 to 9.0 mg 100 g−1 FM. The highest β-carotene content was found in the cherry tomato cv “Strabena,” an average of 8.88 ± 1.58 mg 100 g−1 FM, but the lowest β-carotene content was found in the yellow fruit cv “Bolzano,” an average of 5.45 ± 1.45 mg 100 g−1 FM.

The significant differences in carotene content were found between varieties grown under different supplemental lighting. Cv “Bolzano” grown under LED shows a significant decrease in carotene content (by 18.5% compared to HPSL), while “Chocomate” has the lowest carotene content just below HPSL in tomato fruit (5.32 ± 1.08 mg 100 g FM−1) and it was increased by 34.3% under LED and 46.4 % under IND lamps (Figure 8).


[image: Figure 8]
FIGURE 8. β-carotene content (mg 100 g−1 FM) in tomatoes cv ‘Bolzano' and ‘Chocomate' fruits grown under different supplemental light sources.




Total Phenolics and Flavonoids Content

The phenol content of tomato fruits varies on average from 27.64 to 56.26 mg GAE 100 g−1 FM (Table 2). The highest phenol content is observed for the variety “Strabena” and the lowest phenol content is observed for the variety “Diamont.” The phenol content of tomatoes varies according to the ripening season of the fruit, so there are large fluctuations between different sampling times. This leads to the fact that the differences between the tomatoes grown under different lamps are not significant.


Table 2. Content of total phenolics [mg gallic acid equivalent (GAE) 100 g−1 FM] and flavonoids [mg citric acid (CA) 100 g−1 FM] in the tomato fruits grown under different supplemental lighting.
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Although significant differences between the supplemental light variants appear only in the case of the cv “Chocomate,” the average flavonoid content of fruits grown under the lamp is by 33.3%, but below the LED by 13.3% higher. Under IND lamps, large differences between varieties are observed, but below LED the variability is in the range of 10.3–15.6%.

Experiments have shown that different tomato varieties react differently to the supplemental lighting used.

It is not recommended to grow cv “Bolzano” under LED or IND lamp because in this lighting, the parameters are similar to those obtained under HPSL or significantly lower. Under LED lamps, the weight of one fruit, dry matter, soluble solids content, and carotene are significantly reduced (Figure 9).


[image: Figure 9]
FIGURE 9. Ratio of the obtained parameters under supplemental light-emitting diode (LED) and induction (IND) lamps to high-pressure sodium lamp (HPSL).


Unlike “Bolzano,” “Chocomate” under LED lighting increases the weight of one fruit and the amount of carotene increases. Other parameters excluded dry matter and soluble solids content are also higher than in fruits obtained under HPSL. In the case of this variety, the induction lamp also shows good results (Figure 9).

For the cv “Diamont,” the indicators that determine the taste properties are significantly reduced under LED light, but the content of pigments and flavonoids is increased (Figure 9).

Cultivars “Encore” and “Strabena” are the most unresponsive to supplemental light treatment. For “Encore,” the only parameter significantly affected by the LED light spectrum is the soluble solids content. “Strabena” is also relatively tolerant on the changes in the spectral composition of light. This could be due to the genetic characteristics of the variety, as this was the only cherry tomato variety included in the experiment. It was characterized by significantly higher all the studied parameters. Therefore, it was not possible to detect changes in the studied parameters under the influence of light (Figure 9).




DISCUSSION

The average weight of the tomato fruit correlates with the intended weight of the variety; though, it is not achieved. This could be due to the cultivation method rather than the quality of the lighting, as less water can be used in a peat substrate, which may reduce the weight of the fruit, but increase the concentration of the active substances and improve the saturation of the taste (24). The smallest fluctuation of the average fruit weight of the “Encore F1” as a result of the lighting source could indicate a tolerance of this variety to quality of lighting. This corresponds with the review of the subject (25). The yield and quality of tomatoes are affected not only by the intensity of the supplemental light used, but also by its quality. Results show that lesser yield formed under IND lamps. However, it could be possible that lesser results showed due to smaller intensity of induction lamps in spite of the fact that main feature of induction lamps is broader green waves band. The data shows that the increase in the amount of red light contributes to the increase in the fresh weight of the tomatoes, but does not affect the increase in the dry matter content. It seems that the red light has stimulated the increase in the water content in the tomatoes. In contrast, the increase in blue light reduces the dry matter content of all tomato varieties. The least sensitive is yellow tomatoes cultivar “Balzano”. Several researches showed that photosynthesis under a combination of red and blue light tends to be higher than under HPS lighting, but fruit yield is equal (12). Olle and Virsile (26) found that red LEDs enhance tomatoes yield and that underlines findings of our research that states that generally with higher addition of red waves increases yield. In similar opinion, Zhang et al. (14) defines that even adding FR light in combination with red LEDs and HPSL increases total fruit number. Supplemental blue and red LED light resulted in the early ripening of tomato fruit. This could indicate that reason for higher fruit mass under LEDs for “Chocomate F1” and “Diamont F1” cultivars, since early ripening led to earlier setting of new fruits. In terms of yield, our data show that it is not the increase in red light that is more important in increasing yields, but the increased proportion of red light over blue light.

Since one of the beloved trait of tomato of the customer is sweetness, it is important to understand the possible ways of enhancing this feature. Nevertheless, it is usually altered by various environmental factors (27). There are evidences that the qualitative composition of light also affects the biochemical content of tomato fruit. Soluble sugar contents of the ripe tomato fruit were decreased by longer FR light durations (15). Kong et al. (16) results showed that blue light treatment significantly led to more total soluble solids. Sugar contents in plants are increased by green, blue and red light (28). Our experiments do not confirm that, because increasing of both blue and red light separately reduced the soluble solids content in most cases. Our results showed that the highest level of soluble sugars were found under HPSL which brings the largest proportion of red light than other lamps and also raises the temperature near the lamps. This correspondences with earlier researches where studies of Erdberga et al. (29) showed that content of soluble sugars, organic acids increase with increasing red waves doses. Similar results were obtained in other studies. A higher mean tomato fruit weight was obtained in plants supplementary lighted with HPS lamps as compared to plants from LED lamps (8.7–12.2% depending on cultivar) (30).

However, studies of Dzakovich et al. (31) proved that supplemental light quality (HPSL via LEDs) did not significantly affect the physicochemical (total soluble solids, titratable acidity, ascorbic acid content, pH, total phenolics, and prominent flavonoids and carotenoids) or sensory properties of greenhouse-grown tomatoes. This shows that the amount of soluble sugars in fruits can be affected not only by individual factors, but also by their combinations. Also in our experiments it was not possible to find regularities between influences of light on the acid content. In particular, future research should focus not only on the relationship between species and light, but also on the relationship between cultivar and light. Dry matter content was higher in “Chocomate F1” and “Strabena F1.” This corresponds with Kurina et al. (6), where on average, the red-brown accessions accumulated more dry matter (6.46%). Studies of Duma et al. (32) showed that when comparing fruits mass and TI, it is observed that higher TI is for smaller or bigger tomatoes. Experiments of Rodica et al. (23) showed that cherry and brownish red-colored tomatoes contain more soluble solids. In this study, it is underlined that quantity of the organic compounds determining the fruit taste depends on the yield of the cultivar.

The exposure to supplementary red and blue LED lighting increases the lycopene and β-carotene content (13, 29, 33, 34). Dannehl et al. (12) studies have shown that lycopene and lutein contents in tomatoes were 18 and 142% higher when they were exposed to the LED fixture. However, β-carotene content was not different between the light treatments. Ntagkas et al. (35) showed that zeaxanthin, the product of β-carotene conversion, increases in tomato fruits under blue and white light. In this study, these statements partly are true only in case of “Bolzano F1” where significantly larger amount of lycopene were found under LED treatment, but β-carotene did respond negatively to this treatment. This could be due to genetic features since “Bolzano F1” is only orange-fruited cultivar in this study. In other studies, with red-fruited and brown cultivars, highest amount of lycopene and β-carotene were found under Induction lamps which do not confirm the trends of previous years (29). Our experiments showed that the lycopene content of all red fruit tomato cultivars increased with increasing of blue light. In contrast, changes in carotene content in different cultivars fail to establish regularities common to all tomato cultivars used in the experiments. This discrepancy points to the need for additional testing of subject in the future. Same pattern of response to light due to cultivar features was observed with amount of phenols and flavonoids. All the red-fruited and brown-fruited cultivars showed better results under IND lamps, while “Bolzano F1” responded with higher results to HPSL and LED lamps with no significant difference. This study corresponds with the findings of Kong: the blue light treatment significantly led to more concentration of individual phenolic compounds (chlorogenic acid, caffeic acid, and rutin) (16). Continuous red light significantly increased lycopene, β-carotene, total phenolic content, total flavonoid concentration, and antioxidant activity in tomatoes (36). In our earlier studies, flavonoids changed fluctuating; therefore, no effects of light wavelength should be noted as significant.

The amount of phenols increased with the growing proportion of blue light provided by LED lamps (29), this corresponds also with our research. It is mentioned in other researchers' works that exposure to either UV or LED light had no effect on total phenolic compounds, despite the fact that both the light treatments are known to modulate the expression of an array of genes involved in the biosynthesis of phenolic compounds and carotenoids (36). There should be mentioned that similarly with the weight of the fruit, there are no significant differences in chemical compounds in “Encore F1” due to light treatment. This allows to declare that cultivar “Encore F1” could be tolerant to composition of light. Our experiments confirm the literature data that the synthesis of secondary metabolites is enhanced by both the quantitative amount of blue light and the increased proportion of blue light in the overall lighting system.

The results obtained show that the chemical components, including the acid-soluble sugars and their ratio, which are responsible for the characteristic taste of the variety, depend primarily on the genetics of the variety. The good taste of tomatoes is characterized not only by the combination of species-specific pigments and biologically active substances, but also by their amount. In particular, the ratio and quantity of acids and sugars characterize the saturated and high-quality taste. In this study, the positive correlation between soluble sugars and titratable acids is ~0.4, which is correlated with research of Hernández Suárez, where the positive correlation between the two indicators was found to be 0.39 (37). In studies of Dzakovich et al. (31), tomatoes were profiled for total soluble solids, titratable acidity, ascorbic acid content, pH, total phenolics, and prominent flavonoids and carotenoids. Their studies indicated that greenhouse tomato fruit quality was only marginally affected by supplemental light treatments. Moreover, consumer sensory panel data indicated that tomatoes grown under different lighting treatments were comparable across the lighting treatments tested. Study suggested that the dynamic light environment inherent to greenhouse production systems may nullify the effects of wavelengths of light used in their studies on specific aspects of fruit secondary metabolism (31). This is partly in line with this study, as the figures obtained do not show clear and unambiguous trends, which allow us to say that one of the lighting is more useful for tomatoes than the others. However, certain lamps may be used for certain varieties, for example, HPSL lamps would be more suitable for “Bolzano F1” and LED lighting is recommended for “Chocomate F1.” This corresponds with study were effect of different geographical latitudes on the chemical properties of tomatoes was studied. Bhandari et al. (38) clarified that while the combination of the position of the sun toward the sky and, consequently, the combination of visible light waves, it plays an important role in changing the chemical composition of tomatoes; there are varieties that are immune to these processes. All these conclusions allow to underline that chemical composition of tomato is primarily dependent on genotype, since cultivars relationships with growing factors, particularly with lighting, are genetically predisposed.



CONCLUSION

Different tomato varieties react differently to the supplemental lighting used. Cultivars “Encore” and “Strabena” are the most unresponsive to supplemental light. For “Encore,” the only parameter significantly affected by the LED light spectrum is the soluble solids content. “Strabena” is also relatively tolerant on the changes in the spectral composition of light. This could be due to the genetic characteristics of the variety, as this was the only cherry tomato variety included in the experiment. It is not recommended to grow orange color fruit cv “Bolzano” under LED or IND lamp because in this lighting, the parameters are at the level of HPSL or significantly worse. Under LED lamps, the weight of one fruit, dry matter, soluble solids content, and β-carotene are significantly reduced. The one fruit weight and the amount of β-carotene of red-brown color fruit cv “Chocomate” under LED lighting significantly increases. Other parameters excluded dry matter and soluble solids content are also higher than in fruits obtained under HPSL.

Experiments have shown that HPSL stimulates the accumulation of primary metabolites in tomato fruit. In all the cases, soluble solids content was 4.7–18.2% higher as compared to other lighting sources.

As LED and IND lamps emit about 20% blue-violet light, the results suggest that this part of the spectrum stimulates the accumulation of phenolic compounds in the fruit by 1.6–47.4% compared to HPSL. The content of carotenoids as secondary metabolites depends on both the variety and the light source. Red fruit varieties tend to synthesize more β-carotene under supplemental LED and IND light.

The blue part of the spectrum plays a greater role in ensuring crop quality. An increase or quantification of its proportion in the total spectrum promotes the synthesis of secondary metabolites (lycopene, phenols and flavonoids), leading to a decrease in dry matter and soluble solids content.

Given the large effect of genotypic variability in the tomatoes and light relations, further study should continue to focus on the combinations of cultivars and different supplemental light spectra to increase the content of biologically active compounds.
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Tomatoes and their by-products are indisputable sources of substances with antioxidants properties. Several factors limit the production and influence the nutritional and antioxidant quality of tomato fruit. However, consumers can benefit from the effects of environmental factors, such as water and hydric stress, UV radiation, agronomic practices, among others, which lead to changes in the content of secondary metabolites in tomatoes. Molecules as phenolic compounds, carotenoids, and biogenic amines are often formed in response to environmental adversities. In this way, the consumption of tomato fruits or their by-products with higher levels of antioxidants may be important adjuvants in the prevention or reduction of diseases. In this mini-review, we will present how pre- and postharvest conditions may influence the content of some bioactive compounds in tomatoes. Furthermore, we will present how some heat processing methods may change the antioxidant content, as well as, the functional and nutritional properties of the final product.
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INTRODUCTION

Tomatoes are widely used for food and beverages. The tomato crop is the largest vegetable crop in the world after potatoes and sweet potatoes. Tomatoes are an excellent source of nutrients and bioactive compounds important for human health, including phenolic compounds and carotenoids. Factors, including genetics, environmental conditions, ripeness, and postharvest conditions may influence the chemical composition and levels of phytochemicals (1).

Carotenoids, phenolic compounds and nitrogen-containing compounds are classified as non-nutritive phytochemicals. Carotenoids have a structure consisting of 40-carbon (C-40) isoprene units. Isoprenoids constitute a very representative group, which includes lycopene, β-carotene, g-carotene, z-carotene, among others (2) (Figure 1). Lycopene is responsible for the red color, and it has higher singlet oxygen quenching potential than β-carotene and α-tocopherol (3).


[image: Figure 1]
FIGURE 1. Reactive oxygen species (ROS) by phytochemical quenching.


Phenolic compounds have one or more aromatic rings with one or more hydroxyl groups and during ripening, chlorogenic acid and quercetin have been described as major compounds in tomatoes. In ripened tomato fruit, naringenin chalcone was described as the major polyphenol (4), while caffeic acid is present in higher levels in red and yellow tomatoes (5). The content and profile of phenolic compounds are different in relation to tomato morphology, that is, phenolic acids are found in all tissues, while flavonoids and derivatives are described in the epidermis (6). The consumption of phenolic compounds is important for health, as they act as anti-atherogenic, anti-inflammatory, anti-allergenic, cardioprotective compounds (7) (Figure 2).


[image: Figure 2]
FIGURE 2. Influence of biotic and abiotic factors on the bioaccessibility and bioavailability of tomato bioactive compounds.


Biogenic amines (BAs) stand out for their antioxidant activity (Figure 1). Some Bas, as spermidine (Spd) and spermine (Spm), can play a protective role against different stresses and are related to the shelf life and quality of tomato fruits (8). Monoamines such as serotonin have also been detected in tomatoes and it was shown content ranging from 132.47 to 266.87 mg/kg, depending on the genotype (9). However, BAs in foods can also have negative impacts on health, especially due to histamine (His) and tyramine (Tyr) content. In tomatoes, His and Tyr may occur at levels ranging from not detected to 17.1 mg/kg and not detected to 6.38 mg/kg, respectively (10). Both His and Tyr were detected in cherry tomatoes but at levels below those considered harmful (His: 0.16–2.26 mg/kg; Tyr: 1.13–1.82 mg/kg) (11). Although other BAs, such as putrescine and cadaverine, do not have a direct toxic effect, they can potentiate the effects of tyramine and histamine, competing with detoxifying enzymes, in addition to being related to the formation of nitrosamines (12).



PREHARVEST FACTORS

The environment in which the crop grows, the relative humidity, temperature, photoperiod, irradiance, soil, and water in combination with seasonal changes play a definitive role in determining the content and the profile of phytochemicals (Figure 2). Preharvest factor may promote changes in the postharvest quality in tomatoes. The selection of tomato genotypes with higher nutritional and phytochemical quality can be obtained as a function of the genotype-environment interaction (13). In contrast, in “TY Megaton” and “Yureka,” there was a reduction of phenolic compounds at the vine- and postharvest-ripened red stages (14). Variations in the profile of phenolic compounds can also occur under vine- and postharvest-ripening conditions, as well as the concentration of some specific phenolic compounds are dependent on the cultivar (15). In hydroponically grown cherry tomatoes ripened from breaker stage there was a rapid decrease in the flavonoids content (55%) compared to on-vine red ripe (16). Furthermore, the level of antioxidant compounds is different depending on the stage of maturity. After the breaker stage, the lycopene content increases reaching maximum values at the ripe-red stage, depending on the cultivar (17).

UV radiation can influence the content of phytochemicals with high antioxidant potential. UV-B (280–315 nm) induces DNA damage and leads to the production of reactive oxygen species. As a defense, the plant may also trigger the production of antioxidant compounds (18). UV-B can alter the citric acid cycle, an important pathway that provides the substrate for the synthesis of phenolic compounds through the phenylpropanoid pathway (19). In greenhouses, UV-B is usually filtered through plastics (opaque to incident UV-B). UV exclusion under a polyvinylchloride (PVC) cover may be responsible for low levels of phenolic compounds in fruits produced in greenhouses (20). Tomatoes grown under a covering that allowed solar UV transmission accumulated more phenols than those grown under a covering material that excluded solar UV (21). In tomatoes grown with doses of supplemental radiation, there was a stimulation of rutin content. However, the use of UV-A or UV-A+B did not influence other phenolic compounds or carotenoids (22).

The temperature during cultivation is a key factor for the levels of some bio-actives. Temperatures during cultivation above 30°C and below 12°C may influence lycopene levels. At higher temperatures, inhibition of lycopene formation can occur and increase the synthesis of other carotenoids, changing the color of the fruits which become more yellow (21, 22). During tomato fruit ripening in high temperature conditions (>30°C) there is an increase in rutin and caffeic acid glucoside (23). In thermotolerant saladette-type tomatoes cultivated at high temperature and in protected cultivation (24), detected high levels of lycopene (up to 2.73 mg/100 g) and β-carotene (1.33 mg/100 g). The consumption of some genotypes may amount to 54.6 and 66.5% of the daily needs of lycopene and β-carotene, considering the minimum recommended (2 mg/day) (25, 26).

Variations in vapor pressure (VP) can affect the growth, flowering and quality of tomato fruits. Low VP (deficit) results in a decrease in growth, a consequence of increased transpiration, in addition to variations in the water potential of the stem, affecting the xylem influx. VP deficit may induce fruit cracking due to the variations in fruit growth and water influx and high VP reduce fruit cracking and promote blossom-end-rot (26). Water stress also directly influences the content of secondary metabolites. It is well-argued that climate change will contribute to increasing water scarcity, and available water resources will need to be used more efficiently. In water deficit, plants tend to present an increase in reactive oxygen species (ROS) and inactivation of enzymes. In water-stressed tomatoes, it was described a decrease in lycopene and β-carotene levels and an increase in chlorogenic acid (27).

Salt stress is currently one of the biggest problems. This occurs due to a lack of water, and it may be a cause of water deficit. In salinity tolerant tomato landraces, there may be an increase in the content of phenolic compounds and carotenoids, as there was an adaptation to the saline condition (28). In saline stress, the increase in the levels of some compounds is due to the osmoregulatory/osmo-protective effect, in addition to scavenging ROS or reactive nitrogen species (RNS) formed in response to the overproduction of free radicals. BAs can scavenge free radicals, acting as membrane protectors against lipid peroxidation and oxidative stress (29). Tomatoes supplied with 80 or 160 mM NaCl and harvested at the ripe stage showed an increase in serotonin (radical scavenging activity) with average of 6.4 μg/g f.w. (30). In response to water stress, Spd and Spm levels increase in un-grafted, grafted, and self-grafted tomato fruits (31). Depending on the genotype, the content ranged from 0.55 to 2.18 mg/g d.w. Spd and 0.18 to 0.95 mg/g d.w. Spm. In water stress-resistant cherry tomatoes, increase in Spd and Spm levels were related to drought tolerance (32). The increase in Spm may be related to the osmotic potential, stomatal opening and closing, or the stimulation of NO production as a way to mitigate stress (33). Spd is described by having protective effect against cancer and metabolic and neurodegenerative disorders (34) and it has been described as delaying aging in humans (35). It is a “caloric restriction mimetic,” inducing biochemical changes similar to caloric restrictions (34). Also, it competes with acetyl CoA for binding to the catalytic site of EP300, decreasing its activity (36) and demonstrating the anticoagulant action of Spd (37).

The content of Spd, Spm, His, and total BAs content were highest in organically grown tomatoes. Hydroponically cultivated cherry tomatoes showed higher levels of phenolic compounds (817.66 mg/kg), total BAs (415.31 mg/Kg), and BAs index (BAI) (applied to determine the loss in quality) (6.63) when compared to fruits from conventional cultivation (total BA = 409.28 mg/Kg and BAI = 1.20) and to organic cultivation (total BA = 186.62 mg/kg and BAI = 0.73) (11). Regardless of the type of cultivation, serotonin was the major BAs, ranging between 167.41 to 385.96 mg/Kg. In tomato ketchup, histamine levels are slightly elevated, i.e., 22 mg/kg (38). Comparatively, the levels of His (0.16 to 2.26 mg/kg) were below the levels considered harmful to humans (500 ppm) (39) or 25 to 50 mg of His per healthy person per meal, established using non-observed adverse effect level (NOAEL) (12). It is worth noting that food intake increases the bioavailability of His, as endogenous His is synthesized from L-histidine by enzyme-dependent histidine decarboxylation in mast cells and basophils, among others (40). When an immune or non-immune stimulus occurs, promoted by viruses or other pathogens, His is released in the body. Some studies suggest that the use of antihistamines may be useful in the treatment of patients with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) (41). The levels of Tyr in tomatoes do not appear to be harmful to human health. Studies describe levels between 0.12 to 0.18 gm/100 g (42), while other describe contents ranging from not detected to 0.31 mg/100 g (43). For a safe diet, Tyr levels should not exceed 600 mg for healthy individuals. For those who are taking a monoamine oxidase inhibitor (MAOI), levels should not exceed 50 mg (MAOI—third generation) and 6 mg for people taking classical MAOI (10).



POSTHARVEST FACTORS


Storage and Postharvest Treatments

Removal of field heat is important as it allows longer shelf life of tomato fruits (Figure 2), as well as storage at low temperatures (4 to 12oC) enhance shelf-life and maintains the nutritional quality (44). Frost/freezing and chilling injuries should be avoided as they promote damage, such as low lycopene (45) and high putrescine content (46), the formation of ice crystals and damage to cell integrity, blotchy coloration (dependent on temperature and exposure time), in addition to phenolic oxidation induced by the release of polyphenoloxidase of vacuole. Storage at low or room temperatures did not influence the serotonin content (30), while exogenous melatonin in tomatoes confer chilling tolerance (47) through proline activation and NO biosynthesis (47).

The edible chitosan coating on tomato fruits induces changes in the anthocyanins and flavonoids, in addition to modifying the antioxidant capacity (48). Tomatoes treated with different concentrations of gum Arabic used as an edible coating did not show an increase in storage life, but treatment with 10% gum Arabic was efficient in maintaining the levels of phenolic compounds, carotenoids, and antioxidant activity until the 10th day of storage at 20°C (49). Due to the content and diversity of bioactives in tomatoes, they have been used as adjuvants in edible coatings. Gelatin coatings incorporated with tomato oily extracts were efficient for preserving the phytochemicals in garambullo fruits (Myrtillocactus geometrizans). In addition, they delayed weight loss as well as changes in pH and soluble solids, among others (50).

Natural preservative agents can be a safe option against the harmful effects of chemical residues applied in postharvest. Exogenous melatonin in postharvest may inhibit the senescence and be related to anthocyanin accumulation in ripened tomato (51), besides from inducing the endogenous melatonin levels (49, 52) and phenolic compounds (52, 53).



Thermal Processing

Heat processing increases the bioavailability and bio-accessibility of carotenoids because, as already mentioned, there is a disintegration of the cell wall and organelle membranes where carotenoids are located (54). Heat denatures the protein-carotenoid complexes that limit the bio-accessibility of carotenoids, favoring their release from the food matrix (55). Thus, thermal processing has a direct effect on the profile and amount of carotenoids in tomatoes. The content of lycopene in raw tomatoes is ~2 mg of t-lycopene/g, and heating (88°C) can induce increases above 150% (52). An increase in cis-lycopene levels has also been described by the authors, although in a lower percentage and varying as a function of cooking time at temperatures below 100°C. At temperatures between 130 and 140°C, a decrease in t-lycopene content occur due to its degradation (53). It is noteworthy that in tomatoes, the bioavailability of lycopene in processed products is higher than in fresh (56).




TOMATO BY-PRODUCTS

Agriculture is one of the biggest generators of waste, representing millions of tons of lost and wasted food resulting from the production and sales for consumption in natura (57). Every year, tomato production generates a considerable amount of vegetable by-products of no commercial value, resulting from several stages which include tomato field waste before harvest and postharvest and from home or industrial processes. It is currently unthinkable that such losses could occur, given the current and future needs of the human population and the finite resources our planet has. In this sense, the use of by-products is fundamental. This is especially true for tomatoes due to their nutritional and phytochemical importance. The residues could be used for the elaboration of new products, such as flours, or be used for the production of new polysaccharides with antioxidant and anticytotoxic activity and for production of biofilms (58).

For the flour, the ideal temperature vs. time must be used for the drying process so that the nutritional and phytochemical quality of the product is preserved. Using field waste and tomato fruit in the late stage of production, it was found that the best drying time and temperature was 55°C for 120 min using forced convection oven (59). The study also analyzed the lyophilized product. Authors detected 11.26 μg/mg of lycopene and 162.82 l μg/mg of phenolic compounds. In the flour, kaempferol and lycopene were the major compounds detected (1.09 and 11.26 μg/mg, respectively). Among the phenolic compounds, those that appeared at the highest levels were naringerin (90.04 μg/mg) from oven-dried and catechin (255.03 μg/mg) from lyophilized by-product. In dried tomato waste, (60) detected ellagic and chlorogenic acids (143.4 and 76.3 mg/kg), and lycopene (510.6 mg/kg) and β-carotene (95.6 mg/kg) were the most abundant phenolic compounds and carotenoids. Syringic acid has been described in tomato processing by-products. It has antimicrobial activity against Staphylococcus aureus (61).

Phytochemicals may be unstable in response to processing conditions such as high temperatures, acidity, oxidation, light, solubility, among others that are used and it is important to study ways to protect the extraction or incorporation of bio-actives in foods to avoid loss of functionality (62). Microencapsulation has shown positive effects for incorporation of bioactive by-products in food. The addition of lycopene in spices increases the antioxidant activity and improves the stability of the bioactive (63).



CONCLUSION

The beneficial effects of tomato and tomato-based products are closely related to the presence and abundance of various biologically active compounds. Agricultural practices may favor the accumulation of phytochemicals. Cultivation techniques, such as the selection of genotypes with target metabolites (e.g. high lycopene or serotonin content), temperature and vapor pressure control and water stress could be used for the production of tomatoes with superior quality and, consequently, for the development of derived products with superior amounts of beneficial compounds. Simple techniques (e.g., cooking) may facilitate the extraction and increase the bio-accessibility and bioavailability of compounds related to the reduction and/or prevention of metabolic and cardiovascular diseases and improve the functioning of the immune system. The study of management techniques in the pre- and postharvest of tomatoes, as well as the by-products generated during the productive system of the culture, becomes essential to guarantee for the population safe food with ideal quality for consumption, in addition to helping to avoid and/or reduce the frequency of food and health crises.



AUTHOR'S NOTE

The mechanisms involved in tomato fruit quality have been extensively investigated by physiologists and geneticists, and the responses to climatic and cultural practices have been widely described. Yet, our ability to manage and improve fruit quality in a context of global change will rely on our capacity to integrate knowledge's and anticipate interactions among genotype, environment and cultural practices.
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The results showed that soil electrical conductivity, (EC2: 7 dS/m) increased soluble solids, lycopene content, total phenolic content, hydrophilic and lipophilic radical scavenging activities (HRSA and LRSA) by 14.2, 149, 20, 46.4, and 19.0%, respectively, compared with control. Under 0.5% spent engine oil (SEO), flavonoid content decreased by 21.7% compared with the control. HRSA and LRSA of fruits subjected to EC2/SEO1 treatment were, respectively, 45.9 and 35.5% lower than control. The a*/b* ratio was positively and significantly (P < 0.01) correlated with β-carotene (R = 0.78), lycopene (R = 0.68), total vitamin C (R = 0.71), α-tocopherol (R = 0.83), γ-tocopherol (R = 0.66), HRSA (R = 0.93), LRSA (R = 0.80), and soluble solids (R = 0.84) suggesting that it may be a promising indicator of fruit quality in areas affected by such constraints. The research revealed that combined stresses induce responses markedly different from those of individual treatments, which strain the need to focus on how the interaction between stresses may affect the functional quality of tomato fruits.

Keywords: carotenoids, flavonoids, phenolic, radical scavenging activity, vitamin C, salt stress, soil pollution, tocopherols


INTRODUCTION

Tomato (Solanum lycopersicon L.) is one of the most important vegetable crops in the world, ranking second just after potato. The fruits are excellent dietary sources of minerals, fibers, vitamins, and several antioxidants, principally the distinctive red pigment lycopene (1). This linear carotene is a powerful scavenger of free radicals, the major driving factor in the pathophysiology of various chronic and age-related diseases (2). Moreover, evidence is emerging on its role as a potential effector in the prevention and therapy of several disorders including spleen inflammation, neuropathy, and dyslipidemia, and also in exerting potential beneficial effects on skeletal muscle metabolism (3, 4). Besides lycopene, tomato also contains many other hydrophilic, and lipophilic antioxidants such as phenolic compounds (mainly phenolic acids and flavonoids), tocopherols, ascorbic, and dehydroascorbic acids contributing to protection against free radicals (5).

Salinization is a major abiotic factor limiting agricultural production worldwide. Salt pollution disturbs plant development by limiting its nutrient uptake and reducing the quality of the water available to the plant. It affects the metabolism of soil organisms and severely reduces soil fertility. High levels of salinity in soils provoke plant withering due to the increase in osmotic pressure and the toxic effects of salts (6).

The effect of saline water irrigation on tomato productivity and fruit quality has been well-defined, indicating that the thresholds of electric conductivity (EC) for the decrease of yield and plant growth are moderately high and differ among cultivars. Recently Ben Ali et al. (7), treating the cultivar (cv.) Rio Grande with salt solutions with EC of 3.5 and 7.0 deciSiemens per meter (dS/m), reported a significant reduction in plant height and root depth, but not in leaf area index, concluding that irrigation with saline is possible for tomato crop within adequate limits. Indeed, within defined EC values, an improvement of ripe tomato fruit quality and taste has been reported under salinity (8, 9). In addition to soil salinization, several pollutants increasingly threaten agricultural areas affecting crop growth, production, and quality (10). More than 50% of the main soil contaminants are petroleum hydrocarbons deriving primarily from accidental spillage during extraction, transportation, and distribution of petroleum and petroleum derivatives, but also from the illicit tapping from pipelines or dumping of spent products. These criminal activities represent a global threat concerning both developing and industrialized countries (11, 12). Actually, between 2010 and 2016, more than 20 pipeline liquid spillage incidents have been recorded each year in Europe and 399 in the United States, while 465 intentional unlawful discharge acts were reported in Italy between 2011 and 2019, which generally resulted in soil pollution (13). In the ScienceDirect database (www.sciencedirect.com), using oil spill and agriculture as keywords, the number of published research items has increased sharply from 175 to 1,353 between 1998 and 2021, suggesting the importance of carefully focusing on the deleterious effect of such problems. In particular, soil and surface water contamination with spent engine oil (SEO) is becoming a prevalent environmental issue in most developing countries (14). SEO reduces soil aeration causing root stress and chlorosis of leaves and leads to an impairment of soil microbial community with deleterious effects on fertility and crop production potential. These deleterious effects have been thoroughly documented on various crops, including maize, peanut, cowpea, bean, gombo, green amaranth, sponge gourd, fluted pumpkin, and pepper (14–20).

To the best of our knowledge, there is no detailed data regarding the effect of salinity and SEO on tomato fruits quality. Thus, this research was carried out to fill this knowledge gap by assessing the impact of individual and combined treatments with saline water and SEO on the main processing traits and functional quality of ripe tomato fruits of the cv. Rio Grande.



MATERIALS AND METHODS


Chemicals

2,20-Azinobis (3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS), ascorbic acid, Rutin, Gallic acid, butylated hydroxytoluene (BHT), NaOH, NaNO2, AlCl3 were obtained from Sigma–Aldrich, Chemical Co., Milan. Other reagents were of analytical grade and purchased from Carlo Erba (Milan, Italy).



Plant Material and Treatments

Certified tomato seeds of the cv. Rio Grande was provided by the germplasm bank of the National Agricultural Research Institute of Tunisia. Rio Grande is a determinate open-pollinated highly productive (97.0–145.4 t/ha) tomato cv. widely grown in Tunisia. It produces large fruits suitable for both fresh consumption and processing with an average weight ranging from 77.0 to 81.2 g and soluble solids content between 5.2 and 5.9°Brix (5). Sowing was carried out on plastic trays in February 2018. A total of four-week-old seedlings were individually transplanted into 20 L pots containing a clay-loamy substrate with 246.2 g/kg clay, 160 g/kg loam, and 290.7 g/kg sand and high levels of the calcareous substance, with pH (7.72), EC (0.19 mS/cm), mineral and organic composition suitable for tomato cultivation. The pots were placed under natural meteorological conditions (Figure 1) in the experimental field of the University of Carthage, with additional watering as required by the experimental design.


[image: Figure 1]
FIGURE 1. Temperature (°C), relative humidity (%), and atmospheric pressure (mBar) data were recorded by the weather station of the National Agricultural of Tunisia (Lat 40°20′ N, Lon 18°07′) of the University of Carthage. The reported values refer to 2018 and cover the entire tomato plant growing season (March–July).


A total of 10 days after transplant, seedlings were exposed to seven different treatments (30 plants/treatment): two salinity levels (EC1: 3.5 dS/m and EC2: 7.0 dS/m, equivalent to 5.46 and 10.93 g NaCl/L, respectively); two levels of SEO [SEO1: 5 ml SEO/L (0.5%) and SEO2: 10 ml SEO/L (1%)], two combinations of saline and SEO levels (EC1/SEO2: 3.5 dS/m, 1% SEO and EC2/SEO1: 7dS/m, 0.5% SEO) and a common control treatment (0.4 dS/m EC and no SEO application). SEO was applied directly around the root zone of tomato plants before irrigation 2–3 times a week throughout seven weeks. Some combined treatments were not considered in the present research as preliminary tests showed that EC2/SEO2 treatment led to plants severely affected in growth parameters and leaves' cover with no fruit set, while EC1/SEO1 treatment gave results similar to SEO1, at least in terms of yield, average fruit weight and visual appearance of fruit cross-sections. The irrigation management was based on monitoring the soil moisture content using a BIOS probe measuring simultaneously the moisture content and temperature. Irrigation was performed manually until the water content of the used substrate reached the field capacity value (34%).



Fruit Sampling

Tomato fruits were collected from each plant at the red stage of ripeness and yield per plant (yield/plant) was determined. A total of 18–20 healthy fresh ripe-red tomato fruits were collected from each bloc and quickly carried to the laboratory. The sampling was performed in triplicate when the red-ripe stage was attained. Bright red-ripe fruits were selected, externally washed with deionized water, cut into small pieces, and homogenized in a blender (Waring Laboratory Science, Torrington, CT, US). The homogenates were frozen at −20°C and used to determine the content of carotenoids, total phenols, flavonoids, vitamin C as well as HRSA and LRSA within the following days to prevent nutrient degradation.



Determination of Total Soluble Solids, Titratable Acidity, and Color Indexes

Brix of freshly prepared juice was used to measure the soluble solid content of tomato fruits. For this reason, some drops of filtered juice were placed on the prism of an Atago PR-100 digital refractometer equipped with automated temperature correction. Titratable acidity was calculated as a percentage of citric acid following titration of the diluted juice using 0.1 M sodium hydroxide solution until reaching 8.1 pH. A Minolta CR-400 (Minolta Corp., Osaka, Japan) was used to estimate the redness a* and b* yellowness color indexes and the a*/b* ratio was consequently calculated.



Analysis of Carotenoid Content

Carotenoids were determined according to the protocol of Daood et al. (21) slightly modified. Briefly, tomato homogenate (2.5 g aliquots) was crushed in a crucible mortar with quartz sand. Subsequently, 20 ml of methanol was added for 1–2 min, and the upper layer was poured into an Erlenmeyer flask. A volume of 50 ml of dichloroethane was then mixed with 10 ml of methanol in a graduated cylinder and mixed softly before and after adding some distilled water drops. The mixture was filtrated in a separating funnel and allowed to evaporate at 70°C until complete evaporation. A volume of 5 ml of analytical grade methanol was mixed with 5 ml of pigment eluents and poured into the same flask then mixed gently, sonicated, filtered using a 0.22 μm membrane syringe, and finally injected into the HPLC (Hitachi Chromaster, Tokyo, Japan) system consisting of a 5,110 Pump, a 5,210 Auto Sampler, a 5,430 Diode Array detector, and a 5,440 FL detector.



Determination of Total Phenolic and Flavonoid Contents

The procedure of Martínez-Valverde et al. (22) was used for the extraction and quantification of total phenolics content. In total, 5 ml of methanol 80% and 50 μl of 37 % HCl were mixed with 0.3 g of tomato homogenate and extracted for 2 h at 4°C under 300 rpm then centrifuged for 20 min at 10,000 g. The Folin–Ciocalteu reagent was used with a 50 μl supernatant sample and the absorbance was measured at 750 nm using a Cecil BioQuest CE 2501 spectrophotometer (Cecil Instruments Ltd., Cambridge, UK), and total phenolics content was expressed as mg of gallic acid equivalent (GAE)/kg fw. Moreover, the procedure of Asami et al. (23) was used to correct the obtained values due to the interference of sugars with phenolic compounds.

Zhishen et al. (24) described a method that was used for the determination of flavonoids content. For this reason, a sample of 0.3 g was extracted with methanol and a volume of 50 μl was diluted with distilled water to attain 0.5 ml, and 30 μl of 5% NaNO2 was poured and 60 μl of AlCl3 (10%) and 200 μl of NaOH (1 M) were added after 5 and 6 min, respectively. The wavelength 510 nm was used to measure the absorbances of the samples using a Cecil BioQuest CE 2501 spectrophotometer (Cecil Instruments Ltd., Cambridge, UK) and the results were expressed as mg of rutin equivalent (RE)/kg fw.



Determination of Total Vitamin C Content

The extraction and quantification of total vitamin C (AsA + DHA) content were carried out according to Kampfenkel et al. (25) on triplicate samples (0.2 g) of homogeneous tomato juice. The absorbance was read at 525 nm in a spectrophotometer (Cecil BioQuest CE 2501) and expressed as mg/kg fw. The linear reading of the standard curve was from 0 to 700 μmol AsA.



Determination of Tocopherol Content

The procedure of Abushita et al. (26) was adopted for the extraction of tocopherols using n-hexane. The separation was performed on Nucleosil 5 mm (250 4.6 mm i.d.) with a mobile phase consisting of 99.5:0.5 n-hexane: ethanol and detected at 295 and 320 nm as the excitation and emission wavelength, respectively, as outlined in Duah et al. (27). α, β, γ, and δ isomers (from Sigma-Aldrich Ltd., Budapest, Hungary) were used for the identification of tocopherols.



Determination of the Radical Scavenging Activity

The radical scavenging activity of the hydrophilic and lipophilic fractions (HRSA and LRSA, respectively) was evaluated utilizing the TEAC assay. The method outlined by Miller and Rice-Evans (28) is widely used for the determination of the radical scavenging activity of fruit, vegetables, and processed products due to its reproducibility and high fidelity across complex matrices. The extraction of the antioxidants from the hydrophilic and lipophilic fractions was performed on 0.3 g of the tomato sample using methanol (50%) acetone (50%), respectively, at 4°C under constant shaking (300 rpm) during 12 h. Tomato homogenate samples were centrifuged for 7 min at 10,000 g, supernatants were used for the measurement of the radical scavenging activity at 734 nm in a Cecil BioQuest CE 2501 spectrophotometer (Cecil Instruments Ltd., Cambridge, UK). Radical scavenging activity was calculated and expressed as μM of Trolox/100 g of fw.



Statistical Analysis

The variations affecting the processing and functional quality of tomato fruits under the applied treatments were evaluated by one-way ANOVA. When a significant difference was detected, the means were compared using the Duncan test (P <0.05). All the statistical comparisons were performed using version 6.1 of SAS software (IBM SPSS Statistics for Windows, Version 20.0. Armonk, NY: IBM Corp., NC, USA). Correlations were examined using Pearson's correlation coefficient (r).




RESULTS AND DISCUSSION


Processing Attributes

The main processing attributes (yield/plant, average fruit weight, total soluble solids, titratable acidity, and a*/b* ratio) of the red-ripe fruits harvested from tomato plants grown under control conditions or exposed to the individual and combined treatments with saline water and SEO are reported in Table 1 and expressed as percent variation with respect to the control in Table 2.


Table 1. Main processing attributes (yield/plant, average fruit weight, titratable acidity, total soluble solids and a*/b* ratio) of red-ripe tomato fruits (cv. Rio Grande) harvested from plants subjected to control conditions (0.4 dS/m EC, no SEO), saline stress (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%), and saline/SEO combinations (EC1/SEO2, 3.5 dS/m/1% SEO; (EC2/SEO1, 7 dS/m/0.5% SEO).
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Table 2. Percent variation compared to the control in yield/pl. (Y/pl.), average fruit weight (Avg. fruit wt.), total soluble solids (TSS), titratable acidity (TA), a*/b* ratio, β-carotene (β-Crt), lycopene (Lyc), total phenolic compounds (TPC), total flavonoids (TF), total vitamin C (TVC), α-, β-, and γ-Tocopherol (α-, β- and γ-T), hydrophilic radical scavenging activity (HRSA) and lipophilic radical scavenging activity (LRSA) under the different applied treatments and their combinations.
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All the evaluated processing attributes were significantly affected by treatments (P <0.05). Salinity and SEO applied individually and in combination, resulted in 27.1–32.7%, 40.3–47.5%, and 52.6–60.9% reduction in yield/plant, respectively, which decreased from the mean yield of 1,201.7 g/plant in the non-treated plant, down to only 466.0 g/plant upon combined exposure to 7 ds/m EC and 0.5% SEO (EC2/SEO1). Similarly, we noticed a reduction of 8–18%, 28–33%, and 40–46% in the average fruit weight, respectively, which decreased from the mean value of 90 g of a control sample; down to 48.66 g under 7 ds/m EC and 0.5% SEO combined exposure (EC2/SEO1). This may result from a drop in water balance/uptake determined by the reduction of soil water potential due to the increase of soluble salts and/or the decrease of soil water holding capacity promoted by SEO (29, 30). The treatments distinctively affected total soluble solids of tomato fruits: EC1, EC2, and SEO1, applied individually, resulted in a 7–14% increase, while, individual application of 1% SEO (SEO2) and both combined treatments (EC1/SEO2; EC2/SEO1) caused a significant (29–77%) decrease compared with the control. According to Botella et al. (8), salinity significantly increases total soluble solids and titratable acidity stimulating the synthesis of soluble sugars (glucose and fructose) and organic acids. Consistently, Yurtseven et al. (31) reported an increase in total soluble solids attaining 7.51 and 10.4 °Brix under 5 and 10 dS/m, respectively, compared with 5.43 °Brix of control fruits of the tomato cv. H2274-Oturak. Sugar and sugar derivative synthesis/accumulation may contribute to satisfy the increasing energy demand required to tolerate the adverse stress conditions and/or, acting as osmolytes, to protect cells and sustain a minimal osmotic balance under water stress conditions determined not only by salinity but also by pollution with high molecular weight polycyclic aromatic hydrocarbons (PAH) (29, 30). In this regard, Molina and Segura (32) reported that sugar metabolisms are activated by the presence of PAH with a consequential increase of glucose, mannose, galactose, raffinose, galactinol, melibiose, and sucrose contents in plant tissues. A decrease in fruit quality and sugar content was, instead, reported in peppers grown in hydroponic systems under a glasshouse exposed to 5 mS/cm salinity possibly determined by the enhancement of respiration rate of stressed fruits (33, 34), confirming that the responses to salinity stress are species specific, or even variety dependent.

With regard to SEO, no literature data are available on its effects on the total soluble solids of tomatoes, neither if applied individually, nor in combination with other stresses. Nevertheless, the observed negative effect on total soluble solids of 1% SEO treatment (SEO2), further amplified by the coexistence of saline stress, can probably be explained by a direct or indirect toxicity effect of the pollutant on the central carbon metabolism of plants. Indeed, SEO contains heavy metals [including lead (Pb), cadmium (Cd), arsenic (As), zinc (Zn), and copper (Co)] which interfere with physiological, biochemical, and molecular processes of living systems (35, 36).

EC and SEO treatments, individually and combined, resulted, respectively, in a 15–53%, 51–69%, and 89–131% increase of titratable acidity compared to control tomato fruits (Table 2), with values ranging from 0.37% (control), up to 0.86% (EC2/SEO1). The observed increase is possibly related to an active accumulation of ions and organic acids produced by the plant under stress conditions. Alterations in the relative concentrations of tricarboxylic acid cycle intermediates, resulting in increased citrate and malate levels but α-ketoglutarate, fumarate, oxaloacetate, pyruvate, and succinate decrease, were reported in response to PAH as a consequence of the overexpression or downregulation of the enzymes of the Krebs cycle and of the mitochondrial respiratory chain (32).

The a*/b* ratio is a suitable parameter to characterize the quality and maturity of tomato fruits (5, 37). EC and SEO treatments applied separately determined, respectively, a 23–40% and 6–7% increase in the a*/b* ratio compared with the control, while the combined treatments prompted an 18–24% decrease (Table 2). Accordingly, an evident discoloration of the mesocarp characterizes the cross-sections of tomato fruit samples grown under EC1/SEO2 and EC2/SEO1 (Figure 2).
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FIGURE 2. Transverse sections of tomato fruits under control (C, 0.4 dS/m), saline (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%) and the combinations (EC1/SEO2, 3.5 dS/m EC/1% SEO; EC2/SEO1, 7 dS/m EC/0.5% SEO).


Stress interactions can be classified as (1) additive, when the response is proportional to the sum of the single applied stresses; (2) synergistic, when it overcomes the sum of the individual stresses; (3) idiosyncratic, when the outcome differs significantly from the stresses applied individually and (4) dominant when the response is similar to that induced by one of the stresses applied individually (38). Our findings hint at differences in the responses to the two assayed stress combinations for the same trait. For average fruit weight and total soluble solids, the response to EC1/SEO2 (3.5 dS/m EC, 1% SEO) and EC2/SEO1 (7 dS/m EC, 0.5% SEO) was, respectively, dominated by SEO and idiosyncratic. However, both stress combinations gave additive responses for titratable acidity, but idiosyncratic for a*/b* ratio.



Carotenoid Content

Ordinary red tomato fruit contains up to 200 mg of lycopene per kg of fresh weight (fw), together with much lower contents of β-carotene and other carotenoids, though with large genotype-associated variations (1, 5). In the pulp and peels of ripe Rio Grande tomatoes grown in an open field, the concentration of lycopene was approx. In total, 100.9 and 423.7 mg/kg fw, respectively (39), while the β-carotene level in the entire fruit homogenate was below 7 mg/kg fw (5). In this study, the level of lycopene in the control fruits was halved with respect to our previous report, while β-carotene remained almost unchanged (46.2 and 8.0 mg/kg fw, respectively) possibly due to the different growing conditions. EC and SEO treatments, either applied individually or combined, prompted significant (P <0.05) variations in the contents of both lycopene and β-carotene, which reached concentrations up to 115.1 and 17.0 mg/kg fw, respectively (Figure 3). In particular, compared with the control, the lycopene concentration was increased by 48–149% and 37–123% by individual EC and SEO treatments, respectively, and 29–43% by the stress combinations. Similarly, β-carotene levels were increased by 31–49% and 47–90% by the individual EC and SEO treatments, respectively. However, a 17% increase was observed under EC1/SEO2 conditions, while EC2/SEO1 treatment determined a 30% decrease in β-carotene, suggesting idiosyncratic responses. In agreement, a general improvement of tomato fruit quality attributes (lycopene, phenols, ascorbic acid, hydrophilic, and lipophilic antioxidant activities) was reported by Sellitto et al. (40) under 6.0 mS/cm soil EC, as well as in pepper (cv Friariello) fruits grown under 4.4 mS/cm EC in a nutrient film technique hydroponic system. Moles et al. (41) and Borghesi et al. (42) reported that tomato carotenoids exhibited a genotype-dependent trend in response to salinity. However, Serio et al. (43) found that salinity did not affect the lycopene content. Similarly, in the fruits of the tomato cv Boludo F1 grown under hydroponic conditions, phytoene, phytofluene, lycopene, and lutein contents were unaffected by salinity (7.8 dS/m), unlike β-carotene which was increased (8). Sumalan et al. (9) found that tomatoes grown under soil ECs over 6.5 dS/m exhibited moderate-to-high concentrations of various antioxidants including lycopene, phenolics, and ascorbic acid, and also higher total antioxidant activity, highlighting the important role of secondary metabolites in the process of stress adaptation. The discrepancy among the reported studies might be related to genotypic differences in the resistance/tolerance to different stresses, soil type, and several other environmental and agronomic factors. A decline in the content of chlorophyll and leaf carotenoids was observed following irrigation of tomatoes with industrial wastewater highly contaminated with heavy metals (44) and also in the presence of toxic levels of Cd, probably due to inhibition of the carotenoid biosynthetic pathway and severe oxidative stress induction (45–47). It has been also reported that cadmium inhibited the photosynthetic activity of photosystem II by 60% but was ineffective on photosystem I. Muzolf-Panek et al. (48) reported that the levels of lycopene and vitamin C decreased in tomato cvs Emoticon F1 and Alboney F1 fruits grown in hydroponics under increasing Mn concentrations (0–19.2 mg/dm3).
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FIGURE 3. Lycopene and β-carotene content (mg/kg fw) of tomato fruits under control (C, 0.4 dS/m), saline (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%) and the combinations (EC1/SEO2, 3.5 dS/m EC/1% SEO; EC2/SEO1, 7 dS/m EC/0.5% SEO). Values are means (n = 3).




Total Phenolic and Flavonoid Contents

Phenolics are secondary metabolites widely distributed in plants and characterized by the presence of mono- or poly-hydroxylated aromatic rings. Plants contain tens of thousands of different phenolic compounds, and the number is still increasing, ranging from hydrophilic, lipophilic, to insoluble structures. Phenolics are categorized into groups and sub-groups based on the number of C-atoms and the fundamental arrangement of carbon skeletons in their chemical structure. They may act as antioxidants, structural polymers, coloring pigments, pollinator or pest chemo-attractants/repellents, UV screens, signaling molecules in symbiosis initiation, and plant-microbe interactions, and defensive weapons against aggressors (49). In this study, total phenolic and flavonoid contents varied significantly between the applied treatments (P <0.05) within ranges of 96.14–140.23 mg GAE/kg fw and 73.05–93.33 mg RE/kg fw (Figure 4). Compared to the control, SEO exposure, individually and in combination with EC stress, resulted, respectively, in a 7–8% decrease and a 6–21% increase in the content of total phenolics. However, contradictory effects of EC treatments were observed for the total phenolic content as fruits subjected to EC1 and EC2 treatments exhibited a 17% decrease and 20% increase compared to the control, respectively. ECs and SEO, individually and combined, negatively affected the flavonoid concentration, resulting in a 0.3–21% reduction. Phenolic compounds are important free radical scavengers, whose biosynthesis is significantly stimulated by various environmental stresses (50). Contrasting reports are available on the effect of salinity on phenolics. According to Akladious and Mohamed (51), a moderate increase (from 91.5 to 98.0 mg GAE/100 g fw) in the levels of total phenolics was observed following irrigation of peppers with a 100 mmol/L saline solution. Botella et al. (8) noticed a chemical-class dependent-response of tomato phenolics under salinity stress, with flavanones not affected but flavonols significantly increased, suggesting a specific role of the latter in scavenging salt-stress generated ROS. Moles et al. (41) noticed higher tolerance/resistance to increasing concentration (0–120 mm NaCl) of salt in tomato landraces (Ciettaicale, Linosa, and Corleone) grown in hydroponics, with respect to the commercial cv. UC-82B, which correlated with a differential accumulation of glycoalkaloids, phenolic acids, flavonoids, and their derivatives in the fruits. Yildiztugay et al. (52) proposed that exogenously applied flavonoid naringenin protects bean chloroplasts minimizing salinity-induced stress and increasing the activities of various antioxidant enzymes (ascorbate peroxidase, glutathione reductase, monodehydroascorbate reductase, dehydroascorbate reductase, and peroxidase).
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FIGURE 4. Total phenolics (mg GAE/kg fw) and flavonoids (mg RE/kg fw) content of tomato fruits under control (C, 0.4 dS/m), saline (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%) and the combinations (EC1/SEO2, 3.5 dS/m EC/1% SEO), (EC2/SEO1, 7 dS/m EC/0.5% SEO). Values are means (n = 3).


In the case of SEO stress, the data on fruit quality is scarce, nevertheless, Muzolf-Panek et al. (48) reported a strong genotype-dependent increase in the content of total phenolic compounds (up to 11-fold) in two tomato cvs (Emotion F1 and Alboney F1) exposed to Mn (0.3 and 19.2 mg/dm3). Aguebor-Ogie et al. (53) noticed an organ-dependent response to spent lubrification oil stress in 2-week-old tomato seedlings. In the stem, total phenolic content was decreased by 0.6% but flavonoids increased by 84%, while in the root, total phenolic content was unaffected and total flavonoids decreased by 35% compared to the control. Molina and Seguna (32) proposed that the stimulation of phenylalanine ammonia-lyase activity and the concentration of the precursor's phenylalanine, tyrosine, and tryptophan increased following heavy-metal treatments highlighting the importance of phenolic compounds in counteracting stress-generated ROS.



Total Vitamin C

Vitamin C has a pivotal role in maintaining redox homeostasis in plants. It acts directly as antioxidants scavenging reactive oxygen species, but can also regenerate glutathione and tocopherol radicals or acts as a cofactor for many enzymes (e.g., ascorbate peroxidases and violaxanthin de-epoxidase in the xanthophyll cycle) (54). In this study, the levels of total vitamin C were significantly (P <0.05) but differentially affected by the applied treatments (Figure 5). Compared with the control, EC treatments induced a concentration-dependent increase in total vitamin C levels (47–66%), which was, instead, decreased (up to −31%) when in combination with SEO. Individual SEO applications determined contrasting responses: 95% higher levels of total vitamin C were registered under SEO1, while a 14% decrease resulted from SEO2 treatment. The content of ascorbic acid was reduced in the stems and roots of 3-week-old tomato seedlings exposed to spent lubrification oil, from 2.28 to 1.52 mg/g and from 1.87 to 1.25 mg/g, respectively (53). Muzolf-Panek et al. (48) reported a significant inverse correlation between Mn concentration and total vitamin C levels in ripe fruits of the tomato cvs Emotion F1 (R = −0.603) and Alboney F1 (R = −0.668).
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FIGURE 5. Total vitamin C content (mg/kg fw) of tomato fruits under control (C, 0.4 dS/m), saline (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%) and the combinations (EC1/SEO2, 3.5 dS/m EC/1% SEO), (EC2/SEO1, 7 dS/m EC/0.5% SEO). Values are means (n = 3).




Tocopherol Content

Tocopherols play a crucial role in the protection of plants against oxidative stress, with mechanisms that may vary depending upon its severity and duration. Under moderate stress or in the early phase of severe stress, tocopherols act as typical antioxidants, while in the late phase of severe stress they may assist the recovery and recycling of vital compounds for the plant (55). In addition, it is widely recognized that the increase in tocopherol content contributes to plant stress tolerance while a decrease is associated with stress susceptibility (56). In this study, α-, β-, and γ-tocopherol contents varied significantly among the applied treatments (P <0.05) (Figure 6) within the ranges 10.23–31.69 mg/kg fw, 0.00–0.56 mg/kg fw, and 0.00–0.39 mg/kg fw, respectively. Compared to the control, EC and SEO individual treatments resulted in a 26–31% increase and a 19–56% decrease in the content of α-tocopherol, respectively. β-Tocopherol biosynthesis seems completely inhibited by SEO treatments when applied individually or in combination with ECs, and also by the EC2 treatment; however, a 93% increase in β-tocopherol concentration was observed under EC1. Similarly, a 24–86% decrease of γ-tocopherol content was observed in the fruits harvested from SEO-treated tomato plants, while it was not detected under both EC/SEO combined treatments. EC1 induced an 18% increase in γ-tocoperol but EC2 had a 26% reduction compared to the control. Spicher et al. (57) performed a lipidomic study to assess the effect of combined high temperature and light stress on vte5 transgenic Microtom tomato plants and found that α-tocopherol and plastoquinone/plastoquinol biosynthetic pathways were strongly upregulated, among hundreds of targeted compounds, in response to the applied stresses. The authors concluded that VTE5 protects against combined high-light and high-temperature stress by positively modulating α-tocopherol production.
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FIGURE 6. α-, β-, and γ-ocopherol content (mg/kg fw) of tomato fruits under control (C, 0.4 dS/m), saline (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%) and the combinations (EC1/SEO2, 3.5 dS/m EC/1% SEO), (EC2/SEO1, 7 dS/m EC/0.5% SEO). Values are means (n = 3).




Hydrophilic and Lipophilic Radical Scavenging Activity

HRSA and LRSA varied significantly between the applied treatments (P <0.05) within the values 65.3–176.7 and 68.3–163.4 μm Trolox/100 g fw (Figure 7) EC and SEO treatments applied individually resulted in 16–26% increase and 16–28% decrease in the HRSA values, respectively, compared with the control, EC treatments applied individually or in combination with SEO resulted in 19.0–19.3% increase and 21–35% decrease in LRSA values, respectively. However, SEO applied individually induced conflicting responses: LRSA was reduced by 7.0% by SEO1 and increased by 7.1% by SEO2. The values obtained in control conditions are similar (116.7 μm trolox/100 g fw to 279.4 μm trolox/100 g fw) to our previous reports for different open-field tomato cvs (5, 39). Sumalan et al. (9), assessing the antioxidant profile of some salt-tolerant tomato landraces, found that the best cultivars in terms of functional quality were those grown under high concentrations of soil salinity ranging from 7.21 dS/m-6.58 dS/m such as landraces CN-254 and L-189b, respectively. Tommonaro et al. (58) assessed the phytochemical and nutritive features of the pulp and seeds from tomato fruits grown in muddy soils revealing high values of antioxidant activity, especially in the lipophilic fraction, with the absence of heavy metals and cytotoxic effect in both fractions. Muzolf-Panek et al. (48) reported that the antioxidant activity significantly increased with increasing Mn concentration (1.2–2.4 mg/dm3) in tomato cvs Emoticon F1 and Alboney F1 fruits grown in hydroponics. Dursun (59) assessed the activities of ascorbate peroxidase, peroxidase, and superoxide dismutase in the leaves and roots of tomatoes cultivated under heavy metal (Cd, Cu, and Pb at 10, 20, and 50 ppm)-induced stress. The authors reported that ascorbate peroxidase activity in tomato roots changed depending on the heavy metal types and concentrations.
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FIGURE 7. HRSA and LRSA (μM Trlox/100 g fw) of tomato fruits under control (C, 0.4 dS/m), saline (EC1, 3.5 dS/m; EC2, 7 dS/m), spent engine oil stress (SEO1, 0.5%; SEO2, 1%) and the combinations (EC1/SEO2, 3.5 dS/m EC/1% SEO), (EC2/SEO1, 7 dS/m EC/0.5% SEO). Values are means (n = 3).


The response to SEO treatments may vary depending not only on treated plant species but also on other aspects including pollutant type, local concentrations, water solubility, plant age at the time of SEO contamination, and soil organic matter content and texture (60, 61).

The effect of combined stresses can be different from those of stresses applied individually, which suggests the importance to focus on how the interaction between stresses can affect the processing attributes and functional quality of tomato fruits.



Correlation Study

Many authors have examined the correlations between and among phytochemicals secondary metabolites and antioxidant activities in several fruits and vegetables, including tomatoes (5, 39). However, little is known concerning tomato cvs subjected to stress. The Pearson's correlation coefficients of all the assayed processing and functional attributes of tomato fruits subjected to EC and SEO individual and combined treatments are reported in Table 3. A significant positive correlation was evidenced between HRSA and β-carotene, lycopene, total vitamin C, α-tocopherol, γ-tocopherol, average fruit weight, soluble solids, and a*/b* ratio, as well as between LRSA and β-carotene, lycopene, α-tocopherol, γ-tocopherol, average fruit weight, soluble solids, and a*/b* ratio. Titratable acidity negatively correlated with both HRSA and LRSA. Interestingly, a*/b* ratio was positively and significantly (P <0.01) correlated with β-carotene (R = 0.78), lycopene (R = 0.68), total vitamin C (R = 0.71), α-tocopherol (R = 0.83), γ-tocopherol (R = 0.66), HRSA (R = 0.93), LRSA (R = 0.80), and soluble solids (R = 0.84), and can thus represent a good indicator of fruit quality even in fruits subjected to soil salt and SEO pollution.


Table 3. Pearson correlation coefficients of β-carotene (β-Crt), lycopene (Lyc), total phenolic compounds (TPC), total flavonoids (TF), total vitamin C (TVC), α-, β-, and γ-Tocopherol (α-, β-, and γ-T), hydrophilic radical scavenging activity (HRSA) and lipophilic radical scavenging activity (LRSA), total soluble solids (TSS), titratable acidity (TA), a*/b* ratio, average fruit weight (Avg. fruit wt), and yield per plant (Y/pl).
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CONCLUSION

In summary, EC treatments applied individually reduced average fruit weight but increased soluble solids, titratable acidity, a*/b* ratio, β-carotene, lycopene, total vitamin C, α-tocopherol, HRSA, and LRSA. SEO stress decreased average fruit weight, HRSA, α-tocopherol, γ-tocopherol, total phenolics, and flavonoids, but increased titratable acidity, a*/b* ratio, β-carotene, and lycopene. Similarly, to the processing attributes, our findings point out that the response to EC1/SEO2 and EC2/SEO1 combined treatments was idiosyncratic for β-carotene and dominated by SEO for lycopene, respectively; dominated by SEO and EC, respectively, for total phenolic, dominated by EC for flavonoids, and dominated by SEO and idiosyncratic for total vitamin C. An idiosyncrasy was observed for α- and γ-tocopherols under EC1/SEO2 and EC2/SEO1, respectively. However, the response was dominated by SEO for β-tocopherol. Regarding the RSA, the response was dominated by SEO and idiosyncratic for HRSA and totally idiosyncratic for LRSA. Although the alteration affecting the processing and functional quality of tomato fruits grown under EC and/or SEO, the produced fruits exhibited increased levels in various metabolites under moderate salinity stress, including β-carotene, lycopene, total phenolics, total vitamin C, tocopherols as well as the HRSA and LRSA. Under (EC2/SEO1, HRSA, and LRSA were severely affected and decreased by more than 25%. In addition, the a*/b* ratio was positively and significantly correlated with most assayed functional attributes metabolites and total soluble solids suggesting that this stress-induced fingerprint may be used to detect early soil contamination to avoid hazard compounds contamination in the food chain.
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In this study, lycopene was successfully encapsulated in polyelectrolyte complex nanoparticles (PEC NPs) fabricated with a negatively charged polysaccharide, TLH-3, and a positively charged sodium caseinate (SC) via electrostatic interactions. Results showed that the lycopene-loaded PEC NPs were spherical in shape, have a particle size of 241 nm, have a zeta potential of −23.6 mV, and have encapsulation efficiency of 93.6%. Thus, lycopene-loaded PEC NPs could serve as effective lycopene carriers which affected the physicochemical characteristics of the encapsulated lycopene and improved its water dispersibility, storage stability, antioxidant capacity, and sustained release ability in aqueous environments when compared with the free lycopene. Moreover, encapsulated lycopene could enhance the cells' viability, prevent cell apoptosis, and protect cells from oxidative damage through the Nrf2/HO-1/AKT signalling pathway, via upregulation of antioxidase activities and downregulation of MDA and ROS levels. Therefore, the biocompatible lycopene-loaded PEC NPs have considerable potential use for the encapsulation of hydrophobic nutraceuticals in the food and pharmaceutical industries.

Keywords: lycopene, PEC NPs, storage stability, sustained release, antioxidant capacity


INTRODUCTION

Lycopene is a carotenoid primarily found in ripe tomatoes and carrots (1), and it has been widely used as a colourant, an antioxidant, and a flavouring agent in the food industry. Lycopene, as a functional ingredient, has attracted considerable academic attention because of its antioxidant, anti-inflammatory, and antitumor effects on humans, and it can reduce the risk of prostate cancer and cardiovascular disease (2). However, lycopene is a hydrophobic compound with low water-solubility, gastrointestinal instability, high photosensitivity, thermal sensitivity, and inferior bioavailability, which limits its practical application in functional foods and health care products (3). Thus, an effective delivery system is necessary to improve lycopene absorption and bioavailability. Researchers have made substantial attempts to enhance the bioavailability and functionality of lycopene by using various delivery carriers or vehicles such as nanocomplexes, emulsions, nanoemulsions, polymeric micelles, liposomes, and nanostructured lipid carriers (NLCs) (4–9). Polyelectrolyte complexes that are based on oppositely charged polysaccharides and proteins seem to be ideal microcarriers, which can improve the water solubility, stability, compatibility, and bioavailability of lycopene (10). In recent years, the usage of PE complexation and biomolecular delivery via liposomes and lipid nanoparticles has received attention, particularly from the viewpoint of ES-driven complexation. Cherstvy (11) presented the exact solution of the linear Poisson–Boltzmann equation for several problems relevant to electrostatics of DNA complexes with cationic lipids. Caetano (12) investigated the adsorption properties of hen egg-white lysozyme into a negatively charged silica pore by using a coarse-grained model and using constant-pH Monte Carlo simulations.

Casein is an easily digestible protein derived from milk, and it has been extensively utilised in the food industry as a flavouring agenet, a colourant, and a preservative. The properties, including remarkable surface activity, stability, emulsification, and self-assembly, promote the combining capacity with ions and small molecules and facilitate their functionality in drug delivery systems (13, 14). In addition, casein can improve the bioavailability of bioactive substances because of its shielding capabilities, which are essential for protecting sensitive payloads. Casein can polymerise with polyanions through electrostatic interaction to form nanoparticle polymers, which can be used as carrier materials for the transport of bioactive substances (10). We used sodium caseinate (SC) which exists in the form of protein particles through self-assembly in an aqueous solution with a diameter of 10–20 nm, which has good emulsification, thermal stability, film formation, and rheological properties (15). Compared with other food proteins, SC can form a thick sterically stabilising layer on the emulsion droplet interface that protects newly formed droplets against flocculation and coalescence (16). Thus, encapsulating bioactive compounds into SC nanoparticles can improve water dispersibility and physicochemical stability. Tricholoma lobayense, a delicious edible mushroom, has been commonly utilised as a functional food in China and other Asian nations for its taste and health values (17). Polysaccharide TLH-3 isolated from Tricholoma lobayense is an acidic polysaccharide with a molecular weight of 4.22 × 103 Da, which is primarily composed of 1,3-linked-α-d-glucopyranosyl branched at C-6 and 1,3-linked-β-d-galactopyranosyl (18). Our previous studies have proven that polysaccharide TLH-3 exerts excellent antioxidant, anti-ageing, tumour-suppressing, and immunoregulatory abilities (17, 19). TLH-3 exists in an aqueous solution in the form of negatively charged polyanions and forming natural polymer polysaccharide hydrosol, which has good water solubility, emulsification, and stability (18). Thus, TLH-3 can form stable polyelectrolyte complex nanoparticles (PEC NPs) with polyanions such as SC in aqueous media for lycopene encapsulation. However, to our best knowledge, no studies have been conducted on the construction and utilisation of PEC via polyanion SC and polysaccharide TLH-3 for lycopene to improve solubility, bioactivity, and bioavailability of lycopene.

At present, considerable evidence suggests that, when oxidation and antioxidants are uneven in the body, the elevated production of reactive oxygen species (ROS) causes disruptions in the normal mechanism involved in cellular signalling pathways, leading to cellular dysfunction and apoptotic cell death (20, 21). The pivotal signal transduction pathway, such as the PI3K/AKT pathway in vivo, is involved in multiple cellular processes such as cell growth and survival induced by oxidative stress, and it regulates the expression of various inflammatory mediators and cytokines (22, 23). Studies have found that chronic diseases such as cancer, diabetes, cardiovascular disease, and neurodegenerative diseases (24) are related to oxidative stress, and ameliorating oxidative stress has become an effective way to alleviate these chronic diseases. Therefore, finding drugs with strong antioxidant activity is important to relieve various diseases caused by oxidative stress.

In this study, we aimed to construct stable PEC NPs with negatively charged TLH-3 and positively charged SC in an aqueous solution. Lycopene was incorporated into PEC NPs, and the storage stability, controlled release, and antioxidant activity of lycopene in PEC NPs were evaluated. Moreover, the protective effect of lycopene-loaded PEC NPs on H2O2-induced cellular oxidative damage and the underlying mechanism were also investigated for the first time. Thus, lycopene-loaded PEC NPs might constitute a potential health supplement or pharmaceutical product to improve human health and well-being in the food and pharmaceutical industries.



MATERIALS AND METHODS


Materials and Chemicals

Lycopene (with a purity of ≥98%, product codes: 820354) and sodium caseinate (with a purity of ≥98.07%, product codes: Z3625) were purchased from Sigma Corporation (St Louis, MO, USA). Polysaccharide TLH-3 was prepared according to the method described in our previous study (16). The degree of branching (DB) value and weight-average molecular weight (Mw) were 0.74 and 4.22 × 103 g/mol, respectively. Human normal hepatocytes (L02 cells) were purchased from the Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). 2, 4, 6-tris (2-pyridyl)-s-triazine, 2-diphenyl-1-picrylhydrazyl (DPPH), and 2, 2-azinobis (3-ethylbenzothiazoline-6-sulphonic acid) (ABTS) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO, USA). All primary and secondary antibodies were purchased from Abcam (Abcam, Cambridge, UK). All other chemicals and solvents were of an analytical grade or higher and were obtained from commercial sources.



Preparation of PEC NPs and Lycopene-Loaded PEC NPs

Sodium caseinate and TLH-3 were dissolved in deionised water and magnetically stirred overnight to completely hydrate SC and TLH-3 powders. Then, the obtained solutions were passed through a 0.45 μm filtration membrane to prepare stock solutions of SC and TLH-3 (10 mg/ml). The TLH-3 solution (10 mg/ml) was added to the SC solution (10 mg/ml) and magnetically stirred at various mass ratios (TLH-3:SC = 1:10, 2:10, 3:10, 4:10 w/w). The pH was adjusted to the desired value (2, 3, 4, 5, 6, and 7) by adding an aqueous solution containing 0.1 mol/L of HCl and/or 1 mol/L of NaOH. The obtained TLH-3/SC mixture was lyophilised to yield the final PEC NPs after the solution was finally subjected to ultrasonic treatment for 1 h. The effects of the TLH-3/SC mass ratio and pH on PEC NP formation were studied and recorded.

Lycopene was added to the SC solution in different proportions (4, 8, 12, and 16% W/W). After stirring and mixing, the solution was ultrasonically treated for 1 h. The pH value was adjusted to 3 with 1 mol/L of HCl. Then, TLH-3 solution (10 mg/ml) was added to a mixed solution at various mass ratios (1:10, 2:10, 3:10, and 4:10 w/w) and then magnetically stirred. Free lycopene was removed by centrifugation (5,000 rpm, 15 min), and the final lycopene-loaded PEC NPs were obtained by freeze-drying. The detailed schematic for the production of lycopene-loaded PEC NPs is shown in Figure 1.


[image: Figure 1]
FIGURE 1. The detailed schematic for the production of lycopene-loaded polyelectrolyte complex nanoparticles (PEC NPs).




Characterisation of PEC NPs and Lycopene-Loaded PEC NPs

Polyelectrolyte NPs and lycopene-loaded PEC NPs were diluted with deionised water. Then, the zeta potential, Z-average size, and polydispersity index of PEC NPs and lycopene-loaded PEC NPs were measured by using a Zetasizer dynamic light scattering detector and Zeta Siser Nano Series (Malvern, United Kingdom). All measurements were performed at least three times at 25°C, and the results were averaged. Fourier transform infrared (FT-IR) spectroscopy was used to characterise the chemical structure of lycopene, SC, TLH-3, PEC NPs, and lycopene-loaded PEC NP samples. The dried samples were ground with potassium bromide powder and pressed into a pellet for spectrometric measurement. FT-IR spectroscopy was performed using a VERTEX 80 FT-IR spectrometer (Bruker Co., Ettlingen, Germany) within the wavelength range of 400–4,000 cm−1. Differential scanning calorimetry (DSC) thermograms of lycopene, PEC NPs, and lycopene-loaded PEC NPs were measured using a DSC Q2000 thermal analyser (TA Co., USA). Five milligrammes of samples were placed in aluminium capsules and sealed with aluminium lids. Subsequently, thermal analysis was performed in a dry nitrogen atmosphere with a flow rate of 50 ml·min−1, and the temperature was increased from 25 to 300°C at a heating rate of 10°C·min−1. The crystalline and amorphous nature of lycopene, PEC NPs, and lycopene-loaded PEC NPs were analysed by X-ray diffraction (XRD) (SmartLab 9KW, JEOL, Co., Japan). XRD patterns were recorded at 45 kV and 200 mA within the 2θ range of 5–50° at a scanning rate of 4°·min−1. Thermogravimetric analysis of lycopene, PEC NPs, and lycopene-loaded PEC NP samples (5 mg) was performed on a thermogravimetric analyser (TG 209F3, Netzsch, Germany) at a heating rate of 20°C·min−1 under nitrogen with a mass flow rate of 40 mL·min−1 at 40 to 800°C. A transmission electron microscope (TEM; JEM-1400flash, JEOL, 120 kV) was used to observe the morphology and particle size of PEC NPs and lycopene-loaded PEC NPs. For TEM detection, the samples were diluted with ultra-pure water and then dripped onto copper wires to dry before testing.



Encapsulation Efficiency (EE) and Loading Content (LC) of Lycopene

Polyelectrolyte NP samples were prepared in accordance with Method 2.3, and freshly prepared lycopene-loaded PEC NPs were centrifuged at 10,000 rpm for 10 min to precipitate unencapsulated lycopene. The supernatant was collected, and ethyl acetate was added to the precipitate until it was completely dissolved. The concentration of lycopene in the collected supernatant was determined by spectrophotometry at a wavelength of 471 nm using a standard curve of free lycopene (y = 0.2461x + 0.0146, R2 = 0.9991) (Figure 2). The EE and LC of lycopene were determined as described previously with minor modifications (25).
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FIGURE 2. A standard curve of free lycopene.


All experiments were repeated three times at room temperature. Calculations were performed in accordance with the following equations:
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Storage Stability

The storage stability of lycopene and lycopene-loaded PEC NPs at different temperatures and the light was estimated. The thermal stability of lycopene and lycopene-loaded PEC NPs was estimated in accordance with previous studies with slight modifications (25, 26). In brief, the solutions of lycopene and lycopene-loaded PEC NPs were stored in a sealed glass bottle under dark conditions and then incubated at 0, 25, 45, 65, and 85°C for 0.5 h in a thermostatic water bath. All samples were equilibrated at room temperature for 10 min before analysis. The light stability of lycopene and lycopene-loaded PEC NPs was estimated using a light incubator in accordance with a previous study (27). In brief, the solutions of lycopene and lycopene-loaded PEC NPs were placed in a light incubator and exposed to a lamp (10 W) for different durations (0, 5, 10, 15, and 20 days) at room temperature. Afterwards, the resultant solutions of all tests were centrifuged at 5,000 × g for 10 min. The collected supernatants were diluted and spectrophotometrically analysed at 471 nm. The residual concentration of lycopene in PEC NPs was derived from the standard curve of lycopene (Figure 2). The retention rate of lycopene was measured using the following equation in accordance with a previously published report (28):
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In vitro Drug Release Studies

The drug release profiles of lycopene-loaded PEC NPs and free lycopene in the simulated gastrointestinal fluid were assessed in accordance with a published report with minor modifications (29). In brief, 10 ml of freshly prepared lycopene-loaded PEC NPs (10 mg/ml) and free lycopene were mixed with 10 ml of simulated gastric fluid (SGF, pH 1.5, containing 0.5 g of NaCl, 2 ml of HCl and 0.8 g of pepsin added in 250 ml of deionised water), and the resulting pH was adjusted to three by adding 0.1 mol/L of HCl. The mixed dispersions were then conducted in a thermostatic shaker (37°C, 100 rpm/min) under gentle shaking for 2 h. Samples were removed at 0.5, 1, 1.5, and 2 h for analysis. Afterwards, gastric digestion was terminated by adjusting the pH of mixed dispersions to 7. Subsequently, the resulting gastric digestion dispersions were mixed with simulated intestinal fluid (SIF, pH 7.5, containing 1.7 g of KH2PO4, 0.38 g of NaOH, 2.5 g of pancreatin, and 1.25 g of bile salts added in 250 ml of deionised water). After intestinal digestion, the samples were incubated for 4 h at 37°C in a thermostatic shaker at 100 rpm. Samples were collected at 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 5, and 6 h for analysis. The released lycopene of collected samples at SGF and SIF digestion stages was determined spectrophotometrically at 471 nm, as described in Section 2.4. Lycopene release (%) was quantified using the following equation:
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In vitro Antioxidant Activity Analysis

In vitro antioxidant activities of lycopene in acetone, lycopene in water, and lycopene-loaded PEC NPs was evaluated by DPPH radical scavenging ability, hydroxyl radical scavenging ability, and ABTS radical scavenging ability. Solutions of lycopene in acetone, lycopene in water, and lycopene-loaded PEC NPs at different concentrations (0–100 μg/ml) were added with the same volume of DPPH reagent separately. Then, DPPH radical scavenging activities were evaluated as described previously with minor modifications (30). Hydroxyl radical scavenging activities were measured in accordance with a previously published report (31). In addition, ABTS was determined based on a previously described method with modifications (30). The absorbance of the resulting solution was determined using a TU-190 spectrophotometer (Beijing Puxi General Analytical Instrument Co., Ltd., China). For all assays, vitamin C (Vc) was used as the positive control, and distilled water was used as the blank control.

The scavenging effects were all calculated in accordance with the following equation:
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where A0 denotes the absorbance value of a blank control in the system, and A1 denotes the absorbance value of different samples.



Protective Effects of Lycopene-Loaded PEC NPs Against Cellular Stress Damage
 
Cell Culture and Treatment

L02 cells were cultured in DMEM in accordance with a previously described method (32). Cells at the sub-confluence level were subjected to various concentrations of H2O2 (0, 100, 200, 400, 600, and 800 μM) in fresh and DMEM high-glucose medium for 4 h to induce oxidative damage until cell apoptosis with condensed and fragmented nuclei. Various concentrations of H2O2 treatments were selected to determine the appropriate H2O2 concentration for cell apoptosis induction by detecting cell viability.



Cell Viability Assay

Cell viability was measured using MTT assays as described by Wang et al. (33). L02 cells were seeded into 96-well-plates at a density of 1 × 105/mL in a culture medium overnight and then treated with different concentrations of lycopene-loaded PEC NP solution (1, 5, 10, and 25 μmol/L) for 24 h. MTT solution was subsequently added to each well, and absorbance was measured at 570 nm using a microplate reader to determine whether lycopene-loaded PEC NPs have a cytotoxic effect on L02 cells. Next, L02 cells were treated with the most appropriate concentration of H2O2 solution for 4 h to set up a cell oxidative damage model to evaluate the protection of lycopene-loaded PEC NP solution against H2O2-induced cell apoptosis. Then, cells were washed two times with PBS (pH 7.4) and treated with various concentrations of lycopene-loaded PEC NP solution (1, 5, and 10 μmol/L) for 24 h. MTT solution (.5 mg/ml, 100 μL) was added to each well and incubated at 37°C for an additional 4 h. The absorbance value was detected at 570 nm using a microtitre plate reader (Bio-Rad, California, USA). Cell viability was calculated in accordance with the following equation:
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where Asample is the average absorbance value of the solution with different concentrations of lycopene-loaded PEC NP samples at 570 nm. Ablank is the average absorbance value of the solution without cell samples at 570 nm. Acontrol is the average absorbance value of the solution without lycopene-loaded PEC NP samples at 570 nm.



Hoechst 33342 Staining

The protective effects of lycopene-loaded PEC NPs were confirmed by performing microscopic analysis through Hoechst 33342 staining for nuclei in L02 cells in accordance with a previously published method (34).



Intracellular ROS Detection

As previously described by Dong et al. (34), 2,7-dichlorodi-hydrofluorescein diacetate was used to evaluate intracellular ROS generation in L02 cells, and a quadrant investigation was performed utilising WinMDI.



Determination of Biochemical Parameters

The activities of SOD, GSH-px, and the level of MDA were measured using commercially available kits according to the manufacturer's instructions. In brief, the L02 cells were treated with lycopene-loaded PEC NP solution for 24 h after treatment with H2O2 for 4 h. The cells were lysed; cell supernatants were collected, and MDA, GSH-px, and SOD were determined using a commercial detection kit.



Western Blot Analysis

Western blot analysis was performed in accordance with a previously described method with minor modification (34). Cells were treated with lycopene-loaded PEC NPs (0, 1, 5, and 10 μmol/L) for 24 h, and then, the protein expression of heme oxygenase-1 (HO-1), nuclear factor erythroid 2-related factor 2 (Nrf2), phospho-Nrf2 (p-Nrf2), AKT, and p-AKT were determined by Western blot analysis. Meanwhile, cells were pre-treated with 10 μM of ZnPP-IX or LY294002 for 1 h prior to incubation with or without 5 μmol/L of lycopene-loaded PEC NPs for 24 h, and then, the protein expression was determined by Western blot analysis.




Statistical Analysis

Data were presented as the mean ± standard derivations (SDs) of three replicates. Statistical analysis was performed by analysis of variance using the OriginPro Software Version 8 (OriginLab Corp., Northhampton, MA, USA). Differences were considered statistically significant at p < 0.05.




RESULTS AND DISCUSSION


Formation and Characterisation of PEC NPs

The polysaccharide TLH-3 is an acidic one that has a molecular weight of 4.22 × 103 Da, exists as a negatively charged polyanion in an aqueous solution, and forms a natural polysaccharide hydrosol. Given that SC is positively charged, TLH-3/SC PEC NPs can be formed by electrostatic interactions when TLH-3 and SC are fully hydrated. Figure 3A indicates the effect of TLH-3/SC mass ratio (10, 20, 30, and 40%) on the Z-average diameter and zeta potential of PEC NPs. TLH-3 is highly soluble in water because it contains a mass of hydrophilic carboxylic and hydroxyl groups. Therefore, the large amount of TLH-3 on the PEC NP surface is beneficial to improving the water solubility of TLH-3/SC PEC NPs. The Z-average diameter decreased from 237 nm to 150 nm when the TLH-3/SC mass ratio was increased from 10 to 40%, suggesting that the PEC NPs with a high TLH-3/SC mass ratio exhibited a small Z-average diameter. At low concentrations (such as when the TLH-3/SC mass ratio was 10%), TLH-3 cannot completely cover the SC surface. One TLH-3 molecule will be adsorbed on multiple SC molecules, thus destroying the repulsion stability of the original SC system and leading to the bridging flocculation of SC. Therefore, the resulting PEC NPs showed the largest Z-average diameter (237 nm). With further increase in the TLH-3 content, sufficient TLH-3 will be adsorbed on the SC surface and cover the SC, preventing the interconnection of multiple SC molecules and forming water-soluble TLH-3/SC PEC NPs, thus enhancing electrostatic repulsion and steric hindrance, inhibiting molecular aggregation, reducing Z-average diameter, and improving the stability of PEC NPs (35, 36). In an aqueous medium, the negative charge of TLH-3/SC PEC NPs significantly reduced with the increasing SC content due to the self-association of SC and the charge neutralisation of PEC NPs. However, when the mass ratio was changed from 10 to 40%, the zeta potential of PEC NPs increased from −21 mV to −33 mV because the increase in TLH-3 content also increased the negative charges on the PEC NP surface. Therefore, the obtained PEC NPs had a high net negative charge and were stable to flocculation, which was in accordance with previous studies (37, 38).
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FIGURE 3. Effects of TLH-3/SC mass ratio (A) and pH (B) on the Z-average diameter, and Zeta potential of TLH-3/SC PEC NPs. Data represent the mean ± standard deviation (SD, n = 3).


Figure 3B shows the effect of pH on Z-average diameter and zeta potential. When the solution pH value increased, the Z-average diameter of PEC NPs first increased and then decreased. When the pH was around 4.5, the Z-average diameter reached the maximum value. Given that this pH was close to the isoelectric point of SC, the intermolecular repulsive force decreased or even disappeared, and the Z-average diameter increased owing to SC coalescence or flocculation SC under the influence of van der Waals force and other interactions (39, 40). When the pH value was far from the isoelectric point of SC, the SC returned to a soluble state and the Z-average diameter decreased. With the increase in pH, the negative zeta potential of PEC NPs continued to increase from −7.23 to −35 mV, suggesting the electrostatic adsorption of anion polysaccharide (TLH-3) and cationic protein (SC) (16, 39). SC was positively charged when the pH was lower than the isoelectric point of SC (IP = 4.5) but was negatively charged when the pH was above 4.5. The zeta potential of PEC NPs rapidly increased from −7.23 to −31.68 mV within a low pH range (pH = 2–4.5) due to the increased negative charges on the PEC NP surface. At high pH (pH = 4.5–7), the change in the zeta potential value of PEC NPs was relatively small because SC still had a partial positive charge on its surface despite being negatively charged at this time. Therefore, anionic polysaccharides (TLH-3) could be absorbed onto the SC surface by local electrostatic attraction to form a weak reversible electrostatic complex, thus partially reducing the zeta potential of PEC NPs. These behaviours were consistent with the results from previous studies (16, 41).



Characterisation of Lycopene-Loaded PEC NPs

Lycopene was encapsulated inside the PEC NPs to form lycopene-loaded PEC NPs with improved stability and bioavailability. The results of the DLS test showed that the Z-average diameter increased significantly from 190 nm to 350 nm after encapsulation, indicating that lycopene was successfully encapsulated inside the PEC NPs. The zeta potential of PEC NPs and lycopene-loaded PEC NPs were about −27.8 and −23.6 mV, respectively, indicating their stability in an aqueous solution. Furthermore, 12% lycopene was loaded into PEC NPs with a 20% TLH-3 and SC mass ratio. The final EE and LC of lycopene-loaded PEC NPs were 93.6 and 10.03%, respectively. Previous studies had reported that the encapsulation efficiency of lycopene by whey protein isolate was 64.7% (4), and the maximum encapsulation efficiency was 63.73% when plant and dairy protein blends were used as delivery vehicles for lycopene (8). Therefore, the TLH-3/SC PEC NP delivery system is superior to other similar delivery systems because of its relatively high encapsulation efficiency for lycopene, thus meeting the requirements of the food industry for nutrient delivery.

Free lycopene is almost insoluble in an aqueous solution due to its strong hydrophobicity and thus is deposited at the bottom (Figure 4A). In this study, lycopene was completely dissolved in acetone, and the colour of the solution was light yellow (Figure 4B). Lycopene-loaded PEC NPs were almost completely dissolved in an aqueous solution and formed a red emulsion solution (Figure 4C). These results indicated that the water solubility of lycopene was significantly enhanced after being encapsulated inside the PEC NPs.
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FIGURE 4. Solubility of lycopene: (A) lycopene in distilled water, (B) lycopene in acetone, and (C) lycopene-loaded PEC NPs in distilled water.


Figure 5A shows the FT–IR spectra of lycopene, SC, TLH-3, PEC NPs, and lycopene-loaded PEC NPs. A relatively broad and strong peak (1,500–1,700 cm−1) was formed, indicating that the positively charged amino group of SC, namely, –NH3+ bending vibrations (1,537 cm−1) and C=O stretching vibrations (1,656 cm−1), interacted with the negatively charged COO– of TLH-3 (1,645 cm−1). The FT–IR spectrum also indicated that SC and TLH-3 could form relatively stable PEC NPs through electrostatic interactions rather than simple physical mixing. The characteristic absorption peaks in the lycopene spectrum at around 3036, 2973, and 2,850 cm−1 corresponded to C–H stretching vibrations, asymmetric methyl vibrations, and stretching vibration peaks of methyl and methylene, respectively. In addition, the absorption bands at about 1,630, 1,380, and 960 cm−1 were due to the C=C stretching vibrations, methyl group bending vibrations, and R1HC=CR2H (trans) rocking vibrations, respectively, which were discharged from the trans-monoenes. By contrast, some characteristic absorption peaks of lycopene vanished in the spectrum of lycopene-loaded PEC NPs, suggesting that lycopene was encapsulated inside the PEC NPs through electrostatic interaction (42). Figure 5B shows the DSC thermograms of lycopene, PEC NPs, and lycopene-loaded PEC NPs. The thermograms of lycopene showed a strong endothermic peak at about 174°C due to lycopene crystal melting, thus further illustrating the high crystallinity of lycopene. However, no endothermic peak was shown by lycopene-loaded PEC NPs before 200°C and after encapsulation. This finding confirmed the loss of the lycopene crystalline structure, suggesting that the lycopene was successfully encapsulated and formed an amorphous state. Figure 5C illustrates the XRD diffractograms of lycopene, PEC NPs, and lycopene-loaded PEC NPs. Lycopene exhibited multiple characteristic peaks (5.3, 12.4, 22.5, 24.8, and 29.8°) at 2θ from 5to 50° due to its crystalline nature. By contrast, lycopene-loaded PEC NPs displayed no characteristic peaks, suggesting that lycopene was successfully encapsulated inside the PEC NPs. A thermogravimetric analyzer was used to evaluate the TGA properties of free lycopene, PEC NPs, and lycopene-loaded PEC NPs (Figure 5D). In the second weightlessness region, the thermal decomposition temperature increased from 174°C in lycopene to 250°C in lycopene-loaded PEC NPs, suggesting that the degradation degree of lycopene-loaded PEC NPs was substantially delayed when lycopene was successfully encapsulated inside the PEC NPs. These results indicated that the thermal stability of lycopene was significantly improved after encapsulation.
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FIGURE 5. (A) Fourier transform infrared spectroscopy spectrum. (B) The differential scanning calorimetry. (C) X-ray diffraction spectra and (D) Thermogravimetric analysis.


Figure 6 shows the TEM images of PEC NPs and lycopene-loaded PEC NPs. The lycopene-loaded PEC NPs (Figure 6C) exhibited a larger nanoscale spherical morphology with a smooth, uniform, and compact surface compared with the PEC NPs (Figure 6A). TEM analysis revealed that the average particle size increased from 96 nm in PEC NPs (Figure 6B) to 241 nm in lycopene-loaded PEC NPs (Figure 6D), suggesting that lycopene was successfully loaded inside the PEC NPs on a nanometre scale. This finding coincided with the greater Z-average size of lycopene-loaded PEC NPs than that of PEC NPs. In addition, the average diameter of PEC NPs (96 nm) and lycopene-loaded PEC NPs (241 nm) observed by TEM was significantly smaller than the average particle size measured by DLS (about 190 and 350 nm). This difference can be attributed to the method used: TEM describes the actual size of the sample (dry sample state), and DLS shows the hydrodynamic diameter (hydration state) of the sample. In addition, the nanoparticles display a large hydrodynamic volume in the hydration state due to solvent action (43, 44).
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FIGURE 6. Transmission electron microscopy images of (A) PEC NPs; (C) lycopene-loaded PEC NPs; (B) and (D) are the size distribution histograms of images.




Storage Stability

The effects of thermal and light treatments on the lycopene encapsulated inside the PEC NPs were examined by evaluating the changes in the lycopene retention rate during the storage period (Figure 7). The thermal stabilities of lycopene encapsulated inside the PEC NPs and free lycopene were examined after incubation at different storage temperatures (0, 25, 45, 65, and 85°C) and are shown in Figure 7A. The free lycopene and encapsulated lycopene exhibited no significant differences in lycopene retention rate at low temperatures (0 °C and 25°C). However, the retention rates of free lycopene and encapsulated lycopene were approximately 37.98 and 57.55%, respectively, after heat treatment at 65°C for 0.5 h and 24.93 and 38.99%, respectively, after being heated at 85°C for 0.5 h. These results confirmed that the lycopene encapsulated inside the PEC NPs had higher retention rates than the non-encapsulated lycopene at different storage temperatures (25, 45, 65, and 85°C), thus revealing the significant improved thermal stability of lycopene. This improvement can be attributed to the spherical structure of PEC NPs being promoted and compacted by TLH-3 and SC through electrostatic interaction, thus protecting lycopene against thermal treatment. DSC, XRD, and TGA analysis results also indicated that the thermal stability of lycopene was significantly improved after encapsulation.
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FIGURE 7. Effects of (A) thermal treatment (B) light radiation on the retention rate of lycopene and lycopene-loaded PEC NPs. Data represent the mean ± standard deviation (SD, n = 3).


As illustrated in Figure 7B, the lycopene retention rate decreased with the increase in storage days. The degradation rate of encapsulated lycopene was significantly slower than that of free lycopene. The lycopene-loaded PEC NPs had a lycopene retention rate of 77.55% after 20 days of light radiation. These results suggested that PEC NPs have a good protective effect against the degradation of encapsulated lycopene under prolonged light radiation exposure from 0 to 20 days. The compact spherical structure of PEC NPs formed by TLH-3 and SC through electrostatic interaction may have protected lycopene from light radiation. Similar findings have been previously reported in previous studies, such as the improved photostability of hydrophobic nutraceuticals encapsulated in PEC NPs or ZNPs coated with biopolymers (30, 45), which revealed that encapsulating lycopene inside PEC NPs enhances its thermostability and light stability. Moreover, it was reported that the lycopene-loaded W/O emulsions were prepared by orange oil, tributyrin, and corn oil, and the corn oil lycopene emulsions were physically more stable than orange oil and tributyrin lycopene emulsions (46). Because the addition of corn oil enhanced the physical stability of the beverage during chilled storage by inhibiting Ostwald ripening, lycopene nanoemulsions were fabricated using high-pressure homogenization and using medium-chain triglycerides (MCT) as carrier oils (47). It was found that the molecules stretched into the O/W interface as the lycopene loading increased, strengthening the lateral packing of OSA molecules on the interfacial membranes and then decreasing the mean particle diameters and improving the stability of nanoemulsions.



In vitro Release and Antioxidation Activities

Figure 8 shows the in vitro release profiles of free lycopene and lycopene encapsulated inside PEC NPs under simulated gastrointestinal conditions. Owing to its poor water solubility, free lycopene showed negligible release rates during the simulated gastrointestinal digestion, including SGF and SIF. The lycopene encapsulated inside the PEC NPs was discharged into the SGF environment and exhibited burst release in the first 30 min of gastric digestion due to either the entrapment of lycopene near the interface or the absorption of lycopene on the PEC NP surface. Afterwards, a slight and steady release of lycopene occurred between 30 and 120 min from the start of SGF digestion. The cumulative release rates of lycopene from PEC NPs were approximately 30.15% after 2 h of SGF digestion and 85.67% after 4 h of SIF digestion, indicating that the release of lycopene was faster in SIF digestion than in SGF digestion. As indicated in 3.1, TLH-3 wrapped the hydrophobic amino acids of SC into a hydrophobic core, leading to a significant steric hindrance effect. These results suggested that the PEC NPs formed by the electrostatic adsorption of SC and TLH-3 possess a close and heavy protective layer that can increase the charge density on the PEC NP surface and the electrostatic repulsion among PEC NPs. Owing to the physical barrier formed by strong electrostatic interactions, SGF cannot directly interact with SC, which in turn could not be degraded by pepsin. Therefore, the amount of lycopene released in simulated gastric juice between 30 and 120 min was relatively small. In the simulated intestinal fluid, the electrostatic attraction of SC and TLH-3 and the TLH-3 protective layer wrapping the SC outer layer were weakened. Afterwards, SC was broken down by trypsin in SIF, and lycopene was then released from PEC NPs in large quantities. Therefore, TLH-3/SC PEC NPs significantly improved the in vitro control release of lycopene in the simulated gastrointestinal tract, especially burst releases in SIF. Gan et al. also reported that the bioaccessibility of phytosterol encapsulated sodium caseinate (NaCas)/pectin-based phytosterols (NCP-PSs) nanoparticles was increased by at least 43.8% compared to free phytosterols, indicating that the presence of pectin could be adsorbed on the casein micelles by electrostatic interaction and form coating, protecting the nanoparticles from degradation in the gastric environment (48). A type of lycopene nanoscale liposome carriers (NLCs) was prepared and the adsorption of NLCs in the gastrointestinal wall can prolong the contact time of lycopene with intestinal epithelial cells, thereby increasing the bioavailability of lycopene (49). Other research illustrated that sodium caseinate and pectin might protect phytosterols from degradation in the gastric environment (50). Dai et al. also reported the great improvement of curcumin release in the gastrointestinal tract environment caused by zein and rhamnolipid complex nanoparticles (44).
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FIGURE 8. Release of lycopene in lycopene-loaded PEC NPs and free lycopene in SGF and SIF.


The in vitro antioxidant activities of lycopene-loaded PEC NPs, lycopene in acetone, and lycopene in water were determined via DPPH scavenging, hydroxyl radical scavenging, and ABTS radical scavenging assays. Vc was used as the positive control. The stable DPPH radical model is a widely used method for evaluating the free radical scavenging ability of antioxidants. Figure 9A shows that, when the lycopene concentration was 0–100 μg/mL, the DPPH radical scavenging activity of the lycopene-loaded PEC NPs was higher than that of lycopene in acetone and was significantly stronger than that of lycopene in water in a concentration-dependent manner. At 100 μg/mL, lycopene-loaded PEC NPs exhibited a scavenging ability of 88.57%, which was close to that of Vc (95.41%). As the most reactive oxygen species, hydroxyl radicals can react with biological molecules and induce severe damage in living cells (51). Figure 9B shows that, after lycopene was encapsulated by SC/TLH-3 PEC NPs, the scavenging ability for the hydroxyl radical increased in a dose-dependent manner. At 0–100 μg/mL, the scavenging ability was close to that of lycopene in acetone and higher than that of lycopene in water. At 100 μg/mL, the highest scavenging ability of lycopene-loaded PEC NPs on hydroxyl radical was 77.38%, which was weaker than that of Vc (96.37%). Figure 9C indicates that the ABTS radical scavenging activity of lycopene-loaded PEC NPs at 0–20 μg/mL was close to that of Vc and at 0–100 μg/mL was always higher than that of lycopene in acetone and lycopene in water. At 100 μg/mL, the lycopene-loaded PEC NPs exhibited the highest scavenging ability of 75.53%, which was close to that of Vc (89.77%). The results showed that lycopene-loaded PEC NPs exhibited strong antioxidant activities in vitro that were positively correlated with their concentration. At 0–100 μg/mL, the activities of lycopene-loaded PEC NPs were higher than those of lycopene in acetone and water, indicating that the water solubility and dispersibility of lycopene were improved after being encapsulated inside the PEC NPs. As a result, its antioxidant activities were promoted. Our previous study also proved that TLH-3 exerts excellent antioxidant activities (18). The enhanced radical scavenging ability of encapsulated lycopene may be attributed to the large surface areas of PEC NPs that are beneficial to the adequate diffusion of encapsulated lycopene in the reaction medium. It can be inferred from the results that the higher the retention of lycopene in PEC NPs, the better is the antioxidant capacity of PEC NPs when compared with free lycopene. Other researchers have also reported that there is a positive correlation between the antioxidant ability and the lycopene retention of the different delivery systems (25, 52). Sodium caseinate (NaCas) is one of the milk protein components with hydrophilic and lipophilic properties that facilitate rapid absorption at the oil-water interface (53). Furthermore, proteins such as SC may have contributed to the oxidative stability of PEC NPs by forming an interfacial physical and electrostatic barrier to pro-oxidants that are common to the aqueous phase. Consequently, lycopene-loaded PEC NPs have a promising prospect in the effective prevention and treatment of diseases related to oxidative damage. Similar results have also been reported in another study, for example, curcumin encapsulated inside protein-polysaccharide nanoparticles exhibited stronger antioxidant and radical scavenging activities than curcumin solubilised in ethanol solutions (39). Lycopene was encapsulated in whey protein isolate-xylo-oligosaccharide conjugates prepared by Maillard reaction, which enhanced the emulsification performance and antioxidant capacity. Therefore, whey protein isolates glycosylated with xylo-oligosaccharides by Maillard reaction can be used to encapsulate lycopene or other bioactives and improve their properties (54). Previous research indicated that the type of carrier oil impacts the reducing power of the beverage emulsions as lycopene was more susceptible to chemical degradation in the presence of unsaturated, long-chain triglycerides, and the antioxidant capacity was reduced (46).
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FIGURE 9. (A) DPPH radical scavenging activity, (B) Hydroxyl radical scavenging activity, and (C) ABTS free radical scavenging activity of Vc, lycopene in acetone, lycopene in water, lycopene-loaded PEC NPs.




Effects on Cell Viability of L02 Cells

As shown in Figure 10A, lycopene-loaded PEC NPs did not cause any critical toxicity for 24 h, even at 25 μmol/L concentration. As illustrated in Figure 10B, the viability of H2O2-induced L02 cells decreased in a dose-dependent manner. Nearly 46.99% of the cells had survived when treated with H2O2 at 400 μmol/L. Hence, this concentration was used in the subsequent experiments. As shown in Figure 10C, the percentage of living cells in lycopene-loaded PEC NPs treated groups at 1, 5 and 10 μmol/L increased in a dose- and concentration-dependent manner. The H2O2-induced cells treated with lycopene-loaded PEC NPs at 10 μmol/L showed the highest percentage of living cells (90.16%). The results suggested that exposure to H2O2 resulted in an increase in cell death, but lycopene-loaded PEC NPs alleviated the oxidative damage in a dose-dependent manner and significantly protected L02 cells against H2O2-induced cell apoptosis. As a well-known antioxidant, lycopene has a protective effect on oxidative stress cell damage. For example, it was reported that lycopene decreased the apoptosis rate of H2O2-induced bovine mammary epithelial cells (bMECs) and the accumulation of intracellular reactive oxygen species (ROS) when lycopene was delivered to cells using THF as a solvent which contained 0.025% butylated hydroxytoluene (55). The hepatic cell viability decreased significantly after hypoxia/reaeration treatment but increased in a dose-dependent manner after cells were treated with different concentrations of lycopene by MTT assay (56). Previous studies revealed that nanoliposomes of lycopene (L-LYC) remarkably inhibited JNK-MAPK-induced cell apoptosis, and the total number of apoptotic cells in the ischemic cortex was significantly reduced in L-LYC pre-treatment groups when compared with the vehicle group (57). However, to our best knowledge, the protective effect of lycopene delivery systems such as PEC NPs on H2O2-induced oxidative stress cell damage has not been previously reported. The low water-solubility and gastrointestinal instability led to the low bioavailability of lycopene, thereby the higher the retention of lycopene in PEC NPs, the better the protective effect on oxidative stress cell damage when compared with free lycopene.


[image: Figure 10]
FIGURE 10. Lycopene-loaded PEC NPs inhibit H2O2-induced cell apoptosis. (A) Cytotoxicity of lycopene-loaded PEC NPs in cells at different concentrations. (B) The viability of H2O2-induced cells. (C) Effects of lycopene-loaded PEC NPs on the viability of L02 cells. (D) Morphological analysis of the nucleus in cells. Data (mean ± SD) represent three experimental replicates. * p < 0.05, ** p < 0.01, vs. control group. # p < 0.05, ## p < 0.01, vs. H2O2-treated group.




Hoechst 33342 Staining

Morphological changes in L02 cells were examined with Hoechst 33342 staining to further understand the protective effects of lycopene-loaded PEC NPs (Figure 10D). The L02 cell nucleus was round and was stained homogeneously with Hoechst 33342. After H2O2 treatment, a considerable proportion of the cells displayed apoptotic characteristics with condensed and fragmented nuclei, an important marker of apoptosis. Meanwhile, the number of apoptotic cells with nuclear fragmentation was significantly reduced after treatment with lycopene-loaded PEC NPs. This finding indicated that lycopene-loaded PEC NPs can inhibit the nucleic morphological changes in H2O2-induced L02 cells. Lycopene could protect AML12 hepatic cells from apoptosis as the cells' apoptosis rate was downregulated compared with the hypoxia/reaeration injury group (56). Lycopene also ameliorated H2O2-induced SH-SY5Y cell damage and reduced the expression of apoptotic markers, such as Bcl-2, Bax, and cleaved caspase 3 (58).



Effects on H2O2-Induced Oxidative Stress

As shown in Figure 11A, exposure to H2O2 resulted in a 3.8-fold increase in intracellular ROS generation. Meanwhile, the L02 cells treated with lycopene-loaded PEC NPs exhibited significantly reduced ROS production, as indicated by their weak fluorescence intensity for ROS. The lycopene-loaded PEC NPs at 1, 5, and 10 μmol/L decreased the ROS generation by 21.08, 34.21, and 60.53%, respectively, compared with that in the H2O2-treated group.
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FIGURE 11. Lycopene-loaded PEC NPs alleviate H2O2-induced oxidative stress. (A) Effect of lycopene-loaded PEC NPs on H2O2-induced ROS generation in cells. The fluorescence increase meant that DCF was indicative of enhanced ROS generation. (B) Effect of lycopene-loaded PEC NPs on SOD activity. (C) Effect of lycopene-loaded PEC NPs on GSH-Px level. (D) Effect of lycopene-loaded PEC NPs on MDA level. Data (mean ± SD) represent three experimental replicates. * p < 0.05, ** p < 0.01, vs. control group. # p < 0.05, ## p < 0.01, vs. H2O2-treated group.


As shown in Figures 11B,C, SOD and GSH-px activities were greatly reduced by H2O2 exposure but dose-dependently enhanced by treatment with lycopene-loaded PEC NPs. On the contrary, the MDA level increased after treatment with H2O2 but decreased after treatment with lycopene-loaded PEC NPs by 20.8 to 34.4% in Figure 11D. The above results suggested that lycopene-loaded PEC NPs protect against oxidative damage by stimulating antioxidative enzymes and decreasing the MDA level. Yusuf et al. deal with the encapsulation of lycopene (LYC) as polysorbate-80 (P-80) coated phosphatidylserine-chitosan self-assembled nanoparticles (P-80-LYC-PSCNP), with an approach to reduce oxidative stress and improve the antioxidant enzymatic functioning of CAT, SOD, and GPx (59). Nanoliposomes of lycopene (L-LYC) pre-treatment suppressed oxidative stress in ischemic brains, significantly elevated the total SOD, GSH, and CAT levels, and reduced the level of MDA (57).



Protective Effects on H2O2-Treated L02 Cells

The expression levels of some oxidative stress-related major genes [e.g., Nrf2, HO-1, and AKT] were evaluated by Western blot to determine whether lycopene-loaded PEC NPs attenuate oxidative damage in cells by inducing various signalling pathways. As indicated in Figure 12A, lycopene-loaded PEC NPs dramatically and dose-dependently enhanced the level of HO-1 protein. However, HO-1 expression induced by lycopene-loaded PEC NPs was suppressed after treatment with ZnPPIX, a specific HO-1 inhibitor. As shown in Figure 12B, Western blot results indicated that the phosphorylated Nrf2 expression was remarkably increased in the groups treated with lycopene-loaded PEC NPs, suggesting that the PEC NPs significantly upregulated the phosphorylated Nrf2. Moreover, Nrf2 phosphorylation was inhibited upon pre-treatment with the special PI3K/AKT inhibitor (LY294002). These results confirmed that LY294002 could inhibit Nrf2 phosphorylation and decrease HO-1 transcription and expression, suggesting that AKT phosphorylation is associated with Nrf2/HO-1 signalling pathway activation. Figure 12C shows that, compared with that of the cells under normal conditions, phosphorylated AKT was significantly and dose-dependently upregulated after the cells were treated with lycopene-loaded PEC NPs. This finding suggested that pre-treatment with lycopene-loaded PEC NPs could induce AKT phosphorylation. However, a special PI3K/AKT inhibitor (LY294002) can significantly inhibit the AKT phosphorylation promoted by lycopene-loaded PEC NPs.
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FIGURE 12. Effect of lycopene-loaded PEC NPs on protein expression of HO-1, p-Nrf2, Nrf2, p-AKT, and AKT. (A) Cells were treated with lycopene-loaded PEC NPs (0, 1, 5, and 10 μmol/L) for 24 h, and then protein expression of HO-1 was determined by western blot analysis (Left); Cells were pretreated with 10 μM ZnPP-IX for 1 h prior to incubation with or without 5 μmol/L lycopene-loaded PEC NPs for 24 h and then protein expression of HO-1 was determined by western blot analysis (Right). (B) Nrf2 and p-Nrf2 protein levels were measured by western blots after treatment with lycopene-loaded PEC NPs (0, 1, 5, and 10 μmol/L) for 24 h (Left); Cells were pretreated with 10 μM LY294002 for 1 h and then treated with or without 5 μmol/L lycopene-loaded PEC NPs for 24 h, and Nrf2 and p-Nrf2 were determined by western blot analysis (Right). (C) Cells were treated with lycopene-loaded PEC NPs (0, 1, 5, and 10 μmol/L) for 24 h, and AKT and p-AKT were determined by western blot analysis (Left); Cells were pretreated with 10 μM LY294002 for 1 h prior to incubation with or without 5 μmol/L lycopene-loaded PEC NPs for 24 h, and AKT and p-AKT were determined by western blot analysis (Right). Data (mean ± SD) represent three experimental replicates. *p < 0.05, ** p < 0.01, vs. control group.


As shown in Figure 13A, HO-1 expression levels were significantly elevated after the H2O2-induced cells were treated with lycopene-loaded PEC NPs. As illustrated in Figure 13B, phosphorylated Nrf2 was significantly and dose-dependently upregulated in the PEC NP-treated group compared with that in the H2O2 treated group, thus supporting the idea that lycopene-loaded PEC NPs could activate Nrf2 by upregulating its phosphorylation. As indicated in Figure 13C, AKT phosphorylation decreased upon exposure to H2O2 but was upregulated after treatment with lycopene-loaded PEC NPs.
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FIGURE 13. Mechanism of protective effects on H2O2-treated L02 cells. (A) Western blot assay of HO-1 expression; Quantification of relative protein expression quantity of HO-1. (B) Western blot assay of p-Nrf2 and Nrf2 expression. Quantification of relative protein expression quantity of p-Nrf2 and Nrf2. PCNA was used as a nuclear loading control. (C) Western blot assay of p-AKT and AKT; Quantification of relative protein expression quantity of p-AKT/AKT. Data (mean ± SD) represent three experimental replicates. *p < 0.05, **p < 0.01, vs. control group. #p < 0.05, ##p < 0.01, vs. H2O2-treated group.


Nuclear factor erythroid 2-related factor 2 is a key regulatory factor that maintains the redox balance, especially under the continuous stimulation of activated AKT (60, 61). Previous studies have confirmed that HO-1 regulates cell apoptosis by protecting cells from oxidative damage, and its upregulation is involved in the cellular defence mechanism against oxidation (62, 63). In our study, the PI3K/AKT signalling pathway was activated by lycopene-loaded PEC NPs, thus leading to increased p-AKT levels in cells. Upon stimulation by activated AKT, Nrf2 plays an indispensable role against oxidative stress by rapidly detaching from cytoplasmic chaperone protein Keapl and transferring into the nucleus to combine with the antioxidant responsive element in the nucleus, thus transcriptionally activating phase II enzymes/antioxidant genes, such as HO-1, NQO1, and GCLC, and increasing the expression levels of GSH-px and SOD to maintain intracellular redox balance and remove the excess oxygen free radicals (23, 64). The above results confirmed that lycopene-loaded PEC NPs could protect L02 cells against H2O2-induced oxidative stress by activating the PI3K/AKT/Nrf2 signalling pathway and upregulating the downstream protein HO-1. Lycopene supplementation improves the mRNA expressions of the NQO-1 and HO-1 as antioxidant enzymes, and lycopene decreased neuronal oxidative damage by activating Nrf2 and by inactivating NF-κB translocation in a H2O2-related SH-SY5Y cell antioxidant model (59). Lycopene also could promote the transfer of Nrf2 from the cytoplasm into the nucleus and the Nrf2/HO-1 pathway activation, protecting hepatic cells (AML12 Cells) against hypoxia/Reaeration injury (56). Previous studies revealed that Nanoliposomes of lycopene (L-LYC) significantly reduced cerebral infarction and improved neurobehavior of the rats more efficiently than “naked” lycopene. In addition, L-LYC reduced protein levels of nitric oxide synthase and NOX2, increased the level of Bcl-2, lowered caspase-3, and suppressed apoptosis by inhibiting MAPK-JNK (56). In recent years, lycopene delivery systems have received increasing academic attention, owing to their actions in improving bioavailability (49) and treating tumours (65). However, until this moment, there are no data available about the protective effect of lycopene delivery systems, such as PEC NPs on oxidative stress-induced cell damage and the underlying molecular mechanism. Lycopene-loaded solid lipid nanoparticles (LYC-SLNs) enhanced cytotoxicity in MCF-7 breast cancer cells compared to the free lycopene, which combined with methotrexate (MTX) could be a promising approach to improve the therapeutic benefits of anticancer agents (65).




CONCLUSION

Nowadays, an effective delivery system is needed to improve the absorption and bioavailability of liposoluble nutrients such as lycopene. In this study, the biocompatible TLH-3/SC PEC NPs for lycopene encapsulation were successfully constructed by electrostatic complexation. The lycopene-loaded PEC NPs with high EC and LC exhibited enhanced water-solubility, storage stability, excellent antioxidant capacity, and controlled release ability during a simulated gastrointestinal environment when compared with those of free lycopene. Furthermore, encapsulated lycopene could protect L02 cells from H2O2-induced cellular oxidative damage by reducing MDA and ROS levels, and the molecular mechanism of its antioxidation activity was summarised as the Nrf2/HO-1/AKT signalling pathway (Figure 14). The results indicated that the TLH-3/SC PEC NPs can be developed as effective nanocarriers for delivering liposoluble nutrients and drugs for controlled release, which has a potential application prospect in the food and pharmaceutical industries. Furthermore, this study provides a safe, green, and effective delivery system and a new idea for the development and utilisation of biocompatible PEC NPs.
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FIGURE 14. Schematic diagram for the protective effect of lycopene-loaded PEC NPs against oxidative stress in L02 cells. Where ↑ indicates increase, ↓ indicates a decrease.
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Prediction of Soluble Solids and Lycopene Content of Processing Tomato Cultivars by Vis-NIR Spectroscopy
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Tomato-based products are significant components of vegetable consumption. The processing tomato industry is unquestionably in need of a rapid definition method for measuring soluble solids content (SSC) and lycopene content. The objective was to find the best chemometric method for the estimation of SSC and lycopene content from visible and near-infrared (Vis-NIR) absorbance and reflectance data so that they could be determined without the use of chemicals in the process. A total of 326 Vis-NIR absorbance and reflectance spectra and reference measurements were available to calibrate and validate prediction models. The obtained spectra can be manipulated using different preprocessing methods and multivariate data analysis techniques to develop prediction models for these two main quality attributes of tomato fruits. Eight different method combinations were compared in homogenized and intact fruit samples. For SSC prediction, the results showed that the best root mean squared error of cross-validation (RMSECV) originated from raw absorbance (0.58) data and with multiplicative scatter correction (MSC) (0.59) of intact fruit in Vis-NIR, and first derivatives of reflectance (R2 = 0.41) for homogenate in the short-wave infrared (SWIR) region. The best predictive ability for lycopene content of homogenate in the SWIR range (R2 = 0.47; RMSECV = 17.95 mg kg–1) was slightly lower than that of Vis-NIR (R2 = 0.68; 15.07 mg kg–1). This study reports the suitability of two Vis-NIR spectrometers, absorbance/reflectance spectra, preprocessing methods, and partial least square (PLS) regression to predict SSC and lycopene content of intact tomato fruit and its homogenate.

Keywords: tomato, Vis-NIR, spectroscopy, SSC, lycopene, absorbance, reflectance, preprocessing


INTRODUCTION

Tomato (Lycopersicon esculentum Mill.) and tomato-based products are significant components of vegetable consumption. The volume of processed tomatoes in 2020 exceeded 38 million tons in the world (1). From a processing point of view, the two most important quality attributes of tomato fruits are soluble solids content (SSC) and lycopene content (2, 3).

The highest cost of compaction is the energy used to evaporate water from the raw material to concentrate it to 28–38°Brix, which results in a product that can be transported more easily in this form and is eligible for further processing. Thus, when it comes to the SSC level of raw tomato, the higher SSC, the less water has to be evaporated from it, reducing the cost and energy consumption of this operation (4). This means that the processing industry pays extra price for raw tomatoes above a certain level of SSC (5).

In general, the total dry matter (DM) and SSC of the fruit increase as it ripens, in parallel with their pigmentation. The color of red-fruit varieties makes it easy to distinguish whether they are ripe or not (6–8). While SSC can be easily measured by refractometer in°Brix (9), its estimation based only on maturity depends on the cultivar (10). Therefore, it is of great importance to develop a non-destructive method for the accurate estimation of SSC of intact tomato fruits (11–14) or rapid monitoring of their homogenates in analytical laboratory or during the quality check of incoming raw material at the receiving area of processing plant (15, 16).

Lycopene, the main carotenoid component of red ripe tomato fruit, is often considered the main preference of consumers’ acceptance and a major factor for cardiovascular protection in addition to its importance in the reduction of oxidative stress active substances (17, 18).

There are examples for the estimation of lycopene content of red-ripe fruits based on their color (19, 20), but accurate values can only be obtained by expensive and time-consuming laboratory analytics (21–24). There is demand for making this procedure quicker, cheaper, and easier. Measuring spectral reflectance can be a good option for this approach (25–29).

The method is based on the near-infrared (NIR) absorption of the overtones and combination bands of water and organic molecules, mainly O–H, C–H, N–H, and C = O groups. NIR spectra are complex and more difficult to interpret as in other spectral regions like visible (Vis) spectra (30, 31).

Recently, visible-near infrared (Vis-NIR) spectroscopy has been increasingly used in studies for non-destructive determination of ingredients of fruits (32–36) and especially of tomato (22, 23, 37, 38). The rapid determination of SSC in an intact fruit or in a sample homogenized from it is a difficult task due to its high water content (39). A number of usable calibrations have already been made for the rapid determination of SSC and lycopene content in paste from processing tomatoes as the material concentrated to a°Brix value of 28–38 already contains less water (40, 41).

The development of a NIR calibration is a complex task that involves spectral collection using a NIR device, chemometrics, spectra pretreatment, calibration model development, and model validation.

The objective of this study was to evaluate the use of Vis-NIR range of spectra for measuring the SSC and lycopene content of tomato fruit and its homogenate. Choosing the best preprocessing and calibration method for the validation of these important parameters can contribute for developing a non-destructive way, which is applicable to measure these parameters quickly and accurately.



MATERIALS AND METHODS


Plant Material

Fruits were produced in open-field experiments of processing tomato in 2019 and 2020. These experiments were carried out at the Experimental Farms of the Hungarian University of Agriculture and Life Sciences (S1), Gödöllő (47°34′N. 19°22′E; elevation 231 m) and Szarvas (S2) (46°53′N. 20°31′E; elevation 81 m) in 2019, and Experimental Farms of the Univer Agro Kft in Szentkirály (S3) (46°54′N. 19°59′E; elevation 91 m) in 2020. Production technology was the same as our previous processing tomato experiments (42–44). There were different processing tomato hybrids from three different seed companies: HeinzSeed (Pomodoro Agro Kft., Mezőberény, Hungary): H1015, H1281, H1307, H1765, H1776, H1879, H1884; BASF Nunhems (Nunhems Hungary Kft., Budapest, Hungary): N6438, NUN283, NUN287, NUN507, NUN812, NUN912, Ussar; and United Genetics (Orosco Kft., Orosháza, Hungary): UG812J, UG1410, UG5202, UG8114, UG13577, UG13579, UG14014, Prestomech. H1015 F1 and UG812J were used in both years only. Samples were formulated from 10 healthy fruits with similar visual appearance in four repetitions of each treatment combinations. The fruits were harvested by hand in red ripe stage in August of both years.



Spectral Acquisition of the Sample’s Reflectance

Spectral and analytical measurements were performed with tomato samples right after harvesting. For the intact tomato samples, data are output as reflectance only, by ASD, because Perten is inappropriate for measuring intact fruits as its sample container does not fit intact fruit size. The reflectance and absorbance data were obtained from the laboratory of Regional Knowledge Centre of Hungarian University of Agriculture and Life Sciences (Gödöllő). For the spectral acquisition, the tomato samples were used in two forms, namely, intact tomato fruits (n = 132) and homogenates (n = 192). In the first step, the intact tomato fruits were cleaned before the collection of spectra. Spectral measurements were taken with two instruments, namely, ASD FieldSpec HandHeld 2™ (Analytical Spectral Devices. Inc., Co., United States) Portable Spectroradiometer (spectral range: 325–1,075 nm) and Perten DA7200 (Perten Instruments, Forr-Lab Kft., Budapest, Hungary) NIR analyzer (spectral range: 950–1,650 nm).

A total of 132 spectral samples were directly acquired in the range of 325–1,075 nm from S1 site in 2019 using the ASD spectroradiometer. Fruit samples were derived from irrigation and microbiological treatment combinations of H1015 and UG812J processing tomato hybrids (45).

After measurement of intact fruits, a total of 1,920 tomato fruits were washed, cut, and homogenized for the 192 samples from S2 and S3 sites in 2020. A black Teflon plate (diameter 75 mm) was filled with 26 ± 1 mm of samples, ASD spectroradiometer positioned 2 mm above samples, with Hi-Brite Contact Probe (Analytical Spectral Devices. Inc., Co., United States). Light source of the device was halogen bulb with color temperature 2,900 K, using Zenith Polymer® reference panel made of sintered polytetrafluoroethylene (SphereOptics GmbH, Uhldingen, Germany) for calibration. The spectral scanning was made in five replicates. The instrument has a spectral resolution of < 3.0 nm at 700 nm and wavelength accuracy of ± 1 nm. The black plate perfectly fit into the Perten DA7200 rotation cup, the instrument was worked in the 950–1,650 nm spectral range, and the spectral resolution was 5 nm. For further spectral analysis, an average of five reflectance and absorbance recordings from each sample was used.



Analytics


Soluble Solid Content

Mettler-Toledo Easy R40 refractometer (Mettler Toledo Kft., Budapest, Hungary) was used to measure the SSC of homogenized tomato samples in each replicate (10 fruits) with temperature control on 20°C (46). Its integrated Peltier temperature control quickly heats up or cools down the measurement cell, maintaining the sample reliably at the desired temperature. The tomato homogenate was filtered with gauze and dripped on the measuring cell. An average of two measurements from each repetition of samples were used for the models.



Lycopene

The sample was made from homogenization of 10 fruits. The sample preparation was conducted according to Daood et al. (47). Hitachi Chromaster HPLC (VWR International Kft., Debrecen, Hungary) using a Model 5110 Pump, a Model 5430 Diode Array Detector, and a Model 5210 auto-sampler. The separation and data processing were operated using the EZChrom Elite software (Agilent Technologies, Inc., Santa Clara, CA, United States). Carotenoids were detected between 190 and 700 nm. Separation of carotenoids was performed on a core C-30, 150 × 4.6 mm, 2.6 μm (Thermo Scientific, Waltham, MA, United States) column with a gradient elution of (A) tert-butyl-methyl ether in (B) 2% water in methanol (48). The gradient started with 3% A in B, changed to 35% A in B in 20 min, steady isocratic for 5 min, and finally turned to 3% A in B in 5 min. The flow rate was 0.6 ml min–1. For quantification, the area of each compound was recorded at the maximum absorbance wavelength. Concentration of carotenoids was calculated as 8-apo-carotenal equivalent. The internal standard was set at a known concentration to the samples. Standard material for lycopene (Sigma-Aldrich, Budapest, Hungary) was also used, as an external standard, for its identification and quantitation.



Spectral Data Analysis

The spectral data were analyzed using the Unscrambler 11.0 software (CAMO Analytics AS., Oslo, Norway). Preprocessing of spectral data is often of vital importance if reasonable results are to be obtained whether the analysis is used for exploratory data mining, classification, or building a good robust prediction model (49). The obtained spectra can be manipulated using different preprocessing methods and multivariate data analysis techniques to develop prediction models for these two main quality attributes of tomato fruits. Three preprocessing methods were used to improve the quality of original spectra, multiplicative scatter correction (MSC), standard normal variate (SNV), Savitzky-Golay based on first derivative (1DER) as in previous studies (32, 50, 51), and their combinations with reflectance and absorbance spectra. Partial least-square regression (PLSR) was used to develop calibration models between spectral data and SSC or lycopene content of tomatoes. Eight different method combinations were compared in fruit and homogenized samples (Table 1). The calibration set was 75%, and the validation set was 25% of the total samples. The correct number of regression factors for the PLSR model was judged by root mean square error of cross-validation (RMSECV) obtained by 10-fold cross-validation.


TABLE 1. Predictive capability of calibration models for SSC and lycopene content of tomato samples by ASD and Perten spectrometers.
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Reflectance data were obtained from intact tomato fruits (n = 132) by ASD only, while from homogenized samples (n = 192) reflectance and absorbance were measured by ASD and Perten, respectively. One of the four replicates of each individual tomato groups was selected to represent the entire population for validation.





RESULTS AND DISCUSSION


Spectral Acquisition

Figure 1 shows the visual representation of reflectance spectra of all intact tomato fruit samples obtained by ASD HH2 device. The profiles present broad but identifiable bands, ascribable to the contributions of the main constituents of the food matrix such as water and sugar. Reflectance value is below 0.1 from 400 to 575 nm as previously detected by ElMasry and Sun (52), including an intense absorption peak between 450 and 475 nm as found by Ciaccheri et al. (53). Above 560 nm, reflectance values rose sharply because of the red coloration of ripened fruits (54). The variability of spectra was the highest in the Vis-NIR region between 650 and 930 nm. The reflectance maximum was measured between 700 and 705 nm, as found by Clément et al. (52). In the NIR, there was a local absorption maximum at 976 nm.


[image: image]

FIGURE 1. Average reflectance spectra of intact tomato fruit samples for calibration and validation in Vis-NIR by ASD; vertical bars represent the standard deviation (calibration n = 99; validation n = 33).


Figure 2 shows average reflectance spectra of all tomato homogenate samples for calibration and validation dataset in the range 375–1,075 nm. The results showed some absorbance peaks due to the vibration of O–H, C–H, and N–H bonds, which are related to inner fruit compositions such as sugars and acids. The absorption in the visible spectra is due to the fruit pigments such as chlorophyll, β-carotene, and lycopene. The highest bands in the VIS region (peaks at 550 and 607 nm) are because of the absorption of the chlorophyll, β-carotene, and lycopene similar to the results described previously (55). Yellow (570–590 nm), orange (590–620 nm), and red (620–750 nm) regions of reflectance spectra correlated well with tomato fruit color (56).
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FIGURE 2. Average reflectance spectra of homogenized tomato fruit samples for calibration and validation in Vis-NIR by ASD; vertical bars represent the standard deviation (calibration n = 144; validation n = 48).


The average absorbance spectra of the homogenized tomato fruit samples in the SWIR region measured by Perten can be seen in Figure 3. The highest bands (peaks at 1,095 nm) were in the SWIR region, which are due to the C–H, O–H, and N–H bonds (30, 57). The typical absorption bands related to the high water content of tomato samples can be seen around 950 and 1,450 nm, and a sugar-related peak appears also in the spectrum around 1,100 nm. Similar absorption bands were reported in the studies of tomato fruits and nectarines (58).


[image: image]

FIGURE 3. Average absorbance spectra of homogenized tomato fruit samples for calibration and validation in SWIR by Perten; vertical bars represent the standard deviation (calibration n = 144; validation n = 48).




Reference Values in Tomato Samples

To produce good quality paste of tomatoes, they need to be harvested at red ripe stage of fruits, with the highest possible DM content. Immediately after the spectra were measured, SSC measurements were performed using homogenized fruit samples. The samples were then frozen as the high-performance liquid chromatography (HPLC) capacity for lycopene determination did not allow simultaneous measurement of all samples. To make our models as general as possible, 25 varieties harvested over 2 years from three regions of Hungary were included in the samples.

Tomato fruit SSC is the first and lycopene content is the second most important quality attribute for the processing industry. For both properties, the distributions of the reference values in the calibration and validation set were comparable. The sequences of validation samples were designed to represent the characteristics of the calibration sequences. Samples were selected by genotype, by treatment combination, with three from the four replicates for calibration and one for validation (Figures 4, 5). In the figures, the transparent bars indicate the number of validation samples that contained fewer categories than the calibration samples. Values below 4°Brix have been found in the calibration samples, which would limit the opportunities of profitable processing and imply price reduction for the grower when measured at delivery. Processors expect a high SSC because the lower the water content of the raw material, the lower the cost of concentration.
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FIGURE 4. Distribution of SSC and lycopene content of intact tomato fruit for the calibration (n = 99) and validation (n = 33) sets.



[image: image]

FIGURE 5. Distribution of SSC and lycopene content of homogenized samples for the calibration (n = 144) and validation (n = 48) sets.


Table 2 represents the average SSC and lycopene content of intact tomato fruits and homogenates used for calibration and validation. The parameters of the sample population selected for calibration and validation only slightly differed. Since the samples of intact and homogenized fruits were from two consecutive years, the higher SSC can be explained by the effect of seasonal variation according to our previous studies (59, 60). The effect of higher temperature on lycopene content is larger and opposite to that of SSC, which may have been caused by extreme high-temperature events in 2020 (59, 61).


TABLE 2. SSC and lycopene content of intact tomato fruits and homogenized samples in the calibration and validation sets.
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Calibration and Validation

Both instruments were used to perform reflectance and absorbance measurements on homogenized samples, but the intact fruits could only be measured with the ASD instrument as they do not fit in the Perten sample tray due to their size.



Soluble Solid Content Prediction

The results of SSC showed reliable correlation coefficient of cross-validation (R2 = 0.68) originated from raw reflectance of intact fruits and absorbance preprocessed by MSC (R2 = 0.72) with RMSECV 0.58 and 0.59, respectively in Vis-NIR spectra. In this spectral range, the absorbance data gave the smallest error (RMSECV 0.43) for the homogenized samples, which could not be improved by SNV (R2 = 0.58; RMSECV 0.43). The predictive capability of the SWIR spectrum for SSC gave the best results when using the first derivative of reflectance spectra, better than in the Vis-NIR (R2 = 0.61), and with lower error (RMSECV = 0.41).

Figure 6 shows the scatter plot of measured and predicted SSC using Vis-NIR PLSR models in the calibration and validation set of intact fruits by ASD. The best correlation was performed using the absorbance data + MSC spectral transformation of the samples for the determination of SSC agreed with others (32). The statistical parameters of prediction were R2 = 0.7216 and RMSECV = 0.59°Brix.


[image: image]

FIGURE 6. Calibration (Cal) and validation (Val) set of reference (n = 99) vs. predicted (n = 33) SSC of intact tomato fruits derived from the best PLSR model from absorbance of Vis-NIR spectra with MSC preprocessing.


The correlation coefficient (R2 = 0.6821) and error (RMSECV = 0.58) of the first derivative of absorbance in homogenized fruit samples are only slightly different from the reflectance results (Figure 7), as has been described by others (51). Based on the graphical representations of the SSC calibrations and validations, the reflectance-based SWIR spectrum seems to be a better prediction method for homogenized samples.


[image: image]

FIGURE 7. Calibration (Cal) and validation (Val) set of reference (n = 99) vs. predicted (n = 33) SSC of tomato homogenates derived from the best PLSR model from reflectance of SWIR spectra with first derivative preprocessing.


Although DM is of major importance in tomato physiological research (62), the DM content of the fruit is closely related to its SSC (63). Therefore, SSC has been widely used in practice for the grading of raw tomatoes as it requires simpler sample preparation, cheaper devices, and less labor (4).

There are several difficulties to estimate SSC of tomato fruits non-destructively by spectral characteristic. Tomato fruits have a low SSC, which makes it more difficult to make a reliable prediction compared to fruits with a higher DM content (64). Especially, NIR-SSC predictions were heavily influenced by the correlation of inner and outer mesocarp SSC, which varied during fruit development (35).

Usually, the range of SSC in tomato fruit from the same cultivar and the same growing condition were relatively limited, so fruits using from different cultivars and production sites to achieve a wide range of fruit SSC are recommended for model development (65, 66). Therefore, we aimed to include more varieties and growing sites in the experiment to analyze a more representative sample population.

The scientific evidence generally agrees that Vis-NIR spectroscopy can be used to assess SSC in intact, thin-skinned fruit and is already being used in commercial practice. It is also expected that models based on transmittance will be more reliable in predicting SSC than models based on reflectance or absorbance as these methods are sensitive to surface reflectance variation (35, 67).



Lycopene Content Prediction

According to PLSR, based on Vis-NIR absorbance spectra, the best lycopene prediction of fruits resulted with MSC. The correlation coefficient of cross-validation was R2 = 0.46 and RMSECV = 39.6 mg kg–1 (Table 1). The best calibration of homogenate absorbance spectra by ASD had a more reliable predictive capability, RMSECV = 15.07 mg kg–1, where the correlation coefficient was R2 = 0.68 (Figure 8).
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FIGURE 8. Calibration (Cal) and validation (Val) set of reference (n = 144) vs. predicted (n = 48) lycopene content of homogenized tomato fruit samples derived from the best PLSR model from absorbance of Vis-NIR spectra.


The predictive ability in the SWIR range (R2 = 0.47; RMSECV = 17.95 mg kg–1) was lower for lycopene than in the Vis-NIR range, as represented in Figure 9.
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FIGURE 9. Calibration (Cal) and validation (Val) set of reference (n = 144) vs. predicted (n = 48) lycopene content of homogenized tomato fruit samples derived from the best PLSR model from absorbance of SWIR spectra with first derivative preprocessing.


The concentration of lycopene is not homogeneous in the fruit of tomatoes, being highest under the skin and much lower in the rest of the fruit (68), and recently bred tomato varieties with high lycopene content require more accurate methods to quantify lycopene content (69).

Lycopene content is well defined by non-destructively measured color values of tomato fruits, which in turn is highly dependent on variety and ripeness (56, 70, 71). VIS reflectance spectra can therefore be readily used to assess the main carotenoid in intact tomato fruit (72). Further investigation of NIR spectra on additional varieties to evaluate carotenoids in intact tomato fruit may help to develop more robust models (72, 73).




CONCLUSION

Vis-NIR spectroscopy is a rapid tool to assist the industry or the laboratory for the estimation of the quality of raw or homogenized tomato fruits.

The use of multiplicative scattering correction and the first derivative were efficient preprocessing techniques for the validation and resulted in the most accurate estimation models of ingredients in tomato. Calibration models of raw absorbance from Vis-NIR spectra resulted in reliable prediction of intact fruits’ SSC (R2VAL = 0.72), but SWIR spectral instrument produced lower RMSECV (0.41°Brix). Raw absorbance by Vis-NIR spectral range resulted slightly lower RMSECV of homogenate lycopene content (15.07 mg kg–1) comparing model of absorbance with first derivative in SWIR range (17.95 mg kg–1).

Combination of the two techniques (spectral range) could result in a more accurate calibration model for intact berries, which could be used to select raw material before the processing and for monitoring its homogenate in analytical laboratory or during the quality check of incoming raw material at the receiving area of processing plant. More homogeneous samples would result in a more accurate calibration, but this would not be conducive to the wide applicability of these models in practice. Vis-NIR spectroscopy appears to be a rapid and cost-effective technique compared to laboratory analytics, but using raw spectra requires a high level of skill because preprocessing is necessary. Traditional chemometric methods are time-consuming with higher cost and environmental impact, especially for lycopene analytics. The accuracy of the prediction obtained in this study indicates that Vis-NIR spectroscopy offers a useful method for quick and convenient evaluation of quality traits of tomato fruit. Further studies may give perspective to obtain better calibration models involving middle infrared range with more diverse sample population in accurate predictive capability.
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This study was conducted to determine the volatile organic compounds (VOCs) associated with fruit flavor in diverse tomato cultivars (salad and cocktail cultivars) under organic low-input production. For this objective, 60 cultivars deriving from very diverse breeding programs 1880–2015 were evaluated in 2015, and a subset of 20 cultivars was selected for further evaluation in 2016. The diversity of instrumentally determined traits, especially for VOCs concentration and sensory properties (fruit firmness, juiciness, skin firmness, sweetness, sourness, aroma, and acceptability), was investigated at two harvest dates. The evaluation of the cultivars exhibited a wide range of variation for all studied traits, with the exception of a few VOCs. Cultivar had the most important effect on all instrumentally determined traits, while the influence of cultivar × harvest date × year interaction was significant for 17 VOCs, but not for total soluble solid (TSS) and titratable acidity (TA). The VOCs with the highest proportion (>8%) were hexanal, 6-methyl-5-heptene-2-one, 2-isobutylthiazole, and (E)-2-hexenal, which were identified in all cultivars. Twelve VOCs significantly correlated with one or more sensory attributes and these VOCs also allowed differentiation of the fruit type. Among these VOCs, phenylethyl alcohol and benzyl alcohol positively correlated with acceptability in the cocktail cultivars, whereas 2-isobuthylthiazole and 6-methyl-5-hepten-2-ol negatively correlated with acceptability in the salad cultivars. As a result of this study, organic breeders are recommended to use cultivars from a wide range of breeding programs to improve important quality and agronomic traits. As examples, salad tomatoes “Campari F1”, “Green Zebra”, and “Auriga”, as well as cocktail tomatoes “Supersweet 100 F1”, “Sakura F1”, and “Black Cherry” showed higher scores for the sensory attributes aroma and acceptability under organic low-input growing conditions. It remains a challenge for breeders and growers to reduce the trade-off of yield and quality.
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INTRODUCTION

Tomato (Solanum lycopersicum L.) is currently one of the most important vegetable crops in the world (1), with consumption of fresh tomatoes and products at 20.2 kg capita–1 year–1 in 2019 (2). The tomato fruit constitutes an essential component of the human diet as it is a source of minerals, vitamins, and phytochemicals (3). For decades, domestication and the considerable attempts in tomato breeding have mainly focused on improving agronomic traits, such as fruit yield and weight, and, to a lesser extent, color and shape, firmness, disease resistance, and adaptation to different growing environments (4–6). While these approaches have significantly increased productivity, they have also shown negative impacts on the sensory and nutritional quality of commercial modern cultivars, which are often perceived by consumers as having less flavor (1, 7, 8). In recent years, the consumer demand for tomatoes with better flavor has increased, which is accompanied by ongoing breeding attempts toward the production of genotypes with improved sensory qualities and with multidisciplinary approaches to sensory assessment of the fruits (9, 10).

The production system can have a greater influence on fruit quality, including the concentration of bioactive compounds, such as phenols and lycopene, than on fruit yield, and the contents of these compounds are often higher in fruits from organic and low-input systems than in fruits from conventional production (11). Field-grown tomatoes have been reported to have higher levels of VOCs than greenhouse-grown fruits (12), but some cultivars e.g., Campari F1, have been developed for superior flavor in protected cropping. Flavor properties are important breeding targets to meet consumer demands for tomatoes (13, 14). In addition, the increasing interest in environmentally friendly produced food (15) may encourage breeders to develop cultivars with excellent flavor characteristics for organic low-input cultivation as well. Flavor of a fresh fruit is the sum of an interaction between taste and olfaction that results from a complex interaction of sugars (glucose, fructose), organic acids (citrate, malate, ascorbate, glutamate), and volatile compounds (VOCs) (16, 17). Sugars and acids activate taste receptors, while various VOCs stimulate olfactory receptors (18, 19). Aroma is a very complex trait (20), and its perception is not the result of the action of a single VOC but the result of interactions between different VOCs (16). Texture is also connected to the formation of VOCs, as it is also related to the degradation of cell walls and membranes. At the basic level, cell wall disruption stimulates contact between enzymes and substrates involved in the release of VOCs (21). In addition to many primary and secondary metabolites, such as sugars, amino acids, fatty acids, and carotenoids that can directly influence the sensory properties of the fruit, they are also precursors of some important VOCs of tomato (22). A combination of taste, aroma, and mouth-feel characteristics had major contribution to its flavor. The mechanisms behind flavor characteristics and sensory variations in tomato fruit have been studied to a limited extent (23). Daoud et al. (24) found a good correlation of the sensory attribute aroma with the general taste perception and with texture and, also, with the instrumentally determined sum parameter VOCs. Texture perception is the sensation perceived when eating, and the greatest contributor to texture of tomato products is insoluble solids, which account for approximately 10–20% of the total solids in the cell wall of the fruit (25, 26).

The characteristic sweet–sour flavor of tomato fruit is not solely the result of the interactions of the non-volatile compounds (i.e., sugars, acids, and amino acids) in the fruit (22), but it is determined by a complex combination of volatile and nonvolatile metabolites, which is not yet well understood (1). In strawberry, flavor has apparently been declared an important breeding target after yield and shelf life, to which special attention is paid (27), while tomato has been described as an excellent and important model organism for studies on fleshy fruit to investigate flavor at the molecular level (7, 28). Previous sensory studies on tomato have shown that flavor is the most important characteristic to improve the sensory quality of fruits and is necessary to meet consumers’ expectations (19, 25, 29).

While studies on the chemistry and variability of quality parameters of tomatoes, especially their flavor, compounds are widely available (30, 31); knowledge about chemical properties and VOC accumulation in tomatoes grown in organic low-input conditions and their correlation with general and specific sensory attributes is scarce. In this respect, the characterization of flavor-associated traits relevant to sensory properties is of interest, as they are increasingly valued by consumers.

This study is based on field trials under organic low-input conditions, in which 60 salad and cocktail tomato cultivars were cultivated in 2015, and a subset of 20 cultivars was grown in 2016. First results have been recently published by Chea et al. (32), focusing on identifying cultivars with better growth, yield, and selected fruit quality traits. The aim of the present study was to characterize the cultivars with respect to the variation of their sensory quality under low-input conditions, with the focus on the instrumentally determined traits and on the sensory quality, as perceived by human senses and the breeding background. It is expected that the results of the present study will provide information on the cultivars that have better flavor based on volatile and non-volatile organic components and are most suitable for organic low-input production and as parents in organic breeding.



MATERIALS AND METHODS


Plant Materials, Experimental Layout, and Crop Cultivation

The experiments were carried out with indeterminate cultivars corresponding to the group of salad (average fruit weight, 103 g) and cocktail (average fruit weight, 26 g) cultivars. Morphological, leaf nutrient, fruit yield, and selected fruit quality traits of the tested cultivars have been previously studied (32).

Sixty cultivars (33 salad and 27 cocktail cultivars) were selected, with information from extension services, research stations, breeders, and seed companies in Germany, Austria and Switzerland, and the IPK Genebank 2015 (Supplementary Table 1), a variety reduction selection process was carried out in which 60 cultivars were reduced to a subgroup of 20 cultivars (8 salad and 12 cocktail cultivars). These 20 selected cultivars were the best cultivars in terms of four traits: yield, total soluble solids (TSS), titratable acidity (TA), and the sensory attribute aroma. Reducing the number of cultivars to a few could increase the effectiveness of breeders in further selection of certain desirable traits among genotypes in breeding programs. The 60 cultivars and a subset of 20 cultivars were, respectively, grown in the field under low-input conditions at Reinshof Experimental Station, University of Göettingen, Germany, according to standard organic horticultural practices. In this study, the term “low-input” includes the avoidance of off-farm inputs during cultivation, especially fertilizer application and the use of moderate irrigation. The field had been used for organic farming since 2003, and faba beans and winter wheat were grown as preceding crops in 2015 and 2016, respectively.

The field trial was arranged in a randomized complete block design with eight biological replications (one and two plants per plot in 2015 and 2016, respectively). Further details of cultivation conditions and agronomic treatments are given in Chea et al. (32) and Erika et al. (33).



Preparation of Samples

Fruits were harvested fully mature between early August and October at two harvest dates [2015: 13 weeks after planting (WAP) and 18 WAP; 2016: 14 WAP and 19 WAP]. The healthy fruit samples were brought to the laboratory and immediately measured for fruit color. A tomato sample consisting of three to ten fruits per biological replication was used for each of the analyses. After washing, it was divided for five subsamples. One subsample was used for the immediate extraction of VOCs. Another subsample was used for sensory evaluation the following day, while the other subsamples were sliced and stored at −20°C before being analyzed for TSS and TA, and further traits.



Instrumental Analysis

The measurements of fruit color, TSS, and TA were performed according to Kanski et al. (34), whereas VOCs analysis was conducted by headspace solid phase micro-extraction, and subsequent gas chromatography equipped with a flame ionization detector for detection (HS-SPME-GC-FID), following the method of Ulrich and Olbricht (35). Fruits were rinsed with the ionized water, cut into wedges and homogenized in two parts of volume of 20% NaCl solution (w/v), with a hand mixer (Braun, Germany) at medium speed for 2 min. The homogenate was filled in 50-ml centrifuge tubes and centrifuged at 4°C and 3,000 rpm for 30 min (Centrifuge 5804 R, Eppendorf, Hamburg, Germany) to separate clear supernatant. Ten milliliters of the supernatant were mixed carefully with 20-μL internal standard (5 μL 1-octanol dissolved in 10-ml ethanol). Subsequently, an 8-ml aliquot was transferred into a 20-ml headspace vial (Gerstel GmbH, Germany) already containing 4-g NaCl and sealed with a screw cap septum. The VOC extract samples were vortexed for 10 s and stored at −80°C until analysis.

Prior HS-SPME analysis, the frozen VOC samples were incubated for 15 min at 35°C with a shaking operation mode of 300 rpm to allow equilibration of volatiles in the headspace, and then they were exposed to the vial headspace for another 15 min at 35°C under the same continuous shaking after an SPME fiber (100-μm poly-dimethylsiloxane/PDMS; Supelco, Bellefonte, PA) was inserted into the vial. Desorption was performed within 2 min in the splitless mode and 3 min with split at 250°C. An Agilent Technologies 6890 GC equipped with an HP-Wax column (0.25-mm i.d., 30-m length, and 0.5-μm film thickness) and FID were used for separation and detection. Carrier gas was hydrogen using a flow rate of 1.1 ml min–1. The temperature program was the following: 45°C (5 min) from 45 to 210°C at 3°C min–1 and held 25.5 min at 210°C. All samples were run with two technical replications.

The commercial software ChromStat2.6 (Analyt, Műllheim, Germany) was used for raw data processing. Data inputs for ChromStat 2.6 were raw data from the percentage reports (retention time/peak area data pairs) performed with the software package ChemStation [version Rev.B.02.01.-SR1 (260)] by Agilent. Using ChromStat2.6, the chromatograms were divided in up to 200 time intervals, each of which represented a peak (substance) occurring in at least one chromatogram of the analysis set. The peak detection threshold was set on the 10-fold value of noise. The values are given as raw data (the peak area in counts), which also can be described as relative concentration because of the normalized sample preparation. Afterward, the relative concentrations of VOC values were normalized to the mean total abundance of identified compounds and expressed in norm %, calculated according to the following formula:
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where I = substance i; Ai = relative concentration of substance i (dimensionless); and n = number of observations (identified VOCs). All the analyses were performed using the Statistica 13.3 package (TIBCO Software Inc., Chicago, United States).

The volatiles were identified by parallel runs of selected samples on an identically equipped GC-MS. The VOCs were identified by comparison of their mass spectra with library entries (NIST 14; the National Institute of Standards and Technology, Wiley, Nbs75k, United States), as well as by comparing RI with authentic references. CAS-numbers of the VOCs (Supplementary Table 2) were retrieved from the web-based chemical search engine1 and from the online edition of the “specifications for flavorings” database2.



Sensory Evaluation

Due to the high number of cultivars in 2015, a sensory evaluation, using the breeders’ sensory test (36) was carried out. Three panelists (male, 25–50 years of age) with experience in sensory evaluation of tomatoes, knowledge of the cultivars to be evaluated, and the terminology to be used were trained in preparation for the sensory evaluation. Sensory attributes that contribute to the fruit flavor (fruit firmness, juiciness, skin firmness, sweetness, sourness, aroma), and the acceptability were assessed. The scoring was based on a 9-point scale (0 = minimum intensity and 9 = maximum intensity), with the detailed description of the assessed attributes, following Hagenguth et al. (36) for most of the attributes. Fruit firmness referred to resistance of the pericarp during first chewing, and skin firmness referred to the degree to which the epidermis remained intact during chewing. Juiciness was described as amount of liquid that escapes during initial chewing. The aroma was associated with the retronasal impression of the fruit slices. The samples were labeled with a three-digit code and served to the panelists on transparent plastic trays. To avoid fruit type bias, the different fruit types were evaluated in separate groups.

In 2016, quantitative descriptive analysis (QDA) was used to evaluate the sensory attributes of 20 cultivars. Eleven panelists aged 25–55 years (45% male and 65% female) were trained weekly for 22 months in descriptive evaluation of tomatoes, which involved eight training sessions according to the ISO (International Organization for Standardization) standards 8586 (37). The technical procedure for panel training and sensory evaluation sessions was the same as the protocol of sensory methods described in Daoud et al. (24) with modifications. The sensory attributes used in this panel test were similar to those used in the breeders’ sensory test (36). The panelists were trained in eight sessions during 2-week training prior to the evaluation. The first three sessions introduced general sensory techniques and established the descriptive terms used to characterize flavor (fruit firmness, juiciness, skin firmness, sweetness, sourness, and aroma) and the overall acceptability of tomatoes. In the following sessions, each of the attributes was defined, and different references to represent each attribute were presented to the panelist. During the training session, the panel leader mediated group discussions to reach a consensus. The panelists were asked to rate samples in terms of the intensity of the individual flavor attributes (fruit firmness, juiciness, skin firmness, sweetness, sourness, aroma) and the overall acceptance of each sample on a score sheet with an unstructured line scale (0 = minimum intensity to 100 = maximum intensity). Each analysis was carried out in individual booths in the sensory laboratory at the University of Göettingen under daylight-equivalent lighting conditions that met the specifications of ISO 8589 (38). About 30 min before the evaluation, the samples were removed from storage at 7°C to adjust to room temperature and cut into equal sample sizes or to 1/8 wedges, depending on fruit size. The samples were presented to the panelists in small bowls. Water and plain crackers were provided to cleanse the palates.



Statistical Analysis

Overall mean abundance of instrumental and sensory data was subjected to one-way ANOVA and Tukey’s test for honestly significant difference (Tukey’s HSD) to determine possible differences in means at p < 0.05, p < 0.01, and p < 0.001. Pearson correlation analysis was performed between and within VOCs significantly associated (p < 0.05 and p < 0.01) with instrumental and sensory parameters. Principal component analysis (PCA) was conducted to identify the principal components responsible for the most of the variations within the dataset. PCA was performed on the instrumentally determined data and the mean sensory ratings (based on the correlation matrix) over both crop years. All the analyses were performed using the Statistica 13.3 package (TIBCO Software Inc., Chicago, United States).




RESULTS

With the aim of identifying cultivars best suited for organic low-input production and as parents for organic breeding, the present study assessed tomato fruit flavor quality and its relationship with sensory traits, breeding background and agronomic characteristics, instrumental data, and sensory properties of 60 tomato cultivars. To achieve the objective, 33 salad and 27 cocktail cultivars grown in 2015, and a subset of eight salad and 12 cocktail cultivars grown in 2016 were determined, with a focus on flavor-associated VOCs. The PCA, performed with the mean values of the concentration of 32 identified VOCs (Supplementary Table 2), color parameters, TA, TSS, and sensory data from every year in 2015 and 2016, showed a large diversity (Figure 1). In 2015, all tested samples are distributed across the parameter space, with a more and less distinct clustering, distinguishing mainly cocktail and salad cultivars, with the exception of the salad cultivar “Green Zebra” dislocated in the left quadrant and the cocktail cultivar “König Humbert” in an opposite quadrant. In addition, a separated group in the upper left quadrant of the plot, which included most of the cultivars with yellow and orange fruits as well as with red fruits, could be clearly distinguished (Figure 1). No clear clustering occurs for other subgroups, but a number of cultivars with superior aroma-like “Green Zebra” and “Black Cherry” plotted to the left of the main cluster. The corresponding loading plot (Figure 2) illustrates that fruit firmness, yield (FY), average fruit weight (AFW), intensity index (IDX), and VOCs as geranial and octanal are associated in the cultivars studied. A higher IDX indicates a higher input in the production systems suitable for a cultivar (Supplementary Table 1). Sensory traits regarded as positive (sweetness, sourness, aroma, firmness) clustered together with the related analytical traits TA and TSS, and skin firmness.
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FIGURE 1. A PCA score plot of the instrumental and sensory attributes of 60 cultivars (33 salad and 27 cocktail cultivars) grown in 2015. Salad cultivars are indicated in red; and cocktail cultivars are shown in black. The full names of cultivar are listed in Supplementary Table 1.



[image: image]

FIGURE 2. A PCA loading plot of the instrumental parameters (in red and black) and sensory attributes (in blue) as well as other cultivar-related parameters (in green) of 60 cultivars (33 salad and 27 cocktail cultivars) grown in 2015. Instrumental parameters: TSS - total soluble solids; TA - titratable acid; L* – lightness; a* – red (+)/green (−); b*: yellow (+)/blue (−); C* – chroma; h – hue. Sensory attributes: fruit firmness, juiciness, skin firmness, sweetness, sourness, aroma, and acceptability. Other parameters: AFW – average fruit weight, FY – fruit yield, IDX – intensity index, YR – year of release. VOCs are named according to Supplementary Table 2.



Volatile Organic Compounds of 60 Cultivars

The concentration of VOCs was analyzed in 60 cultivars grown in 2015. Twenty four VOCs were identified in both the salad and cocktail cultivars (Supplementary Tables 3, 4) belonging to five substance classes, such as aldehyde (ALD), ketone (KET), alcohol (ALC), sulfur-derived compound (SDC), and aliphatic acid (ALA). Significant differences were found between cultivars for most VOCs.

The group of ALD accounted for the largest proportion of the total VOCs in 60 cultivars, followed by KET, ALC, SDC, and ALA. The levels of these chemical groups varied from cultivar to cultivar, with the highest proportions of 72.5, 32.3, 25.8, 25.5, and 5.4% found in “Philovita F1”, “Green Zebra”, “Golden Currant”, “Clou”, and “Goldene Königin”, respectively (Figure 3). Hexanal (ALD) had the highest share of the total measured VOCs in salad and cocktail cultivars, with 27 and 30%, respectively. Methylheptadione (KET) and decadienal (ALD) could only be detected in some cultivars of both groups, while benzyl alcohol (ALC) was present in all salad cultivars and in most cocktail cultivars (Supplementary Tables 3, 4).
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FIGURE 3. Concentration of VOCs accumulated in the 60 cultivars grown in 2015 compiled to their substance groups. The cultivars are ordered based on average fruit weight from high to low. Cultivar names “Goldene Koenigin”, “Quedlinburger Fruehe Liebe”, and “Koenig Humbert” were written as “Goldene Königin”, “Quedlinburger Frühe Liebe”, and “König Humbert”, respectively. The substance groups of the VOCs: Aldehydes: β-cyclocitral, benzaldehyde, citral, decadienal, (E)-2-hexenal, geranial, hexanal and octanal; ketones: 6-methyl-5-hepten-2-one, β-damascenone, β-ionone, (E)-geranylacetone, farnesylacetone, and methylheptadione); alcohols: 1-hexanol, 2-ethyl-1-hexanol, α-terpineol, benzyl alcohol, eugenol, linalool, phenylethyl alcohol, and (Z)-3-hexen-1-ol; sulfur-derived compound: 2-isobutylthiazole; aliphatic acids: 2-methylpropanoic acid, 3-methylbutanoic acid, octanoic acid, and nonanoic acid; and another substance groups, ester (2-methylbutylacetate, isopropylmyristate, and methylsalicylate) are not included in the figure due to their minor abundance in the tomato fruit samples.




Influence of the Year and Harvest Date on Volatile Organic Compounds

The main effects on the concentration of VOCs in the 20 cultivars grown in 2015 and 2016 are shown in Supplementary Table 5. The effect of cultivar on all identified VOCs, except of α-terpineol, was always significant at different confidence levels. Of the total 31 VOCs identified, the interaction of cultivar (C) × harvest date (H) × year (Y) showed significant effects on 17 VOCs. The VOCs were composed of hexanal (35.2%), 6-methyl-5-heptene-2-one (17.4%), 2-isobutylthiazole (11.1%), (E)-2-hexenal (8.8%), geranylacetone (5.3%), octanal (3.7%), and β-damascenone (3.3%). Other VOCs were detected in relative concentrations of less than 3% of the total quantified VOCs.

The Student’s T-test showed that the relative concentrations of 2-isobutylthiazole, linalool, phenylethyl alcohol, and nonanoic acid were significantly different (p < 0.001) between cocktail and salad cultivars, highlighting the differences in tomato aroma between the groups of fruit type. Tables 1, 2 show the variation of concentration for each of the 31 VOCs within the individual salad and cocktail cultivars. There were 15 VOCs in the salad cultivars and 23 VOCs in the cocktail cultivars, each with significant differences at different confident levels. However, these differences were not consistent within the fruit type. For example, hexanal, octanal, and 1-hexanol differed significantly between the cocktail but not between the salad cultivars. Hexanal was predominant in both salad and cocktail cultivars, followed by (E)-2-hexenal and octanal. The concentration of hexanal was not significantly different among salad cultivars but varied within the cocktail cultivars, ranging from 25.1% (“Supersweet 100 F1”) to 48.7% (“Black Cherry”) of total VOCs. The range of (E)-2-hexenal from 7.08 to 13.64% was also high but not statistically different in cocktail cultivars, while significant variation of (E)-2-hexenal was found in salad cultivars (3.37–9.94%). Between the fruit type, most of salad cultivars were characterized with higher concentrations of 2-isobutylthiazole, 6-methyl-5-hepten-2-ol, linalool, and 2-isobutylthiazole, while benzyl alcohol and phenylethyl alcohol were found in a considerable level in most of cocktail cultivars (Tables 1, 2).


TABLE 1. Concentration of volatile organic compounds (VOCs) (norm-%) of eight salad tomato cultivars grown in 2015 and 2016.

[image: Table 1]

TABLE 2. Concentrations of volatile organic compounds (VOCs) (norm-%) of 12 cocktail tomato cultivars grown in 2015 and 2016.
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Sensory Evaluation

The analysis of sensory characteristics of the tested cultivars focused on the following attributes: texture (fruit firmness, juiciness, and skin firmness), taste (sweetness, sourness), aroma, and overall acceptability. Two types of sensory tests were carried out in order to characterize the fruit quality of the cultivars. In 2015, the breeders’ sensory test was performed on 60 cultivars, whereas, in 2016, a QDA test with a trained panel was used to access the 20 cultivars.


Breeders’ Sensory Test of 60 Cultivars

Sensory parameters analyzed on fruits of salad and cocktail cultivars in 2015 varied considerably, with the coefficients of variation (CV) ranging from 15.5 to 26.4 and from 9.6 to 14.8%, respectively (Table 3). Among the salad cultivars, fruit firmness was rated highest for the cultivars “Lyterno F1”, “Cappricia F1”, “Roterno F1”, and “Bocati F1”. The highest rating for juiciness was obtained for “Green Zebra”, which were not significantly different from “Harzfeuer F1” and “Auriga”, while skin firmness was rated at highest for “Harzfeuer F1”, “Auriga”, and “Campari F1”. In terms of sweetness, “Campari F1”, “Harzfeuer F1”, “Green Zebra”, and “Auriga” were evaluated as the sweetest among the salad cultivars, whereas “Green Zebra”, “Auriga”, and “Campari F1” had the highest score of sourness. Regarding aroma, “Green Zebra”, “Campari F1”, “Auriga”, and “Harzfeuer F1” were characterized as the cultivars with the most intensive aroma. In term of overall acceptability among salad cultivars, “Campari F1” seems to be the most accepted cultivar by the breeders’ panelists, with the highest value from 5.3 to 6.2 (scale, 0: minimum intensity, - 9: maximum intensity), but these cultivars did not significantly differ from “Green Zebra” and “Auriga”.

Among the cocktail cultivars, almost all of the selected cultivars used for further evaluation in 2016 were the cultivars that performed highest in at least one of the tested sensory attributes. Exemplary, “Sakura F1”, “Supersweet 100 F1”, “Benarys Gartenfreude”, and “Goldita” were scored at highest for sweetness and acceptability in the breeders’ sensory test in 2015. In spite of these, some cultivars that were not selected for investigation in 2016 also scored high on certain sensory attributes, such as “Trilly F1” for juiciness, sweetness, aroma, and overall acceptability. The so-called wild cultivars “Rote Murmel” and “Golden Currant” were highly appreciated in terms of juiciness, taste, and aroma, but not for firmness. “Trilly F1” and “Golden Pearl F1” were rated as the most acceptable cultivars in 2015 (Table 3).


TABLE 3. Breeders’ sensory scores of 33 salad and 27 cocktail tomato cultivars grown in 2015.
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Panel Sensory Test of Selected 20 Cultivars

The CV of sensory attributes analyzed in the fruit of salad and cocktail cultivars in 2016 ranged from 5.7 to 17.3 and 5.4 to 12.0%, respectively (Table 4). In terms of the highest rated cultivars, the results of the sensory panel in 2016 were relatively similar to those of the breeders’ sensory test in 2015, e.g., “Supersweet 100 F1”, “Benarys Gartenfreude”, “Sakura F1”, and “Bartelly F1” were ranked as those with the highest acceptability by both sensory panels. In addition, “Supersweet 100 F1”, “Sakura F1”, “Bartelly F1”, “Goldita”, and “Black Cherry”, which received the highest score of aroma in the sensory panel test, were also rated as the most aromatic cultivars by the breeders’ sensory team. In contrast, “Primavera” had the lowest scores for aroma and acceptability, indicating the least appreciated cultivar among the studied cocktail cultivars.


TABLE 4. Panel sensory scores of eight salad and 12 cocktail tomato cultivars grown in 2016.
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Correlations Between Traits

The correlations between all traits based on 60 cultivars are given in Supplementary Table 6. The year of release did not have significant influence on quality traits with few exceptions: the content of nonanoic acid decreased; TSS, fruit firmness, and acceptability slightly increased. A significant negative correlation of quality traits with yield was observed. The compounds octanal, linalool, geranial, β-ionone showed positive correlation with yield; whereas (E)-2-hexenal, 1-hexanol, (Z)-3-hexen-1-ol, and phenylethyl alcohol were negatively correlated with yield formation. Yield and intensity index correlated positively with fruit firmness and negatively correlated with skin firmness.

For the 20 cultivars, significant correlations between the VOCs and instrumental and sensory traits are shown in Table 5. Of the 31 VOCs, 12 compounds were correlated with at least one sensory attribute. Phenylethyl alcohol and (E)-2-hexenal, both strongly correlated with TSS, were also positively correlated with sweetness, aroma, and acceptability (r > 0.55), whereas 2-isobutylthiazole and 6-methyl-5-hepten-2-ol were negatively correlated with these sensory traits. Both geranial and 6-methyl-5-hepten-2-ol showed a negative correlation with TA and sourness. Geranial was positively correlated (r > 0.60) with fruit firmness and negatively with juiciness. The strongest positive correlation was determined between (Z)-3-hexen-1-ol and skin firmness (r = 0.80). Among instrumental traits, the strongest negative correlation was found between 2-isobutylthiazole and TSS content (r = −0.68). A few correlations were significant between VOCs and color components. For example, citral correlated negatively with fruit color Parameters L* and b*, and geranial correlated positively with h value. In addition, Supplementary Table 7 shows that some correlations between VOCs were also observed, such as β-ionone, which had the strongest positive correlation with β-cyclocitral (r = 0.98), followed by phenylethyl alcohol, which correlated positively with benzyl alcohol (r = 0.83).


TABLE 5. Correlation coefficients between volatile organic compounds (VOCs) and instrumental parameters and between VOCs and sensory attributes in the 20 cultivars grown in 2015 and 2016.
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Principal Component Analysis of the Instrumental and Sensory Parameters in 20 Cultivars

Classification between fruit types, the relative importance of each variable (instrumental and sensory traits), and the relationships between these variables and fruit type are shown in Figure 4. The cultivars were classified into four PCs with respect to their instrumental and sensory characteristics: (i) PC1 distinguished the characteristics of cocktail cultivars (i.e., “Goldita” and “Supersweet 100 F1”) from salad cultivars (i.e., “Bocati F1”, “Cappricia F1”, “Lyterno F1”, “Roterno F1”), (ii) PC2-contained data of “Auriga” and “Green Zebra”, and separated these salad cultivars from others in the same PC, (iii) in PC3, “Resi” was distinguished from other cultivars, and PC4 contained only “Tastery F1” differed from the other CVs (Supplementary Table 8). PC1 was assigned a higher score for TSS, sweetness, aroma, and acceptability, as well for variation in 2-isobuthylthiazole, 6-methyl-5-hepten-2-ol, (E)-2-hexenal, (Z)-3-hexen-1-ol, phenylethyl alcohol, and benzyl alcohol. High loading of TA; color parameters (L*, b*, C*, and h); sensory attributes (sourness and juiciness); and a number of VOCs, including nonanoic acid, 3-mebutanoic acid, β-damascenone, farnesylacetone, and benzaldehyde, contributed to the separation of PC2. While PC1 and PC2 were generally associated with higher scores of sensory attributes, PC3 and PC4 were distinguished from the other PCs mainly by higher loading values of VOCs (Supplementary Table 9). Overall, the classification of the two fruit types was mainly influenced by the highest loading score of “sweet-taste factor” (i.e., TSS/sweetness), the intensity of aroma, and the flavor-related VOCs mentioned above.
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FIGURE 4. PCA bi-plot of the instrumental parameters (in red and black) and sensory attributes (in blue) of the 20 cultivars (eight salad and 12 cocktail cultivars) grown in 2015 and 2016. Instrumental parameters: TSS – total soluble solids; TA – titratable acid; L* – lightness; a* – red (+)/green (–); b* – yellow (+)/blue (–); C* – chroma; h – hue. Sensory attributes: fruit firmness, juiciness, skin firmness, sweetness, sourness, aroma, and acceptability. VOCs are named according to Supplementary Table 2.





DISCUSSION

Fruit flavor is a complex trait influenced by interaction of both fruit biochemical characteristic and consumer sensory perception (35, 39). In terms of fruit quality, high variability was observed between tomato cultivars, with salad cultivars having 10–70% lower values for minerals, dry matter, TSS, and total phenolics than cocktail cultivars (31).


Volatile Organic Compounds Profile of the Tomato Cultivars

A total of 31 VOCs, with aldehydes accounting the largest proportion of the total VOCs concentration, were detected in the samples. This result is in agreement with Wang et al. (40), who reported that ALD accounted for the highest proportion of the total VOCs concentration in tomato fruits, followed by ALC and KET, with all three compound classes compromising more than 95% of total VOCs concentration. Selli et al. (41) reported that 77.2% of the total VOCs in tomatoes were ALD. Of more than 400 VOCs identified in tomato fruits (42), most studies agreed that about 16 VOCs were likely to contribute significantly to tomato aroma (14, 18, 43). Of these, nine VOCs were identified in this study, which are believed to contribute to tomato aroma, such as ALD (hexanal and trans-2-hexenal), ALC (cis-3-hexenol and 2-phenylethyl alcohol), KET (6-methyl-5-hepten-2-one, β-damascenone, and β ionone), SDC (2-isobutylthiazole), and EST (methylsalicylate).

In both years, hexanal derived from C6 fatty acid was the most abundant VOC found, with a mean value of 35.05%. Hexanal is often associated with the perception of “green” and “grassy” in tomato fruits (41), as well as with the evaluation of sweetness of ripe tomatoes (44). The open chain apocarotenoid cleavage product, 6-methyl-5-heptene-2-one, derived from lycopene (14), was the second most abundant VOC (17.77%), followed by the branched chain amino acid-derived VOC 2-isobutylthiazole, with a relative concentration of 11.37%. The latter is one of the most important and interesting aroma components of tomato, as its concentration remains stable during fruit ripening (20) and is not affected by crushing and exposure to oxygen (45). Two esters, namely, farnecylacetone and isopropilmyristate have been identified in the VOCs of the tomato fruits. The latter was detected in trace amounts, and its concentration was not influenced by the interaction of cultivar and environmental factors (Supplementary Table 5). This is in agreement with Goulet (46), who reported that red-fruited tomato cultivars have relatively low levels of acetate esters compared with green-fruited cultivars. In the present study, farnecylacetone was shown to correlate positively with color (L*, b*, and C* values), but not with sensory perceptions (Table 5). However, their overall impact on sensory properties is negligible, and they are not relevant to tomato aroma (16). The fruity esters that are important for flavor in most fruits, e.g., in strawberry (47) do not seem to have the same role in tomato fruits, which may explain the lack of contribution and relevance of esters for sensory evaluation of flavor (16, 46).



Cultivar and Harvest Season Effects on Instrumental Traits

Breeders have made considerable efforts to improve the quality characteristics of tomato. The suitability of cultivars for a particular location may not be similar to another location (48). Usually, inconsistent quality performance in different growing environments is the result of genotype by environment (G × E) interaction (GEI) (49). Cultivar-by-harvest and year (C × H × Y) interactions were significant for 17 VOCs and not significant for 14 VOCs (Supplementary Table 5), illustrating the stability performance of the cultivars at different harvest dates, years, and their interactions. The information would facilitate the selection of stable/unstable genotypes that perform well in different environments (39). Generally, breeders use GEI to select genotypes with high and stable performance in different environments, and the genotypes whose GEI is insignificant are considered stable (50).

The wide cultivar variation in fruit VOCs concentration in salad and cocktail cultivars (Tables 1, 2) indicates that some cultivars could be used as parents to develop well-adapted cultivars with improved flavor in different environments, such as harvest date (H) and year (Y) in organic low-input management. The effect of cultivar alone was much more important, and it was significant for almost all the compounds, excluding α-terpineol. Paolo et al. (8) and Rambla et al. (16) reported that, although oxygenated terpenoides are among the most abundant volatiles in vegetative tissues of tomato plants and, particularly, in trichomes, only a few of them, including α-terpineol, are present in the ripe fruit, and their influence on fruit flavor is negligible.

The significant C × H × Y interaction effects on VOCs underline the need in breeding for these traits, as plant breeders have to develop cultivars that perform consistently well under different environmental conditions and seasons. Bauchet and Causse (51) reported that VOCs exhibiting a variable pattern of heritability indicate a high sensitivity of these compounds to environmental conditions. As an example, even when fruits of the same genotypes are grown with identical field management, consumers usually complain that off-season tomato fruits are not as good as in-seasonal ones in terms of overall flavor and eating quality (22). This can be a problem for plant breeders as it is too labor-intensive to develop cultivars for each specific site (48) or each specific growing season.

In our previous study, no C × Y interaction was found for TSS and TA within both salad and cocktail cultivar groups (32). This result is consistent with other studies (10, 52) and thus indicates a high stability of these taste-related traits to environmental variation. This is also in line with Gautier et al. (53), who found that the influence of temperature and irradiance on the level of secondary metabolites was more pronounced than on the primary metabolites (e.g., TSS). Based on heritability and G × E interaction, TA was the least environmentally sensitive trait and was much more likely to be retained when the cultivar was grown in a different location (50). Basically, the extent of a G × E interaction is influenced by the genetic structure of the genotype (54).

The fruit color analyzed instrumentally was less variable as the fruits of most cultivars were red (a* > 10), with exception of the salad cultivar “Green Zebra” (green – yellow) and the cocktail cultivar “Black Cherry”, which was characterized by a red – brown fruit skin color (32). The ALD geranial correlated positively with a* and b* levels, while the ALD citral and the EST farnecyl acetone showed a positive relationship with b* (Table 5), so there seems to be a relationship between these VOCs and carotenoids. Genotype is an important determinant of the extent of variability in carotenoid content of ripe tomato fruits (12). The red color value (a*) of our cultivars was lower than that of the cocktail cultivars studied in Sonntag et al. (55), while the color values of the red-fruited salad cultivars (“Bocati F1”, “Cappricia F1”, “Roterno F1”) were comparable to the results of Sonntag et al. (55). The red color of the tomato fruits is due to the synthesis of lycopene and degradation of chlorophyll (56), while an orange genotype accumulates high levels of β-carotene in addition to a low-lycopene content (57). Increasing a* value, lycopene and ß-carotene were observed during ripening of red-fruited cultivars (55). Based on heritability and genotype by environment interaction, lycopene, which accounts for more than 85% of total carotenoids in many red-fruited cultivars (58), was the most environmentally sensitive trait (50). The difference in the levels of a* and b* in the cultivar (32) could be due to the accumulation of derivatives of carotenoid metabolism, such as C8-ketone 6-methyl-5-hepten-2-one, C10-aldehyde geranial, β-ionone, and β-damascenone, which were present in higher concentration in the studied cultivars (Tables 1, 2). With the exception of geranial, these carotenoid derivatives did not significantly influence the flavor perception of the fruit, despite their high content. The higher amount of 6-methyl-5-hepten-2-one might be mainly due to a higher lycopene content in the pericarp (40); however, there was no significant correlation between the amount of the carotenoid derivate and the sensory attributes in our study.

Among the salad cultivars, “Campari F1” had the highest TSS, and “Green Zebra” yielded the highest TA. In the cocktail cultivars, “Benarys Gartenfreude” gave the highest value of taste components, followed by “Supersweet 100 F1” [see data in Chea et al. (32)]. The TSS, commonly used as an indirect measure of sugar content and sweetness, is considered to be the trait with the highest influence on cherry tomato purchase preference (30). The fact that fruit size and yield per plant are lower in cocktail cultivars than in salad cultivars (32) is, probably, a possible explanation for the higher concentration of TSS observed in this fruit type group. In contrast, TA levels do not seem to be related to fruit type. From a commercial perspective, the content of organic acids in fruits is one of the most important characteristics influencing the sensorial qualities of the product (31).



Sensory Characteristics of the Cultivars

Improving the sensory quality of fresh market tomato is of great interest to breeders, but it is a very complex goal (6). From the breeder’s perspective, analysis of aroma compounds in fruit crops demands expensive equipment and training (i.e. sensory analysis). Although breeders can use sensory analysis, it is often difficult to perform and requires access to a panel and considerable expertise (18). In the present study, breeders’ sensory test was used as a tool to evaluate organoleptic quality in 2015, as a breeders’ sensory panel is better suited to evaluate a large number of small samples with a small team. Despite their obvious advantages regarding number of cultivars and, more importantly, the time required for analysis, field evaluations are generally subjective and prone to error because they are usually based on the sensory preferences of one or few individuals (39). However, Hagenguth et al. (36) demonstrated a highly significant correlation of sweetness and TSS and sourness and TA, indicating the efficiency of the breeders’ sensory test. A trained panel may not able to assess a large number of samples in a short time, which is typical for early breeding generations, for example, that also require replications (36).

Sensory quality of tomato fruit thus includes taste, aroma, and texture (referred to as flavor), as well as color (24). It seems that a high rating of sensory aroma and measured a* value were important factors that enhanced the acceptability of “Supersweet 100 F1” and “Sakura F1”, regardless of their superiority in sweetness as the most important criterion. Red-colored tomatoes are more familiar and attractive to consumers than other colored fruits (59, 60). Regarding the aroma, both sensory tests confirmed that “Supersweet 100 F1”, “Black Cherry”, “Sakura F1”, and “Goldita” had the most intensive aroma. Zörb et al. (58) found that, besides aroma, other sensory attributes, such as sweetness, juiciness, and a fruit-like appearance, are more important for cocktail tomatoes, which are usually eaten raw. The highest scores for aroma and juiciness were obtained for “Black Cherry”, which performed best in the sensory tests in 2015 and 2016 (Tables 3, 4). “Black Cherry” is known as a traditional or “heirloom” type and is usually appreciated for its distinct aroma, especially compared to modern cultivars (21, 61). The high consumer acceptance of “heirloom” tomatoes is due to their excellent fruit quality in terms of TSS, TA, TSS/TA ratio, and sensory properties in terms of sweetness, sourness, and tomato-like taste (62). On the other hand, the increasing demand for “heirloom” cultivars is often associated with a better flavor, offering a “taste of the past” that modern cultivars lack (63). “Black Cherry” not only performed best in terms of aroma but also featured a unique red-deep brown fruit color. Barry and Pandey (64) suggested that the red-brown color of a tomato fruit may be the result of the retention of chlorophyll and the simultaneous accumulation of lycopene during fruit ripening. It was also interesting that the two sensory tests showed a consistent result for all attributes studied. Across all tested cultivars, “Supersweet 100 F1”, “Sakura F1”, and “Black Cherry” were characterized by very satisfactory overall performance and were superior to other cultivars in terms of sensory quality.



Correlation Between Traits

Correlations between all traits were calculated to identify relationships between these parameters (Figure 2 and Table 5). No general trend that indicated a superiority of older cultivars was observed, although senior consumers often believe that tomatoes “tasted better in the past.” The cultivars used in this study derived from largely diverse backgrounds, including breeding for intensive indoor production to low-input organic management. Particularly, growers using low-input systems frequently concentrate on high organoleptic quality. This may be the reason why important sensory and other traits do not depend on the age of a cultivar.

Although hexanal had the highest concentration in the cultivars, it did not show a significant correlation with other traits, confirming that the compounds with high abundance do not always necessarily characterize the fruit aroma (65). However, Cebolla-Cornejo et al. (52) pointed out that hexanal is one of most important VOC contributing to tomato aroma. The Pearson correlation coefficient was used to infer which VOCs contribute to each sensory attribute (Table 5). Although several compounds have been shown to contribute to other instrumental parameters and sensory traits, our results highlight that few VOCs, including (E)-2-hexenal, phenylethyl alcohol, and benzyl alcohol, are important flavor components. Wang and Seymour (21) reported a lower concentration of (E)-2-hexenal in tomato, which they consider as a reason of poor aroma in modern tomato cultivars and which is confirmed by the present study. Colantonio et al. (39) found that fatty-acid-derived VOCs [e.g., (E)-2-hexenal and (Z)-3-hexen-1-ol] and 2-phenylethanol had positive contribution to sweetness perception of the tomato, which was also observed in our study. Also, an apparent negative correlation was found between geranial and TA, and geranial and sourness, but not with overall acceptability. Geranial was reported as one of the volatile compounds that contribute to perceived sweetness independent of sugar concentration and, therefore, strongly associated with tomato flavor intensity (19). This suggests that consumer acceptance of tomatoes could be improved by selecting for optimal concentrations of these VOCs in the fruit. Despite their high relevance as a flavor compound, acids were reported to be less important than sugars in improving overall liking in tomato (39) and strawberry (47).

The compound 2-isobutylthiazole correlated negatively with sweetness (Table 5), which was also shown by Vogel et al. (17), who found that increasing levels of 2-isobutylthiazole correlated with TSS content and lower perception of sweetness. The concentration of 2-isobutylthiazole was lower in the cocktail cultivars than in the salad cultivars. Our result is in line with that of Ursem et al. (66), who found a lower relative content of 2-isobutylthiazole in cherry tomatoes compared to cultivars with higher fruit weight (i.e., beef and round tomatoes). In tomato homogenate, 2-isobutylthiazole was reported as bitter/pungent (67, 68). Although 6-methyl-5-hepten-2-one had the highest concentration after hexanal (Tables 1, 2), a Pearson correlation analysis showed no statistical correlation with sensory attributes. The lack of this correlation in the present study is interesting, as this VOC has typically been associated with fruit-like flavor and overall acceptability (18, 69). Also, negative correlations were found between 6-me-5-hepten-2-ol and all sensory attributes, except fruit firmness. This result was in contradiction with the results from another study (70) that identified 6-me-5-hepten-2-ol as corresponding aromatic alcohol of 6-me-5-hepten-2-one, which was detected only in overripe tomatoes. It was suggested that these two compounds were carotenoid-related VOCs, whose accumulation in the tomato fruit was indirectly affected by ethylene (71). Although 6-methyl-5-hepten-2-one had the highest concentration after hexanal (Tables 1 and 2), a Pearson correlation analysis showed no statistical correlation with sensory attributes. The lack of this correlation in the present study is interesting, as this VOC has typically been associated with fruit-like flavor and overall acceptability (18, 69). Also, negative correlations were found between 6-me-5-hepten-2-ol and all sensory attributes, except fruit firmness. This result was in contradiction with the results from another study (70) that identified 6-me-5-hepten-2-ol as corresponding aromatic alcohol of 6-me-5-hepten-2-one, which was detected only in overripe tomatoes. It was suggested that these two compounds were carotenoid-related VOCs, whose accumulation in the tomato fruit was indirectly affected by ethylene (71). Thus, lower levels of 2-isobutylthiazole and 6- me-5-hepten-2-ol could lead to higher sensory scores, especially for sweetness, sourness, and the aroma, as well as to higher acceptance of the cultivars as found in both sensory tests. Phenylethyl alcohol, reported in a previous study as the most important metabolite to distinguish between cherry and non-cherry cultivars (66), was positively correlated with TSS content, sweetness, aroma, and overall acceptance. Benzyl alcohol was described as an important flavor component that has been shown to contribute to overall liking and flavor intensity of the tomato (39). The lack of high correlation coefficients between VOCs and sensory attributes can be partly due to complex synergistic and antagonistic interaction dynamics of chemical constituents with human receptors, which can alter the level to which individual chemicals are detectable during sensory assessment, especially in complex food crops, such as tomatoes (72).

Pearson correlation analysis of the VOC concentrations across all cultivars revealed that some correlations between metabolites were supported by the biochemical pathway from which they originated. For example, there were strong associations between the apocarotenoid-derived (β-cyclocitral and β-ionone) and the phenylalanine-derived VOCs (phenylethyl alcohol and benzyl alcohol). Apocarotenoid-derived VOCs are synthesized by the oxidative cleavage of carbon–carbon double bonds in carotenoids (73), and their contents increase substantially during the conversion of chloroplasts into chromoplasts (74). They were, in addition, described as fruity and/or floral and are commonly not abundant in tomato fruits but have very low-odor thresholds that allow humans to perceive their odor characteristics (75). Positive correlation between phenylethyl alcohol and benzyl alcohol, which were assigned to phenylpropanoids metabolic pathways originated from phenylalanine (76), was confirmed in our study. Phenylalanine-derived VOCs were expected to contribute to the increase of the perception of sweet taste and overall liking (65). Colantonio (39) highlighted the important role of VOCs as part of the fruit flavor profile in the perception of sweetness, and, therefore, not only sugar acid parameters but also selected VOCs should be included in breeding programs.

Although Vogel et al. (17) (showed a positive relationship between β-cyclocitral and β-ionone and taste-related traits and acceptability, no correlation was found between the accumulation of these VOCs and cultivar acceptability, neither in the breeder’s nor in the sensory panel tests. These contradictory results may be a result of the particular sets of tomato genotypes that were analyzed.

The apparent positive correlation of yield and intensity index with fruit firmness (r = 0.53 and r = 0.49) and negative correlation with skin firmness may be biased by the assessment. This implied that fruits of a high yielding-cultivar were firmer than those of lower-yielding cultivars, but not for the skin. The results could be biased by the assessment, as a similar correlation trend was not confirmed for the skin firmness. While the firmness of the fruit (i.e., the pericarp) can be well distinguished between the tester’s teeth in the sensory assessment, the skin (i.e., the epidermis) breaks more easily when supported by a firm pericarp and may, therefore, appear to be less firm.



Principal Component Analysis Between Instrumental and Sensory Data

The location of the sensory attributes in the loadings plot (Figure 2) shows very close correlations between the attributes sweetness, aroma, and acceptability, while the attribute fruit firmness was located in the opposite quadrant of the plot. The results of PCA are consistent with the Pearson correlation analysis (Supplementary Table 6). The acceptability of the cultivars is positively correlated with the sensory attributes sweetness (r = 0.94) and aroma (r = 0.93). Fruit firmness is negatively correlated (r = 0.34), while the other sensory attributes, such as sensory sourness, juiciness, and skin firmness, have a lower influence on the formation of the acceptability (r values of 0.76, 0.72, and 0.53, respectively).

Among the identified VOCs, 2-isobutylthiazole, 6-methyl-5-hepten-2-ol, (E)-2-hexenal, (Z)-3-hexen-1-ol, 2-phenylethyl alcohol, and benzyl alcohol can be considered as the most authentic volatile marker compounds for the cultivars, as they have high loading scores in the PC1 (Supplementary Table 9). A high loading score of 2-phenylethyl alcohol, which was measured in 6- to 13-fold higher concentrations in small-fruited tomato cultivars than in large-fruited cultivars (66), might indicate the contribution of this VOC to tomato aroma (16, 20). “Auriga” and “Green Zebra”, which differed from other cultivars by a higher loading score for sourness and color components (i.e., L*, b*, and h), were described by Chea et al. (32) as cultivars with high Mg concentrations in both leaves and fruits, which, in turn, correlated positively with TA content in fruits. Among the important VOCs in our study, three compounds correlated positively [(E)-2-hexenal, phenylethyl alcohol, and benzyl alcohol)] and two negatively (2-isobutylthiazole and 6-me-5-hepten-2-ol), with the acceptability of the cultivars (Table 5). These VOCs distinguish the cocktail cultivars (“Supersweet 100 F1” and “Goldita”) from the salad cultivars (“Roterno F1”, “Lyterno F1”, “Bocati F1”, and “Cappricia F1”). Overall, the results of the PCA suggest that the magnitude of the effect of each individual VOC is much smaller than the individual effect of other instrumental traits (especially TSS and TA) on the sample separation, highlighting the complexity of breeding for tomato flavor.




CONCLUSION

Cultivar was the most important factor influencing the concentration of all measured instrumental and sensory traits. Results from the present work indicate that the main cultivar effect on VOCs and other traits was generally stronger than the cultivar and environmental condition (C × H × Y interaction) effect. The C × H × Y interaction had a significant effect on most color components, but not on TSS and TA. We observed 31 significant correlations between individual VOC and sensory attributes in tomato cultivars. The VOCs (E)-2-hexenal and phenylethyl alcohol were positively associated with sensory scores of sweetness, aroma, and acceptability. On the other hand, 2-isobutylthiazole and 6-methyl-5-hepten-2-ol were negatively correlated with TSS and the sensory parameters sweetness, aroma, and acceptability. This information may allow determining aroma compound composition distinctive of both within and between the cultivar groups, the diversity of the VOCs, as well as to identify cultivars with enhanced levels of the targeted traits. As a result of this study, organic breeders should use cultivars from a wide range of breeding programs to improve important quality and agronomic traits. As examples, salad tomatoes “Campari F1”, “Green Zebra”, and “Auriga” and cocktail tomatoes “Supersweet 100 F1”, “Sakura F1”, and “Black Cherry” showed important organoleptic attributes under organic low-input growing conditions. It remains a challenge for breeders and growers to reduce the trade-off of yield and quality.
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In this study, the role of Sly-miR171e on post-harvest cold tolerance of tomato fruit was researched. The results showed that overexpression of Sly-miR171e (miR171e-OE) promoted postharvest chilling injury (CI) of tomato fruit at the mature red (MR) and mature green (MG) stage. Contrasted with the wild type (WT) and miR171e-OE fruit, the knockdown of Sly-miR171e (miR171e-STTM) showed a lower CI index, lower hydrogen peroxide (H2O2) content, and higher fruit firmness after harvest. In the fruit of miR171e-STTM, the expression level of GRAS24, CBF1, GA2ox1, and COR, and the GA3 content were ascended, while the expression levels of GA20ox1 and GA3ox1 were descended. The research demonstrated that CI in tomato fruit was alleviated at low temperature storage by silencing Sly-miR171e with short tandem target mimic (STTM) technology. Furthermore, it also provided helpful information for genetic modification of miR171e and control of CI in the postharvest fruit.
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Introduction

Storage at low temperature is an effective method for controlling the quality of postharvest fruit, however, the chilling injury (CI) caused by low temperature often leads to a decline in fruit quality. The tomato fruit at the mature red (MR) and mature green (MG) stage is prone to CI when stored at temperature lower than 5 and 10°C, respectively. Tomato fruit stored at a low temperature usually shows symptoms like surface damage, rot, and tepbib1. In addition, low temperature affects the conformation and structure of the cell membranes of fruit, reduces consumer acceptability, and finally leads to significant economic losses (2, 3). So, improving the cold tolerance of postharvest fruit is a research hotspot in genetics and breeding.

MicroRNA (miRNA), which comprises 18–25 nucleotides, is a kind of endogenous single-stranded RNA. It plays a significant role in plant growth and development, resistance to stress (low temperature, drought, and salt stress), and maintenance of genomic integrity (4–8). In Arabidopsis thaliana, northern blot analysis showed that the overexpression of miR397 affected the expression of the cold-regulated CBF and COR genes, enhanced the cold tolerance in plants, and indicated that miR397 was involved in cold resistance (4). The results of small RNA sequencing and expression analysis in cold-treated grapevine plants showed that miR395 was significantly up-regulated, indicating that miRNA might be involved in cold stress in plants (5). Under low-temperature storage, compared with WT fruit, silencing of miR164a reduced the CI index and H2O2 content of tomato and improved the cold tolerance of fruit, indicating that miRNA could respond to cold stress (6). The miR528 improved the cold resistance of the rice by curbing the expression level of MYB30 and increasing ascorbate peroxidase (9). During low temperature storage, overexpression of miR319 in tomatoes reduced the electrolyte leakage and malondialdehyde (MDA) content and played a role in cold resistance (10). It was demonstrated that miR164 played a role in regulating NAC expression in strawberry fruit stored at low temperatures (7, 8).

miR171 is one of the conservative miRNA families in plants and participates in the development and stress responses by down-regulating the expression of GRAS family genes (9, 10). In A. thaliana, protein localization and yeast one-hybrid analysis showed that miR171c negatively regulated the gene family members of GRAS, SCL6-II, SCL6-III, and SCL6-IV, and caused the bud-reducing branching phenotype in mutant plants, indicated that miR171c plays a vital role in plant development (11). In the peach tree (Prunus persica L.), quantitative real-time PCR (qRT-PCR) results showed that miR171 was highly expressed under drought and salt stress, indicating that it played an essential role in resisting abiotic stress (12). High-throughput analysis results showed that miR171 was highly expressed in celery plants under drought, indicating that it was responsive to drought stress (13). GRAS is one of the transcriptional regulators induced in plants to adapt to cold stress. As an important family of plant-specific proteins, GRAS is usually present in the C-terminal part of the protein and plays important roles in plant development and abiotic stresses (14–16). In A. thaliana, the DELLA protein of the GRAS subfamily reduced hydrogen peroxide (H2O2) accumulation and enhanced stress resistance by increasing the expression of genes encoding active oxygen detoxification enzymes (ROS) (17). In tomato fruit, SlGRAS4 showed a significant increase under low temperature stress, and the overexpression of SlGRAS4 increased the cold tolerance (15, 18).

In tomatoes, SlGRAS24 is the target gene of miR171 (15, 19, 20). So far, there was no report about the role of miR171e on the cold tolerance of fruit by negatively regulating the target gene of GRAS. In the present research, silence and overexpression of Sly-miR171e tomato fruit were gained, and the function of Sly-miR171e on low temperature stress in postharvest tomato fruit was explored. The results showed that silencing Sly-miR171e with a short tandem target mimic (STTM) in tomato fruit led to less CI at low temperature storage.



Materials and methods


The construction of plant vector

The STTM structure of miR171e was constructed according to the method of Yan et al. (21) (Supplementary Material 1). The miR171e overexpression vector was constructed by the method of Qin et al. (22) (Supplementary Material 2). The target fragment of miR171e was obtained from miRbase and transferred into pBWA (V) HS and pBI121 vectors containing CaMV35S promoter. The sequences of candidate vectors were identified and then the vectors were introduced into Agrobacterium GV3101. The primers that appeared in the experiment are listed in Supplementary Material 3.



Fruit and treatment

The tomato fruit (Solanum lycopersicum cv. Micro-Tom) at MR and MG stage without physical damage and infection was selected, put into the foam box, and then classified according to the size. The fruit at the MR stage was stored at 4°C, and the fruit at the MG stage was stored at 9°C. During the period of low temperature storage, three fruit were extracted from each group for 0, 5, 10, 15, 20, and 25 days, and the middle part of tomato fruit was selected for sampling.



H2O2 content and CI index

The CI index of tomato fruit was determined by the method of Zhao et al. (23), in which 0 = no pitting; 1 = the depression covers < 25% of the fruit surface; 2 = pitting coverage > 25% and < 50% of the surface; 3 = pitting coverage >50% and < 75% of the surface, 4 = pitting coverage > 75% Surface. Calculate using the following formula:
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The H2O2 content was measured by the analytical kit (Solarbio Inc Beijing, China), and the results of the test were expressed as μ mol kg−1 fresh weight (FW).



Electrolyte leakage and firmness of tomato fruit

The electrolyte leakage was measured according to Zhao et al. (24). The peel was separated using a 0.5 cm diameter separator, placed in the solution, and shaken on a shaker for 2 h, measuring the conductivity L1 using a conductivity meter (FE30), boiling for 10 min, cooling, and finally determining L2. Ion leakage was calculated as the ratio of L1 to L2.

The equatorial position in the fruit was measured three times with texture analysis (TA. XT Plus). The insertion speed was 50 mm s−1, the insertion depth was 5 mm, and the results of the test were expressed as N.



The measure of GA3 content

The GA3 content was measured with the detection kit (Jiangsu Meibiao Biotechnology Co., Ltd.). The result was expressed as mg L−1.



qRT-PCR analysis and RNA extraction

The total RNA of WT, miR171e-STTM, and miR171e-OE tomato fruit was extracted by using the plant RNA extraction kit (Tiangen Biotech Inc. Beijing, China), respectively. And then the concentration and quality of RNA were determined. The first-strand cDNA was synthesized using the FastKing RT kit (Tiangen Biotech Inc. Beijing, China), and the expression of Sly-miR171e, GRAS24, GA3ox1, GA20ox1, GA2ox1, GAI, CBF1, and COR was analyzed by the CFX Connect Real-Time System (Bio-Rad Laboratories, Inc. USA). The expression level was calculated using the formula: 2−ΔΔCt.



Statistical analysis

GraphPad Prism 9 (GraphPad, San Diego, CA, USA) and a two-way analysis of variance (ANOVA) were used for statistical analysis. *p < 0.05 indicate significant differences in comparison with wild type (WT). All values were expressed as the average value ± standard deviation (SD).




Results


Characterization of MiR171e-STTM and MiR171e-OE fruit

The STTM and overexpression vectors were introduced into WT to obtain the miR171e-STTM and miR171e-OE lines through genetic transformation, which can express stably. In the first generation (T1), 23 STTM-171e lines and 17 miR171e-OE lines were tested (Supplementary Figures S1A,B). In the second generation (T2), 16 STTM-171e lines and 17 miR171e-OE lines were tested (Supplementary Figures S1C,D). The results of PCR amplification and agarose gel electrophoresis showed that both STTM and overexpression vectors had been inserted into the correct target sites (Supplementary Figure S1).



H2O2 content and CI index

Figures 1A,B showed that the fruit of miR171e-OE#7-1-3, miR171e-OE#8-3-2, and miR171e-OE#10-2-7 at the MR stage were shrunken at 15 d and showed obvious CI at 25 d. After 20 d at low temperature, CI appeared in WT fruit at the MR stage. However, the fruit of miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 at the MR stage showed less cold damage after 25 d of storage. In addition, during low temperature storage of 4°C, the H2O2 content of the miR171e-STTM fruit was often less than that in WT (Figure 1C).


[image: Figure 1]
FIGURE 1
 The CI and phenotypic characterization in tomato fruit at MR stage. (A) The H2O2 content of tomato fruit at MR stage. (B) The CI index of tomato fruit at MR stage. (C) Vertical bars represent standard deviations of the means, n = 3. Asterisks indicate the statistical difference in the significance at *p < 0.05.


As shown in Figures 2A,B, after 20 days of storage, the tomato fruit of miR171e-OE#8-3-2 at the MG stage was shrunken and exhibited CI, and the miR171e-OE#10-2-7 line showed CI at 25 d. However, after being stored at 9°C for 30 d and the fruit was transferred to 25°C, the fruit of WT and miR171e-STTM at the MG stage showed no cold damage. The H2O2 content in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit at MG stage was 0.82, 0.85 and 0.84 times less than that in WT at 25 days, respectively (Figure 2C).


[image: Figure 2]
FIGURE 2
 The CI and phenotypic characterization in tomato fruit at MG stage. (A) The H2O2 content of tomato fruit at MG stage. (B) The CI index of tomato fruit at MG stage. (C). Vertical bars represent standard deviations of the means, n = 3. Asterisks indicate the statistical difference in the significance at *p < 0.05.




Electrolyte leakage and firmness of tomato fruit

In contrast to WT fruit at the MR stage, the electrolyte leakage was reduced in the miR171e-STTM and was increased in miR171e-OE (Figure 3A). After 5 d of storage, the electrolyte leakage in fruit of miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, miR171e-STTM#8-2-1, miR171e-OE#7-1-3, miR171e-OE#8-3-2 and miR171e-OE#10-2-7 were 43, 42, 43, 56, 57, and 56%, respectively (Figure 3A). As shown in Figure 3A, after 25 days of storage, electrolyte leakage in WT fruit at the MR stage was 70%, which was 1.18, 1.2, and 1.18 times more than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1, respectively. Contrary to the WT fruit at the MR stage, the firmness of miR171e-STTM fruit was increased, and the firmness of the miR171e-OE fruit was reduced. After storing for 25 days at low temperature, the firmness of WT fruit was 3.09 N, which was 1.15, 1.14, and 1.12 times more than that of miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1, respectively (Figure 3A).


[image: Figure 3]
FIGURE 3
 Electrolyte leakage and firmness in tomato fruit at MR (A) and MG stage (B). Vertical bars represent standard deviations of the means, n = 3. Asterisks indicate the statistical difference in the significance at *p < 0.05.


As shown in Figure 3B, in contrast with WT fruit, the electrolyte leakage in miR171e-STTM tomato fruit at the MG stage was reduced and increased in miR171e-OE fruit. After 5 days of storage, the electrolyte leakage of WT fruit was 41%, which was 1.17, 1.13, and 1.12 times more than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 of the tomato fruit at MG stage, respectively. The electrolyte leakage in WT fruit was 65%, which was 1.18, 1.16, and 1.16 times more than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 at 25 days, respectively. As shown in Figure 3B, after being stored for 0 to 25 days at low temperature, the firmness of miR171e-STTM fruit diminished from 10.69 to 6.14 N, which was more than that of WT fruit.



The GA3 content and related genes expression

During storage from 0 to 25 days, contrary to the WT fruit at the MR stage, the GA3 content of the miR171e-STTM fruit was increase, and the GA3 content of the miR171e-OE fruit was reduced. The GA3 content was 0.0885 mg L−1 in WT fruit, which was 0.93, 0.9, and 0.93 times less than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit at 25 days, respectively (Figure 4A). As shown in Figure 4A, the expression level of the DELLA protein gene (GAI) in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit at MR stage was about 0.82, 0.87, and 0.83 times less than that in WT at 25 days. Moreover, the expression level of the critical GA synthesis genes GA3ox1 and GA20x1 in miR171e-STTM tomato fruit at the MR stage was about 0.78 and 0.61 times less than that in WT (Figure 4A). As shown in Figure 4A, at 25 days, the expression level of GA2ox1, which was the critical gene of GA metabolism of miR171e-STTM fruit at the MR stage, was about 2.06 times of WT fruit.


[image: Figure 4]
FIGURE 4
 The GA3 content and the related gene expression in tomato fruit at MR (A) and MG stage (B). Vertical bars represent standard deviations of the means, n = 3. Asterisks indicate the statistical difference in the significance at *p < 0.05.


As shown in Figure 4B, contrary to the WT fruit at the MG stage, the GA3 content of the miR171e-STTM was increased, and the miR171e-OE was reduced. After 25 days of storage, the GA3 content in WT fruit was 0.077 mg L−1, which was 0.76, 0.74, and 0.76 times less than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit, respectively. The expression level of the GAI in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 tomato fruit at the MG stage was about 0.84, 0.85, and 0.85 times less than that in WT at 25 days. After 25 days at low temperature storage, the expression level of GA3ox1 and GA20x1 in the critical GA synthesis genes of miR171e-STTM fruit at the MG stage was about 0.70 and 0.56 times less than that in WT (Figure 4B), and the expression level of GA2ox1 was about 1.97 times of WT (Figure 4B).



Expression level of MiR171e and GRAS24

As shown in Figure 5A, after 25 days of storage, the expression level of Sly-miR171e of miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit at MR stage was about 0.53, 0.27, and 0.14 times less than that in WT. Contrasted with WT fruit at the MR stage, the expression level of GRAS24 in miR171e-STTM fruit was increased and decreased in the miR171e-OE fruit. After 25 days at low temperature, the expression of GRAS24 in WT fruit was 1.94, which was 2.64, 2.7, and 2.27 times more than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit, respectively (Figure 5A).


[image: Figure 5]
FIGURE 5
 The relative expression of Sly-miR171e, GRAS24 in tomato fruit at MR (A) and MG stage (B). Vertical bars represent standard deviations of the means, n = 3. Asterisks indicate the statistical difference in the significance at *p < 0.05.


The expression level of Sly-miR171e in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit at MG stage was about 0.15, 0.13 and 0.14 times less than that in WT at 25 d (Figure 5B). After 25 days of storage, the expression level of GRAS24 in WT fruit was 4.18, which was 1.9, 2.0, and 2.0 times more than that in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit, respectively (Figure 5B).



Expression level of CBF1 and COR

As shown in Figure 6A, during storage from 0 to 25 d, contrasted with WT fruit at the MR stage, the expressions of CBF1 and COR in the miR171e-STTM fruit were ascending and descending in the miR171e-OE fruit. After 25 d of storage, the expression level of CBF1 of miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit was about 5.14, 4.85, and 4.85 times more than that in WT and the expression level of COR in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit were about 1.46, 1.4, and 1.39 times more than that in WT (Figure 6A).


[image: Figure 6]
FIGURE 6
 The relative expression of CBF1 and COR in tomato fruit at MR (A) and MG stage (B). Vertical bars represent standard deviations of the means, n = 3. Asterisks indicate the statistical difference in the significance at *p < 0.05.


After 25 days of storage, the expression level of CBF1 in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1fruit at the MG stage was about 8.5, 8.5, and 8.6 times more than that in WT (Figure 6B), and the expression level of COR in miR171e-STTM#1-5-1, miR171e-STTM#5-2-2, and miR171e-STTM#8-2-1 fruit were about 2.29, 2.25, and 2.3 times more than that in WT (Figure 6B).




Discussion

The structural damage of the cell membrane is the leading cause of CI in refrigerated fruit (2). At low temperature, the cell membrane structure changed between a liquid crystal and a gel state, accompanied by an increase in the membrane lipid unsaturated fatty acid content, which led to a rise in membrane permeability and ion leakage, and finally caused CI (25–27). In the CI study, compared with the WT and overexpression of Sly-miR171e, silencing Sly-miR171e improved the hardness of tomato fruit, reduced its electrolyte leakage, and improved cold tolerance in the fruit. At low temperatures, plants will produce oxidative stress, that is, excessive production of ROS, including H2O2 and superoxide anion (O2−) (28, 29). H2O2 is a second messenger of defense response (30–32) and is a substance that causes damage to cell membranes. Excessive accumulation of H2O2 under CI conditions results in degradation of membrane fatty acids and deepening of CI. In the present study, the H2O2 content of miR171e-OE fruit was induced and accumulated to the CI phenotype at 20 and 25 days of MG stage and at 15 days of MR stage, respectively. Compared with WT and miR171e-OE, the H2O2 content of miR171e-STTM tomato fruit decreased and showed less sensitivity to CI.

GA, an important plant hormone, is widely distributed in higher plants. It participates in the growth and development of plants, and also plays a vital role in the adaptability of plants at low temperatures (25, 33–35). Low temperature stress could up-regulate the expression of the GA2ox gene in A. thaliana seedlings, reduce the content of active GA in vivo, increase the content of the DELLA protein, and inhibit the growth of seedlings (25). Postharvest GA3 treatment could reduce fruit softening and cold damage during storage, and prolong their shelf life (35). The GA3 (0.5 mM) treatment could effectively maintain the stability of the tomato fruit membrane, maintain the integrity of the cell wall and reduce the activity of antioxidant enzymes under low temperature storage, thus alleviating the CI of postharvest tomato fruit (34). Under low temperature, GA3 treatment reduced CI, electrolyte leakage, and MDA content and alleviated the CI of the cherry tomato fruit (35). GA20ox, GA3ox, and GA2ox are essential regulators of GA participation in abiotic stress (36, 37). In A. thaliana, when the bioactivity of GA was at a low level, the expression of three GA20ox genes (GA20ox1, GA20ox2, and GA20ox3) and one GA3ox1 gene (GA3ox1) is up-regulated; in contrast, the expression of GA2oxs, an enzyme related to GA inactivation, was down-regulated and resulted in GA biosynthesis and accumulation. However, after treatment with exogenous GA, the expression of these genes was just the opposite (38, 39). The DELLA protein is located in the nucleus and mainly inhibits plant growth and development by repressing gene transcription. Exogenous GA3 treatment can down-regulate the expression of the DELLA protein gene (GAI) of tomato fruit and abiotic stress resistance (33). In A. thaliana, the expression of GA synthase genes GA20ox and GA3ox was up-regulated when GA content was low (high DELLA protein content) (36). GA steady-state positive feedback regulates the GA2ox gene, and with the increase of GA signal output, the transcription level of GA2ox is up-regulated in the plant (40). In the present study, contrasted with the WT, the content of GA3 increased and the expression level of the GAI gene decreased in miR171e-STTM tomato fruit, which might inhibit the ripening and senescence of the fruit in cold storage and delay the CI of the fruit. In addition, contrasted with the WT, the expression levels of GA20ox1 and GA3ox1 decreased and the expression level of GA2ox1 increased in miR171e-STTM fruit, which might be related to the improvement of postharvest cold tolerance in tomato fruit under low temperature storage.

CBF gene plays an essential role in plant cold response (23, 41). Cold tolerance of plants was increased by overexpressing CBF2, CBF3, and CBF1, and then CBF transcription factors led to the expression of the COR gene (42). Cold stress can only effectively induce the CBF1 gene in tomatoes, and the expression of CBF could increase rapidly and reach the maximum under transient cold stress treatment (43, 44). The correlation between the expression level of CBF1 and the cold resistance of tomato can be used to measure the cold resistance of tomato fruit (23). Plant hormone assays and qRT-PCR analyses showed that overexpression of CBF1 in A. thaliana induced the expression of the GA2ox and GA metabolism in response to low temperature (45). Results of microarray analysis and qRT-PCR showed that the expression levels of CBF1 and GA2ox1 in tobacco plants were consistent under low-temperature stress, indicating that CBF1 and GA signals have a synergistic response at low temperature (46, 47). In the present results, the expression of CBF1 was the same as that of GA2ox1. Therefore, we believed that the CBF1 gene might have participated in the GA-induced cold resistance by regulating the expression of the GA2ox1. Expression analysis showed that higher GA content in overexpressed GRAS24 than that in the control group, indicating that overexpression of GRAS24 affected various agronomic traits by regulating GA (16). In the present study, Sly-miR171e might regulate the expression of GRAS24, which influenced the GA signaling and CBF pathway and improved the cold tolerance of postharvest fruit (Figure 7).


[image: Figure 7]
FIGURE 7
 Regulation mechanism of Sly-miR171e on cold tolerance in tomato fruit stored at low temperature.




Conclusion

The silencing of Sly-miR171e enhanced the expression of GRAS24, increased the GA content and the expression of CBF1 and COR, and by which CI of tomato fruit was alleviated.
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VOCs Instrumental parameters* Sensory attributes

TSS TA L* a* b* Cc* h Fruit Juiciness Skin Sweetness Sourness  Aroma

firmness firmness

(E)-2-hexenal 0.59** 0.54* -0.10 —-0.33 —-0.08 -0.18 0.23 —0.49* 0.12 0.48* 0.64** 0.50* 0.67*
octanal 0.00 —-0.45* -0.35 0.23 —-0.32 -0.33 —-0.30 0.34 —0.50* —0.04 0.11 —0.51* —-0.22
1-hexanol 0.31 022 -0.19 -0.12 -0.20 -0.29 0.02 —0.49* 0.38 0.65** 0.39 0.26 0.33
(2)-3-hexent-ol 0.54* 0.27 —-0.15 0.04 -0.08 —-0.17 —-0.09 -0.39 0.00 0.80** 0.58** 0.20 0.37
2- -0.68"*-0.41 0.16 0.31 022 037 -0.17 0.34 —0.08 —0.61** —0.69* —0.31 —0.55*
isobutylthiazole
6-methyl-5- —-0.562* -0.56* —0.11  0.51* —0.12 0.07 —-0.42 0.44 —0.45* 0.52* —0.69" —0.48* —0.64*
hepten-2-ol
3- —0.45* 0.13 044 -0.09 039 047 0.21 —0.25 0.36 -0.18 —0.50* 0.28 -0.15
methylbutanoic
acid
geranial —0.08 —-0.60*-0.53* 0.58** 0.51* —0.34 —0.66™* 0.63** —0.67** —0.30 —0.19 —0.68** —0.47*
citral 0.64** 0.08 —-0.67** 0.34 —0.60**-0.53* —0.54* —0.11 -0.25 0.35 0:557 —0.07 0.37
benzyl alcohol  0.51* 040 0.10 —0.24 0.08 —-0.05 0.24 —-0.43 —0.06 0.49% 0.49* 0.29 0.52*
phenylethyl 0.63** 0.41 -0.10 -0.04 -0.08 -0.09 0.00 -0.27 -0.25 0.31 0.6* 0.20 0.56*
alcohol
eugenol —-0.24 -0.41 -0.10 0.28 —-0.07 0.01 -0.24 0.55* —0.21 —0.39 —0.15 —0.40 —0.36
farnesylacetone 0.01  0.21  0.51* 0.18 0.55* 0.53* 0.02 -0.27 -0.13 0.42 —0.07 0.25 —0.01
nonanoic acid —0.35 025 05* -0.16 0.54* 057" 0.33 -0.22 0.33 —0.06 —0.37 0.33 —0.11

Acceptability

0.69"
—0.07

0.12

0.26
—0.49"

—0.59*

—0.29

—0.35
0.35
0.49*
0.63*

—0.22
—0.16
—0.24

Data used for the Pearson correlation are derived from each of the 20 cultivars as mean from both years. *The instrumental parameters used for Pearson correlation
analysis were taken from Chea et al. (33). Significant correlation is indicated by asterisks: *p < 0.05 and *p < 0.01. VOCs — volatile organic compounds; TSS — total soluble
solid; TA - titratable acids; color parameters: L* - lightness; a*—red (+)/green (-); b* - yellow (+)/blue (-); C*— chroma; h — hue. Sensory attributes: fruit firmness, juiciness,
skin firmness, sweetness, sourness, aroma and acceptability. Only the VOCs, which have significant correlations with at least one of the other parameters, are shown.
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Cultivar Fruit firmness Juiciness Skin firmness Sweetness Sourness Aroma Acceptability

Salad cultivar

Green Zebra 25.01 72,02 43.02 30.80 61.60 53.24 46.01
Cappricia F1 62.61 57.09 36.10 17.76 32.63 26.08 22.09
Bocati F4 55.46 60.71 38.70 20.41 31.01 28.41 22.38
Lyterno F4 63.91 58.93 40.33 20.68 32.95 32.00 26.95
Roterno Fy 57.70 60.14 3551 21.20 26.54 28.43 25.40
Harzfeuer F4 33.58 57.96 49.10 32.30 37.29 32.98 27.75
Auriga 29.83 63.02 56.33 32.42 56.64 45.46 33.31
Campari F4 43.86 59.83 45.18 36.09 44.42 46.17 43.32
Mean 46.5 61.2 43.0 26.5 40.4 37.5 30.9
SD 15.3 57 8.1 7.9 12.6 10.3 10.1
CV (%) 9.4 5.75 11.85 16.91 717 10.1 17.31
HSD (0.05) 7.89 6.35 8.97 8.08 5.23 6.83 9.66
Significance

Cultivar (C)
Harvest (H) ns ns ns ns ns ns ns
Interaction (C x H) ns ns ns ns * * ns
Cocktail cultivar

Amoroso F4 54.39 60.08 39.97 45.59 41.16 50.73 51.98
Annamay F4 55.68 59.78 45.23 40.75 46.35 51.50 49.24
Tastery Fq 78.02 59.98 4512 51.08 26.92 40.49 45.08
Primabella 49.28 62.35 42.86 38.54 49.63 51.29 45.69
SakuraF4 43.90 61.39 49.15 48.09 47.96 57.08 56.56
Black Cherry 33.09 63.61 53.03 42.00 55.06 54.79 51.10
Primavera 26.22 67.67 50.35 41.81 37.36 43.87 35.36
Benarys Gartenfreude 43.21 57.81 56.94 46.13 46.20 51.82 42.00
Bartelly F4 32.30 57,15 45.70 48.85 41.21 56.85 52.88
Resi 29.80 66.22 53.53 42.87 49.62 54.32 45.59
Supersweet 100 F4 20.93 58.89 54.03 53.94 46.18 8a.11 57.47
Goldita 28.41 59.96 56.88 47.53 48.54 55.58 49.15
Mean 42.0 61.2 49.4 45.6 44.7 52.3 48.5
SD 18.5 4.7 6.5 7.2 8.4 6.3 8.0
CV (%) 10.68 5.42 7.7 12.05 10.46 6.11 9.96
HSD (0.05) 8.47 6.27 7.18 10.38 8.83 6.04 9.13
Significance

Cultivar (C)
Harvest (H) - # - ns
Interaction (C x H) ns o ns ns ns =

The panel sensory was rated based on a 0 to 100 sensory perceptible scale (O = minimum intensity and 100 = maximum intensity); mean values are given for each of
the eight salad and the 12 cocktail cultivars as mean from samples grown in 2016; SD = standard deviation; CV = coefficient of variation; ns indicates a nonsignificant
difference; *, ** and *** indlicate significance differences of each factor and interaction at p < 0.05, p < 0.01, and p < 0.001, respectively, HSD (0.05) = critical value
for comparisons by Tukey’s honestly significant difference (HSD) test at p < 0.05. The cultivars are arranged in descending order according to their average single fruit
weight.
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Cultivar

Salad cultivar
Previa F4
Garance Fq
Green Zebra
Diplom F4
Cappricia Fq
Rougella F¢
Sparta Fq

Bocati F¢
Phantasia Fq
Mecano Fq
Hamlet Fq
Lyterno F¢
Nordica Fq
Moneymaker
Pannovy Fq
Roterno F4
Hildares Fy
Bonner Beste
Tica

Ricca

Aroma
Rheinlands Ruhm
Lukullus

Goldene Konigin
Harzfeuer F
Auriga

Haubners Vollendung
Dorenia

Roi Humbert Jaune
Hellfrucht
Campari Fq
Matina

Black Plum

Mean

sD

CV (%)

HSD (0.05)
Significance
Cultivar (C)
Harvest (H)
Interaction (C x H)
Cocktail Cultivar
Amoroso Fq
Annamay F4
Quedlinburger Friihe Liebe
Ruthje

Konig Humbert
Clou

Tastery Fq
Primabella
Sakura F4

Black Cherry
Cerise gelb
Yellow Submarine
Zuckertraube
Dorada
Primavera
Philovita F4

Trixi

Trilly Fq

Benarys Gartenfreude
Bartelly F¢
Golden Pearl F4
Resi
Supersweet 100 F4
Goldita
Sliwowidnij

Rote Murmel
Golden Currant
Mean

sD

CV (%)

HSD (0.05)
Significance
Cultivar (C)
Harvest (H)
Interaction (C x H)

Fruit firmness

4.25
4.86
2.86
4.34
6.85
5.98
5.42
5.86
7.35
6.96
6.65
7.04
6.85
6.17
5.06
6.46
4.56
4.66
7.02
7.23
4.92
5.67
5.21
3.60
4.63
3.58
3.37
5.09
3.83
4.92
4.77
4.83
3.08
5.3
15
16.52
1.68

6.46
6.00
356
5.79
3.50
4.38
8.10
6.27
5.88
3.27
5.21
3.79
4.02
4.21
4.00
6.79
5.75
6.65
4.63
3.79
454
2,69
3.79
3.88
2.8
258
3.33
47
1.6
14.8
1.39

Juiciness

5.67
4.48
6.58
6.31
4.98
3.88
6.06
5.29
3.77
4.44
3.39
5.06
5.08
4.67
4.25
5.33
5.08
6.17
4.58
4.61
5.86
5.54
5.19
5.08
5.69
5.65
5.42
5.19
4.56
5.85
527
5.96
3.12
5.1
1.2
16.87
1.66

ns

5.69
5.50
6.65
6.02
2.58
6.75
5.75
5.52
6.63
6.46
475
4.48
6.75
6.44
6.46
5.54
6.04
5.38
5.19
5.60
6.63
6.94
6.79
6.33
6.77
7.38
7.15
6.0
1.2
10.2
1.23

Skin firmness

454
5.79
4.90
5.46
3.88
5.20
4.96
3.56
4.38
3.79
4.65
4.63
3.75
494
454
3.63
4.96
6.45
4.09
4.00
5.71
4.79
4.73
5.38
6.11
5.67
5.58
4.90
5.83
5.40
5.56
6.29
4.83
49
14
18.43
1.87

ns

ns

4.08
4.81
5.94
5.44
4.46
7.04
5.13
5.61
5.92
6.92
552
5.38
5.69
5.25
5.63
5.15
6.73
5.50
7.50
4.90
6.63
6.63
6.06
6.52
5.96
5.02
423
5.7
14
124
1.41

ns

Sweetness

4.21
4.38
4.94
4.40
2.71
3.31
4.38
277
2.60
244
233
3.29
3.29
2.18
2.50
3.52
3.56
417
2.79
2.60
4.54
2.65
3.31
3.92
5.16
4.73
4.29
417
3.42
3.77
6.23
4.91
4.71
3.7
1.2
20.82
1.58

ns

5.71
6.17
5.19
5.98
4.15
5.42
6.44
5.78
7.48
6.63
5.67
5.29
6.63
6.23
5.50
6.13
6.90
7.58
713
6.65
7.46
6.36
7.35
7.10
573
6.67
7.06
6.3
1.0
9.6
1.21

e

Sourness

5.33
5.75
7.31
4.83
3.79
3.71
5.56
4.60
4.56
3.83
3.34
5.04
417
3.52
4.96
3.52
4.12
5.95
4.50
4.13
4.94
3.67
4.42
4.54
5.10
6.02
5.17
5.00
4.46
4.56
5.33
4.57
3.88
4.7
1.3
18.8
1.81

ns

5.46
5.38
5.92
5.08
3.42
5.84
4.38
6.33
5.98
6.61
5.08
5.04
573
5.54
527
5.10
4.73
5.31
5.56
5.19
5.12
6.11
6.02
6.12
5.85
5.88
4.79
5.4
1.0
1.7
1.28

ns

Aroma

5.02
4.96
6.69
4.29
229
327
512
3.10
252
217
242
3.48
3.08
2.02
275
3.156
3.54
4.83
2.81
2.62
4.96
2.56
3.56
4.67
5.04
5.94
4.98
4.54
4.33
3.67
6.25
4.95
521
4.0
1.5
23.15
1.89

ns

5.38
593
5.00
5.40
4.29
5.88
4.38
598
715
7.73
6.06
5.77
6.36
6.31
5.21
5.94
6.17
6.69
6.56
6.65
7.06
7.52
719
7.29
6.10
7.04
6.83
6.2
11
11.0
1.37

o

Acceptability

4.46
4.04
6.09
375
2,00
2.33
4.96
2,67
2.00
1.87
1.92
3.17
248
1.50
2.46
2.73
2.56
457
254
223
3.94
1.92
244
319
4.34
5.33
350
4.00
3.02
314
6.21
443
267
33
15
26.36
1.77

ns

527
6.24
4.00
5.06
1.75
4.88
4.96
5.42
7.44
7.33
4.77
3.96
6.15
6.11
4.79
6.10
577
717
5.44
6.29
7.00
6.15
713
6.96
5.42
6.65
5.46
5.7
1.4
14.1
1.61

ns

The breeders’ sensory scoring was based on a 9-point scale where 0 = not detectable and 9 = maximum intensity; mean values are given for each of the 33 salad cultivars

and the 27 cocktail cultivars as mean from samples grown in 2015; SD = standard deviation; CV = coefficient of variation; ns indicates a nonsignificant difference; *,

and *** indiicate significance differences of each factor and interaction at p < 0.05, p < 0.01, and p < 0.001, respectively; HSD (0.05) = critical value for comparisons by
Tukey'’s honestly significant difference (HSD) test at p < 0.05. The cultivars are arranged in descending order according to their average single fruit weight. The cultivars
shown in bold were selected in 2015 for further evaluation in 2016.
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VOCs Cultivars Signifi- Tukey’s Concentration
cance HSD (mean =+ SD)
Goldita Super- Resi Bartelly Benarys Prima- Black Sakura Prima- TasteryFy Annamay Amoroso 2015 2016
sweet 100 Fq Garten- vera Cherry bella Fq Fq
Fq freude
Hexanal 30.06 25.11 34.64 40.44 37.16 40.10 48.67 26.26 47.50 4217 30.31 37.71 16.94 29.1+11.2 43.9+9.90
2- Nd Nd 5.54 Nd Nd Nd Nd Nd Nd Nd Nd Nd 2.656 0.00+0.00 0.804+3.03
methylbutylacetate
(E)-2-hexenal 10.07 12.62 7.25 11.50 7.08 9.23 9.00 13.64 9.59 9.01 7.24 7.92 ns 8.94 128+7.07 6.19+2.80
octanal 3.94 4.32 3.26 3.13 3.68 4.19 3.63 3.46 1.90 4.73 3.74 4.53 234 483+£149 2444+1.16
6-methyl-5- 14.61 22.43 2251  14.26 28.97 13.41 11.48 16.99 10.57 10.80 20.28 17.67 6.87 16.7+6.68 17.0+7.52
heptene-2-one
1-hexanol 2.13 1.35 2.37 112 225 2.87 2.01 1.38 1.43 1.54 1.71 1.65 1.34 227+1.08 1.23+0.61
(£)-3-hexen-1-ol 3.53 3.98 2.83 2.04 3.70 4.10 2.45 2.61 2.34 3.16 2.60 2.31 ns 294 430+2.00 1.48+0.91
2-isobutylthiazole 2.99 3.74 8.74 8.89 3.89 10.52 7.18 14.09 11.41 7.33 16.34 8.06 3.39 838+4.44 11.1+6.49
6-methyl-5-hepten- 0.18 0.07 0.12 0.07 Nd Nd 0.28 0.21 0.29 0.05 0.17 0.09 0.27 0.00+0.00 0.3040.34
2-ol
2-ethyl-1-hexanol 1.10 0.84 0.54 0.80 0.60 1.22 0.78 0.92 0.55 1.28 0.67 0.96 * 0.69 0.97+0.63 0.724+0.30
benzaldehyde Nd 0.11 0.07 0.16 0.04 0.04 0.07 0.13 0.02 Nd 0.05 0.21 ns 0.26  0.15+0.24 0.00 4 0.00
linalool 1.08 4.54 0.65 0.97 0.51 0.25 3.63 222 0.53 1.06 1.44 2.30 141 211 +£1.79 1.17+£1.08
methylheptadione Nd Nd Nd 0.10 Nd Nd Nd Nd Nd Nd 0.04 Nd ns 0.12 0.02+0.11 0.00+ 0.00
B-cyclocitral 0.73 1.84 0.97 1.55 117 2.53 0.88 1.56 1.16 2.24 1.19 1.37 0.73 1.47+£0.76 1.39+0.88
3-mebutanoic acid Nd 0.14 0.55 0.24 0.16 0.07 0.24 0.08 0.37 Nd 0.12 0.21 * 046 0.31+£0.42 0.08+0.19
a-terpineol Nd 0.37 0.14 0.06 0.32 0.84 0.63 0.20 0.06 Nd 0.10 0.32 ns 1.33 0.37+1.23 0.14+0.26
Geranial 0.32 0.81 0.87 0.66 1.03 0.46 07T 0.80 0.61 1.20 0.57 0.82 ns 129 1.48+0.73 0.00+0.00
Citral 0.72 1.94 1.16 1.32 1.51 1.41 0.76 0.81 0.87 0.66 1.64 0.74 ns 1.85 0.00+0.00 1.95+1.17
Decadienal Nd Nd Nd 0.04 0.24 Nd Nd Nd Nd Nd Nd 0.05 * 0.21  0.05+0.21 0.00 4 0.00
Methylsalicylate 0.16 0.08 0.08 0.20 0.54 0.26 0.34 0.14 1.06 2.97 0.13 0.16 1.61 0.00+£0.00 1.06+1.60
B-damascenone 2.61 4.44 2.80 2.94 0.72 1.50 277 6.32 2.32 1.90 4.62 3.83 3.70 5.01+241 1.37+1.91
(E)-geranylacetone 20.17 5.39 3.48 4.43 4.43 4.23 2.63 4.28 4.42 6.42 4.73 5.69 340 6.19+4.92 4734357
2-mepropanoic 0.22 0.26 Nd 0.36 0.06 0.31 0.40 0.28 0.09 0.47 0.20 0.32 ns 0.63 0.30+0.54 0.2340.30
acid
Benzyl alcohol 1.25 0.59 0.08 0.47 Nd Nd 0.24 0.48 Nd Nd Nd Nd 0.40 0.16+0.37 0.284+0.50
Phenylethyl alcohol 2.96 3.10 0.26 2.39 0.30 Nd 0.18 1.60 1.14 0.43 0.74 1.29 1.00 1294138 096+1.14
B-ionone 0.88 1.35 0.82 1.35 112 2.19 0.67 1.23 0.91 2.24 1.08 1.23 0.64 1.25+0.72 1.18+0.59
Eugenol Nd Nd 0.04 0.11 Nd 0.06 0.06 Nd 0.21 0.30 0.10 0.08 o 0.21  0.00+0.00 0.1440.20
Farnesylacetone 0.23 0.20 0.19 0.12 0.27 0.07 Nd 0.12 0.14 Nd 0.05 0.12 o 0.34 0.00+0.00 0.2540.40
sopropylmyristate Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd Nd - - Nd Nd
Octanoic acid 0.03 0.36 0.05 0.30 0.26 0.13 0.24 0.20 0.04 0.05 0.16 0.36 * 0.40 0.36+0.33 0.00 4 0.00
Nonanoic acid Nd Nd Nd Nd Nd Nd Nd Nd 0.49 Nd Nd Nd 0.30 0.08+0.35 0.004+ 0.00

Each mean represents six biological replicates (over 2 years) and three biological replicates (within 1 year); SD: standard deviation; Nd: not detectable or present at low levels; ns indicates a nonsignificant difference; *,
**and *** indicate significance differences of each factor and interaction at p < 0.05, p < 0.01, and p < 0.001, respectively; HSD (0.05) = critical value for comparisons by Tukey’s honestly significant difference (HSD)

tests at p < 0.05.
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VOCs Cultivar Signifi- Tukey’s Concentration (mean + SD)
cance HSD

Campari Auriga Harzfeuer Roterno Lyterno Bocati Cappricia Green 2015 2016
Fq Fq Fq Fq Fq F1 Zebra

Hexanal 29.60 29.28 31.52 37.43 28.24  36.61 37.01 36.13 ns 20.74 224+11.1 441 +8.60
2-methylbutylacetate Nd 0.12 Nd Nd 0.09 Nd Nd 0.06 o 0.21 0.00+£0.00 0.28+1.65
(E)-2-hexenal 9.94 9.74 9.03 3.37 6.20 5.79 7.72 9.78 * 558 8.86+4.82 6.62+3.16
octanal 4.77 2.93 3.97 3.48 4.86 2.95 4.23 2.30 ns 3.02 547+175 211+0.97
6-methyl-5-heptene-2-one  16.08 13.24 18.756 20.80 17.86  15.90 15.80 24.67 % 9756 20.7+7.66 15.7+6.13
1-hexanol 1.59 1.65 2.23 1.14 0.82 1.62 0.72 1.31 ns 1.63 1.91+£138 1.06+0.71
(2)-3-hexen-1-ol 2.85 3.48 3.27 1.49 2.00 1.96 1.65 1.47 ns 251 359+158 1.19+0.95
2-isobutylthiazole 17.32 13.25 11.45 17.88 18.27 1719 10.82 12.02 509 13.1+4.04 1324549
6-methyl-5-hepten-2-ol 0.35 Nd 0.38 0.37 0.55 0.42 0.50 Nd ns 0.55 0.00+0.00 0.56+0.39
2-ethyl-1-hexanol 0.85 0.72 0.73 0.69 1.05 0.66 0.95 0.68 ns 0.70 0.95+0.58 0.67 +£0.28
benzaldehyde 0.16 0.28 0.20 0.14 0.10 0.10 0.00 0.14 ns 0.39 0.28+0.33 0.00 & 0.00
linalool 1.93 2.83 2.48 1.67 3.23 2.98 3.47 2.46 > 208 3.51+154 1.60+1.04
methylheptadione 0.08 Nd 0.05 0.05 Nd Nd Nd 0.02 ns 0.16 0.05+0.15 0.00 & 0.00
B-cyclocitral 1.08 5.57 1.16 0.97 1.63 0.97 1.47 0.22 o 119 2.08+208 1.18+0.93
3-mebutanoic acid 0.21 0.48 0.34 0.33 0.19 0.27 0.40 0.55 ns 068 0.52+055 0.13+0.25
a-terpineol 0.73 0.19 0.30 0.04 0.09 0.11 0.48 0.26 ns 099 0.28+091 0.27+0.28
geranial 0.94 0.09 1.14 0.98 1.62 0.71 117 Nd % 1569 1.66+1.21 0.00+0.00
citral 0.75 0.09 0.79 0.72 0.89 0.56 0.37 Nd s 111 0.00+0.00 1.52+1.05
decadienal Nd Nd Nd Nd Nd Nd Nd Nd - - 0.00+0.00 0.00+0.00
methylsalicylate 0.39 0.51 2.00 0.31 0.07 1.43 0.22 0.66 ns 195 0.00+£0.00 1.28+1.75
B-damascenone 3.21 5.97 2.35 1.62 3.26 2.25 4.97 5.00 > 399 534+320 1.48+1.48
(E)-geranylacetone 4.44 2.77 5.28 4.92 6.07 5.67 5.88 1.11 o 275 579+253 4494529
2-mepropanoic acid 0.27 0.54 0.24 0.21 0.40 0.15 0.13 0.18 ns 0.56 0.20+0.45 0.27 +£0.31
benzyl alcohol Nd 0.09 0.04 Nd Nd Nd Nd 0.05 0.17 0.00+0.00 0.16+0.32
phenylethyl alcohol 0.81 0.38 0.20 0.21 0.34 0.19 0.25 0.26 0.50 0.38+0.46 0.55+0.60
B-ionone 0.98 4.15 0.95 0.92 1.51 0.82 1.29 Nd o 1.05 1.80+1.66 097 +0.74
eugenol 0.19 0.08 0.13 0.05 0.15 0.18 0.03 0.03 0.26 0.00+0.00 0.24 +£0.24
farnesylacetone Nd 0.64 017 0.04 0.08 0.17 0.24 Nd 0.37 0.00+0.00 0.34+0.39
isopropylmyristate Nd Nd Nd Nd Nd Nd Nd Nd = = Nd Nd

octanoic acid 0.33 0.50 0.43 0.17 0.42 0.02 0.20 0.14 ns 0.61 0.55+0.49 Nd

nonanoic acid 0.20 0.42 0.41 Nd Nd 0.35 Nd 0.48 ns 0.67 0.46 +0.60 Nd

Each mean represents six biological replicates (over 2 years) and three biological replicates (within 1 year); SD: standard deviation; Nd: not detectable or present at
low levels; ns indicates a nonsignificant difference; *, ** and *** indicate significance differences of each factor and interaction at p < 0.05, p < 0.01, and p < 0.001,
respectively; HSD (0.05) = critical value for comparisons by Tukey’s honestly significant difference (HSD) tests at p < 0.05.
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Total (n = 132)

Calibration (n = 99)

Validation (n = 33)

Fruit Range Mean SD Range Mean SD Range Mean SD
SSC (°Brix) 3.07-6.70 4.80 0.96 3.07-6.60 4.80 0.18 3.20-6.70 4.81 0.35
Lycopene (mg kg~ 1) 79.4-287.5 167.9 51.2 81.6-287.5 168.5 9.97 79.4-282.2 166.2 18.2
Total (n = 192) Calibration (n = 144) Validation (n = 48)
Homogenate Range Mean SD Range Mean SD Range Mean SD
SSC (°Brix) 3.85-7.41 5.17 0.77 3.96-7.41 5.20 0.13 3.85-6.49 5.09 0.11
Lycopene (mg kg~") 63-223 109.4 28.5 63.0-223.0 110.5 4.85 73.0-181.0 106.0 4.01
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Fruit (n = 132) Homogenate (n = 192)

ASD (Vis-NIR) ASD (Vis-NIR) Perten (SWIR)

R2CAL RMSEC R2VAL RMSECV R2?CAL RMSEC R2VAL RMSECV R2CAL RMSEC R2VAL RMSECV

S8C Reflectance 0.73 0.49 0.62 0.64 0.17 0.70 0.20 0.59 0.65 0.45 0.55 0.44
Absorbance 0.87 0.35 0.68 0.58 0.61 0.48 0.58 0.43 0.67 0.44 0.58 0.43
REF + MSC 0.67 0.55 0.54 0.70 0.01 0.76 0.00 0.66 0.59 0.49 0.57 0.43
REF + SNV 0.63 0.58 0.52 0.71 0.38 0.60 0.52 0.46 0.64 0.45 0.60 0.42
REF + 1DER 0.47 0.69 0.47 0.74 0.30 0.64 0.37 0.52 0.70 0.42 0.61 0.41
ABS + MSC 0.88 0.34 0.72 0.59 0.62 0.47 0.54 0.45 0.60 0.49 0.56 0.44
ABS + SNV 0.85 0.37 0.66 0.60 0.64 0.46 0.58 0.43 0.66 0.45 0.59 0.42
ABS + 1DER 0.77 0.46 0.55 0.69 0.57 0.50 0.51 0.46 0.70 0.42 0.60 0.42
LYCOPENE  Reflectance 0.36 41.01 0.42 41.06 0.07 27.38 0.10 23.47 0.46 20.99 0.43 18.70
Absorbance 0.30 42.94 0.40 41.63 0.86 10.56 0.68 15.07 0.48 20.47 0.44 18.41
REF + MSC 0.54 34.89 0.41 41.19 0.01 28.37 0.00 24.68 0.46 20.94 0.38 19.48
REF + SNV 0.57 33.70 0.41 41.34 0.52 19.79 0.52 17.07 0.45 21.15 0.37 19.51
REF + 1DER 0.50 36.37 0.28 45.68 0.26 24.47 0.20 22.10 0.44 21.21 0.42 18.77
ABS + MSC 0.64 30.62 0.46 39.64 0.61 17.66 0.52 17.09 0.49 20.34 0.38 19.50
ABS + SNV 0.66 30.14 0.44 40.31 0.63 17.25 0.52 17.14 0.45 21.06 0.35 19.84
ABS + 1DER 0.52 35.50 0.34 43.64 0.46 20.98 0.41 18.99 0.51 19.86 0.47 17.95

ASD, ASD FieldSpec HandHeld 2™ portable spectroradiometer; PERTEN, Perten DA7200 NIR analysis system; Vis-NIR, visible and near infrared; SWIR, short-wave
infrared; CAL, calibration; VAL, validation; RMSEC, root mean square error of calibration; RMSECV, root mean square error of cross-validation; REF, reflectance; ABS,
absorbance; MSC, multiplicative scattering correction; SNV, standard normal variate; 1DER, first derivative. Bold numbers mean the best calibration and prediction of
models.
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Parameter

Fruit weight (g)
Fruit width (mm)

Fruit length (mm)

L* exocarp

a” exocarp

b* exocarp

G exocarp

He exocarp

Clexocarp

L* mesocarp and endocarp
a* mesocarp and endocarp
b* mesocarp and endocarp
G mesocarp and endocarp
H mesocarp and endocarp
Cl mesocarp and endocarp

Malacara Tomato

Yellow

30.77 £ 10.18
38.35 + 4.99
35.17 £ 3.656
70.86 £+ 2.06
0.80 £ 0.50
27.20+2.36
27.21+234
0.08 +0.02
0.44 £ 0.32
67.95 +2.65
0.93 £ 0.64
26.63 + 3.08
26.65 +3.06
0.04 £ 0.03
053+ 0.41

Red

53.23 + 16.69
45.55 + 4.84
42,04 £5.25
63.67 £2.17
16.11£179
16.68 + 1.66
21.83 £ 1.95
0.77 £0.07
16.32 +£2.28
59.01 +2.02
14.98 +£2.34
16.87 + 1.75
22.61£244
0.72 £ 0.07
16.18 £2.28

P-value

0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000





OPS/images/fnut-08-810812/fnut-08-810812-t002.jpg
Parameter

Total energy (kcal)
Moisture (g)
Protein (g)

Total fat (g)

Fiber (g)
Carbohydrates (g)
Calcium (mg)
Copper (mg)

Iron (mg)
Magnesium (mg)
Phosphorus (mg)
Potassium (mg)
Sodium (mg)
Zing (mg)

Malacara Tomato

Yellow

45.96 + 5.05
8566+ 1.15
1.33+0.18
0.22 £0.05
1.84 £0.13
9.66 +0.98
16.05 + 0.49
0.108 +0.015
0.459 + 0.027
31.41+3.48
27.04 £1.72
833.59 £ 116.32
55.68 + 16.31
0351 +0.012

Red

36.74 + 1.80
89.26 +0.54
120+0.15
0.25 +0.03
1.03£0.03
7.16+£0.35
13.01 £0.74
0.117 £ 0.008
0.339 + 0.060
2443+ 1.48
27.80 +2.49
768.74 4 23.13
52,02+ 13.73
0.342 + 0.030

P-value

0.0299
0.0081
0.3951
0.3530
0.0005
00144
0.0041
05185
0.0349
0.0330
0.6932
0.3972
0.7807
0.6530
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Parameter

pH

Soluble solids content (*Brix)

Total sugar content (g 100 g~ fw)

Total acidity (g citric 100 g=' fw)

Taste index

Lycopene (ug 100 g~' fw)

B-carotene (g 100 ™" fw)

Total carotenoids (mg 100 g~ fw)

Vitamin C (mg 100 g~ fw)

Antioxidant capacity (AOT pmol ET 100 g~ fw)
Total phenolic content (mg EAG 100 g~ fu)

Yellow

420£0.10
6.20 +£0.20
4.24 £0.57
0.43 +0.04
1.163 £0.05
34.92 +£6.93
533.85 + 118.25
0.44 £0.09
353.33 + 7.02
1238.87 +9.49
56.60 £ 6.83

Malacara Tomato

Red

4.14 £0.110
587 +0.23
425 £1.15
0.45 + 0.06
1.111+£0.05
5512.22 + 1046.29
585.74 &+ 125.58
9.35 + 1.81
403.33 & 40.50
1284.86 + 12.40
61.22 £ 17.91

P-value

0.5018
0.1318
0.9865
0.7060
0.3477
0.0008
0.6305
0.0010
0.1029
0.0070
0.6385
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Chemical family

Alcohols
Aldehydes

Aliphatic and aromatic hydrocarbons

Esters

Furans

Ketones and methyketones

Monoterpenes

Terpenes

Carotenoids

Phenol derivatives

Nitrogen and sulfur compounds

Oxygenated benzene derivatives

Volatile compound

2-phenylethanol
(B-2-pentenal
Hexanal

(B-2-hexenal
@-2-heptenal
Benzaldehyde
(E.B)-2.4-heptadienal
2-phenylacetaldehyde
Nonanal

Decanal
(E.B)-2,4-decadienal
Styrene
a-methyinaphthalene
Biphenyl

Methyl octanoate
Isopentyl 3-methylbutanoate
Methyl dihydrojasmonate
2-pentylfuran
1-octen-3-one
acetophenone
a-thujene

p-cymene

Limonene

B-ocimene
y-terpinene

Perilene

Carvone

Camphor
6-methyl-5-hepten-2-one
B-oyclocitral

Neral (p-citral)
Geranial (o-citral)
Geranylacetone
Guaiacol

Methy salicylate
Eugenol
2-isobutylthiazole
Benzothiazole
Pentane, 1-nitro
Benzyl nitrle
Estragole

Anethole

RI

1,136
718
806
814
913

921
1,081
1,104
1,204
1,220

1,345
1,367
1,083
1,054
1,657
1,040
943
1,029

1,042
1,018
958

1,125
1,190
1,121
938
1,204
1,474
1,474
1,424
1,090
1,281
1,392
1,067
1,208

1,138
1,172
1,190

RS
MSs
RS
MSs
MS
MS
Ms
MS
RS
RS
Ms
MS
MS
MS
MS
Ms
MS
RS
MS
RS
Ms
MS
RS
RS
MS
MS
MS
Ms
MS
MS
MS
MS
RS
MS
RS
MS
MS
Ms
MS
MS
MS
MS

Aroma

Floral, sweet, honey
Green, tomato, orange,
Green, fresh, fatty, fruity

Green, sweet, bitter, fruity
Sweet, green, slightly fatty
Bitter almond-ike
Sweet, creamy, fatty, citrus
Green, sweet, floral
Aldehydic, waxy, rose
Aldehydic, sweet, waxy
Fatty, sweet, fresh
Almond
Green musty
Bergamot, cinnamon
Green, fruity, waxy, citrus
Fruity, swest, green
Floral, citrus

Fruity, green, earthy

Earthy, fungal, green, olly
Floral, sweet, pungent
Herbal
Sweet, soft, fresh, lemon,
Gitrus, herbal, terpenic
Floral, sweet, herbal, warm
Citric, fatty, terpenic
Flowery, citrus-lie
Spearmint
Hot Turkish spices
Lemon-grass
Tropical, herbal, sweet
Lemon
Lemon
Tropical, floral, fresh
Phenolic, spicy, vanila
Minty, sweet, camphor
Nutmeg, cinnamon
Woody, tomato-leaf notes
Meaty, cooked, beefy
Agae
Bitter almonds, spicy, floral
Anise
Anise

Malacara Tomato

Yellow

489,694 + 246,807
262,609 + 297,412
1.57E6 £ 1.29E6
764,938
512,567 + 90,361
490,981 + 265,934
266,776 + 33,903.6
648,893 + 309,124
785,860 + 310,322
372,449 + 271,639
1.31E6 + 864,940
213,567 + 60,656
123,686 + 49,064.7
143,821 + 91,346.7
156,334.33
286,361.5
177,300
2.31E6 + 750,568
260,005 + 26,349.7
58,117.3 +7,932.4
56,256.67
5.50E6 + 813,109
1.66E6 + 182,424
517,027 + 50,384
4.38E6 + 523,156
Not detected
70,377.33
130,320 + 33,954.6
161,207 + 29,5133
Not detected
Not detected
Not detected
not detected
Not detected
408,744 £ 212,970
Not detected
6.06E7 + 1.99E7
150,945 + 59,548
7.83E6 + 1.89E6
433,907 + 52,391.4
1.79E6 £ 717,612
1.27E6 + 591,754

Red

575,642 + 238,376
46,941 +27,304.7
1.41E6 * 595,659
Not detected
361,269 & 44,734.7
313,506 =+ 46,386.9
271,685 + 38,853.4
423,507 + 89,267
804,128 + 200,381
98,519.7 + 18,316.5
595,208 + 91,270.2
104,270 + 53,238.7
81,914.6 +27,784.3
70,658 + 43,686.8
Not detected
Not detected
Not detected
2.54E6 + 740,288
248,907 + 151,929
64,646 + 41,4195
Not detected
3.06E6 + 1.46E6
726,484 + 355,297
182,952 + 77,229.3
2.46E6 + 250,811
570,774
Not detected
121,242 + 93,096.3
1.01E7 £ 998,980
167,245.33
186,223.33
816,193.33
418,298
694755
2.18E6 + 1.04E6
195,951.33
2.22E7 + 7.85E6
88,841.7 +33,318.5
1.96E6 £ 503,511
224,000 + 58,611.4
1.01E6 £ 673,743
804,140 + 490,141

P-value

0.6868
0.2989
0.8562

0.0601
0.4397
0.6583
02918
0.9359
0.1563
0.2257
0.0789
0.3677
0.2789

0.7284
0.9068
0.7916

0.0591
0.0220
0.0033
0.0104

0.9088
0.0001

0.0438

0.0359
0.1901
0.0085
0.0098
0.2430
0.3488
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-0.52"
0.120
-0.33™
-0.08™
0.70"™

significant at P < 0.05 or 0.01, respectively.

1
0.57*
—0.12"
0.66™
0.76*
0.48"
0.87*
-0.45*
071
0.39™
0.29

1

0.16™
0.78"
0.86™
0.64**
0.83"
-0.50
083"
0.66*

051"

BT

1
0.50"
0.1
0.13
—0.02¢
-0.66"
-0.05™
0.66*
0.66™

YT

0.75"
0.63*
0.76"
-0.82*
066"
0.88"
0.78"

HRSA

0.79"
087
—0.60*
0.93*
0.64*
051"

LRSA

0.61"
-0.63**
080"
0.62*
051"

TSS

—0.47*
0.84*
0.54*

0.36"

TA

-0.55"
-0.92*
-0.88"

(a*/b*)

056"
040"

Avg. fruit wt.

091"

Y/pl.
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Traits/treatments Yield/plant (g) Average fruit weight (g) Titratable acidity (%)

Control 1,201.7 £52.5a 900+ 35a 0.37 £0.004 d
EC1 876.7+£129b 82.33+3.4a 0.43+£005d
EC2 8083+ 188b 7333£202b 0.57 £0.006¢
SEO1 716.7 £89c¢ 64.33+21¢c 056+001¢c
SEO2 631.4£133d 59,66 +=3.3cd 0.63 £ 0.002 be
EC1/SEO2 570.1+£5.8d 53.33+ 1.8de 0.70£0.03b
EC2/SEO1 4660+ 11.5e 4866 £ 0.88e 0.86 £0.03a

Values are expressed as the mean = SD of three independent experimental replicas (n = 3).
Different letters in the same column indicate significant differences between means according to the Duncan’s test at the 5% level.

Soluble solids (Brix)

5.6+0.06¢c

6.2+ 0.09 ab
6.4+0.115a
6.03+0.03b
5.43 £ 0.04¢c
616 £0.02d
5.36 £0.1cd

a*/b*

1.14£003¢
1.41+£004b
1.62£ 007 a
1.23+01¢c
121£005¢
0.93+0.02d
0.85+0.04d





OPS/images/fnut-09-844162/fnut-09-844162-t002.jpg
Traits/ treatments

EC1

EC2

SEO1
SEO2
EC1/SEO2
EC2/SEO1

Yipl.

—27.1%
-32.8%
—40.3%
—47.6%
—52.6%
—60.9%

Avg.fruit wt,

—8%

—18%
—28%
—33%
—40%
—46%

TSS

10%.
14%
7%
—29%
=77%
—-41%

Green cells identify increased changes, yellow cells identify reductions.

nd, not detected.

TA

15%
53%.
51%.
69%.
89%.
131%

a*/b*

23%.
40%
7%
6%
—18%
—24%

p-Crt Lyc
31% 98%
49% 149%
47% 123%
90% 37%
17% 43%
—30% | 29%

TPC

—17%
20%
7%
—8%
6%
21%.

T

—5%
—11%
-21%
-0.3%
—2%
—2%

47%.
66%.
95%
—14%
—27%
-31%

31%
26%
—56%
—19%
—2%
3%

93%
nd
nd
nd
nd
nd

18%.
26%
—24%

nd
nd

HRSA

16%.
26%
—28%
—16%
—17%
—26%

LRSA

19%
19.3
7%
71%
—21%
—35%





OPS/images/fnut-09-844162/fnut-09-844162-g002.gif
PO easEOr





OPS/images/fnut-09-844162/fnut-09-844162-g003.gif
Carclencld (mp/ke W)

e

cantol ) S0l I
aLycopeae 8f-Carotent





OPS/images/fnut-09-844162/fnut-09-844162-g004.gif
-

R il

288g3¢s9a

@sonavo ey

[





OPS/images/fnut-09-844162/fnut-09-844162-g005.gif
P— <ro1 FOr  ECleSEOS B3 SEOL





OPS/images/fnut-09-844162/fnut-09-844162-g001.gif





OPS/images/fnut-09-849841/fnut-09-849841-t002.jpg
References Type of tomato

©0)

©
©9)

@4

(26)

product

Tomato extract

Tomato juice

Tomato extract (2
different extract-
supplemented
treatment drinks)
Tomato extract (2
treatment
supplement
drinks using
orange juice as a
vehicle)
Water-soluble
tomato extract,
Fruitflow (FF)
Tomato pomace
(byproduct of
tomato pomace)
extract (19, 259
or placebo)
Tomato extract
Fruitflow®

Study
performed
on healthy

subjects

NO (high-risk
hypertensive
patients)

NO
YES

YES

YES

YES (male, n
=9)

NO

Duration of
the study: 4
weeks of
exposure
(28 days)

YES

NO

NO

YES

NO

NO

Analytical
EFSA
valid

markers.

NO

YES

YES

YES

YES

NO
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Samples

Double concentrate
Triple concentrate
Diced tomatoes
Pecled tomatoes
Crushed tomatoes
Tomato sauce
Cherry tomatoes

Not digested
Mean DS
28510 0.142
4018° 0243
0.892° 0073
0654%  0.064

0.779°41 0,071
1073° 0084
0.830°  0.062

Lutein
Digested

Mean  +DS
0.301% 0052
0.360°  0.068
0.110°¢ 0,081
0.100° 0011
0431° 0014
0.178¢ 0012
0.121%¢ 0014

%

10.5
9.0
12.3
163
16.8
166
146

The data are expressed in mg/kg of samples and standard deviation (SD).

a~!Different letters show a significant difference (o < 0.05) among the different typologies of canned tomatoes.

p-carotene
Not digested Digested
Mean £DS Mean DS
40622 2133 7602 0423
52404° 3138 72640 0418
12.606° 0893 2522° 0328
9313¢ 0544 2133 0.124
11278° 0521 3.110°¢ 0215
152389 0521 351 0.191
11.859° 0432 2926°¢ 0249

%

187
139
19.9
229
276
23.1
247

Lycopene

Not digested

Mean

222.061°
385.643°
69.305°
50.804%
6014754
83.272°
64.771e4

+DS

19.123
23248
11.183
9.662
9.119
10.231
11.158

Digested

Mean

28.325%
35.740°
13.829°
7.421¢

10.005°
12.893°
12.938°

+DS

1.093
2.138
1.286
0.863
0.529
0.391
0.628

%

128
93
19.9
14.6
16.6
16.5
20.0
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Keywords

Tomato and
coronary
heart
disease

Tomato and
cerebrovascular
disease

Tomato and
peripheral
arterial
disease
Tomato and
deep vein
thrombosis

Total  Type of

number study
of

studies

44 1meta-
analysis;
7 clinical
trials; 12
reviews
28 1meta-
analysis;
1 clinical
trials

2 Research
articles

1 Research
article

Studies
in the
last 10
years

Total: 16;
1 meta-
analysis;
2 clinical
trials.
Total: 16;
1 Meta-
analysis;
1 clinical
trials
Total: 2

Total: 1

Studies in
the last 5
years

Total: 9; 1
meta-
analysis; 2
clinical trals

Total: 6; 1
Meta-
analysis; 1
ciinical trials

Total: 1

Relevant
studies

Meta-
analysis:
(16); Clinical
trials:
(18,20)
Meta-
analysis:
(16); Clinioal
fals: (21).
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Samples

Double concentrate
Triple concentrate
Diced tomatoes
Pecled tomatoes
Crushed tomatoes
Tomato sauce
Cherry tomatoes

Not digested
Mean DS
1.308° 0046
1.413° 0085
0.334° 0.027
0339° 0,034
0319° 0,029
04294 0016
04474 0023

DPPH

Digested
Mean  +SD
0268° 0023
0.149> 0016
0.197°  0.026
0.12° 0015
0.117° 0017
0.123° 0013
0286° 0021

The resuits are expressed in mmol Trolox/Kg £DS.
a-eDifferent letters show  significant difference ( < 0.0) among the different typologies of canned tomatoes.

%

20.5
105
59.0
36.7
36.7
28.7
64.0

Not digested

Mean  %SD
2508 0076
2618° 0086
0595°  0.042
0.621°¢ 0,081
0571° 0057
0713°¢ 0,059
0733¢ 0049

ABTS
Digested
Mean  +SD
15520 0.058
1212° 0,048
0.453°  0.036
0538 0049
0320° 0026
0.430° 0036
05224  0.039

%

61.9
46.3
76.2
86.5
559
60.3
7.2

Not digested
Mean  +SD
1874 0063
1.676°  0.083
0.338° 0.048
0383  0.061
0355° 0,025
04774 0,039
05459 0,044

FRAP

Digested
Mean  +SD
0387% 0021
0335 0033
0.204° 0,031
0.176° 0027
0214° 0,025
0276° 0023
032¢° 0030

%

27.6
195
586
459
55.6
56.5
59.6
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Assay Not digested samples R2 Digested samples R?

DPPH 0.964 0.525
ABTS 0.953 0.942
FRAP 0973 0.858
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Parameter “Bolzano” “Chocomate” “Encore” “Diamont” “Strabena”

Fruit weight 0.013" 0.008** 0.110 0.400 0.560
Dry matter 0.022* 0.013* 0.011* 0.001* 0.015*
Soluble solids 0.027% 0.030 0.030% 0.001* 0270
Acidity 0.078 0.022 0.160 0.001* 0.230
Taste index 0370 0.140 0.600 0.001* 0.023"
Lycopene 0.052 0.290 0.860 0.160 0.920
p-carotene <0.001** 0.007** 0.940 0.110 0.700
Phenols 0.097 0.750 0.450 0.800 0.420
Flavonoids 0.430 0.085* 0.720 0.440 0.170

Significance levels .01, and “" 0.05.
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Parameter

Phenols
HPSL

IND

LED
Flavonoids
HPSL

IND

LED

Significantly different means are labeled with different letters.

“Bolzano”

36.33 £5.34
33.21 £4.05
36.16 4 6.41

450+ 1.32
457 £0.75
4.96 £ 1.08

“Chocomate”

31.23 £5.67
34.77 £6.39
31.70 + 6.80

3.78 + 0.65a
5.24 £0.7%
4.37 £ 1.18ab

“Encore”

2764 £7.12
31.00 + 6.02
30.44 + 3.01

2.65+1.04
4.96+1.46
3.02£1.04

“Diamont”

30.26 £ 5.71
30.63 £ 56.11
30.98 + 6.62

257+1.15
2.84 +0.67
288+ 1.08

“Strabena”

48.70 £ 11.24
66.26 + 13.59
52.57 +10.41

517 £2.33
6.65+1.64
5.91+£1.20
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Samples

Double concentrate
Triple concentrate
Diced tomatoes
Peeled tomatoes
Crushed tomatoes
Tomato sauce
Chenry tomatoes

Not digested

Mean

126.976*
162.597°
30.888°
31.750°
27.895¢
37.614°
41.692'

+DS

2626
0.783
0.822
0.673
0.256
0.139
0.28

Digested

Mean +DS
85.638° 0637
655870 0627
30.383° 0303
28.487¢ 0511
26317 0.491
30318 0042
40308' 0216

%

Data are displayed as mean of mg GAE/100g of the samples and standard deviation (SD).
a~IDifferent letters show a signilicant difference (o < 0.05) among the diferent typologies

of canned tomatoes.
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Analyte Double concentrate  Triple concentrate Diced tomato  Peeled tomato  Crushed tomato  Tomato sauce  Cherry tomato

Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD

Protocatechuic acid 0.0012 0.000 0.002° 0.000 0.002° 0000 0002° 0000 0002° 0000 0003 0000 0.001% 0.000
Chlorogenic acid 6.507% 0.967 74728 0.756 3.730° 0.143 1.857° 0.283 3.432¢ 0.119 5048° 0.494 11.236' 0.567
Caffeic acid 0.745% 0.050 0.894° 0.016 0.189° 0.003 0.205%¢ 0023 0.204%¢ 0002 0.292%¢ 0097 0.355° 0.011
p-coumaric acid 0.060% 0.001 0.080° 0.002 0.045° 0001 0036¢ 0001 0048° 0002 0056° 0.002 0.060* 0.002
Ferulic acid 0.450% 0.080 0.470* 0.089 0408 0.065 0.256° 0050 0350 0041 0411 0036 0.430° 0048
Genistin 0.0162 0.003 0.016% 0.002 0.080° 0003 0.050° 0003 0080° 0002 0080° 0.001 0.080° 0.000
Naringin 0.080% 0.001 0.100° 0.003 0.096° 0001 0092° 0001 0087¢ 0001 0090° 0001 0080* 0.001

Quercetin 3-glucoside 0.002* 0.000 0.002* 0.000 0.000° 0.000 0.001° 0000 0001 0000 0001 0.000 0.001° 0.000
Kaempferol 3-glucoside  0.003* 0.000 0.004° 0.000 0.001° 0000 0001° 0000 0001 0000 0001° 0000 0.002¢ 0.000

Rutin 7905 0821  9516° 0167  2248° 0058 1.191% 0003 1441° 0051 481" 0202 8722 0059
Vitexin 0.1232 0.015 0.156* 0.018 0.050° 0.001 0.056° 0002 0.059° 0.001 0065¢ 0.001 0.089° 0.013
Isorhamnetin 8-rutinoside 0.087° 0002 0045 0001  0009° 0000 0010° 0001 0010°¢ 0000 0015% 0005 0018° 0.001
Myricetin 0016* 0001  001%® 0001  <log - <oq - <log - <g - 0016 0000
Naringenin 12022¢ 0428 14520 0163 0426 0002 0359° 0050 0530° 0.140 0590° 0097 1.103¢ 0.6
Kaempferol 0005 0001 0007 0001  <bg - <log - <log - <bg - 0003 0001
Quercetin 0013 0001  0018° 0002 0010° 0000 0010° 0000 0009 0000 0008 0000 0013 0001
Apigenin 0010° 0000  0018° 0001 0009 0000 O0O006° 0000 0006° 0000 0008% 0000 0009% 0.000

Restults are expressed in mg/100g of fresh weight and reported as mean  SD from three independent experiments.
2! Different letters show a significant difference (o < 0.05) among the different typologies of canned tomatoes.
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Analyte Double concentrate Triple concentrate Diced tomato Peeled tomato Crushed tomato Tomato sauce Cherry tomato

Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD Mean +SD

Protocatechuic acid O-hexoside 0.032* 0.001 0042° 0002  0.020°¢ 0.002 0.017° 0.001 0023¢ 0001 00214 0001 0017° 0001

Vanillic acid hexoside 0.063* 0.000 0.087* 0010 0.021° 0000 0.014° 0000 0018 0000 0.026° 0000 0.047' 0.000
Coumaric acid hexoside 0.304* 0.015 0.332°  0.005 0.040° 0002 0018 0000 0079° 0001 0422° 0.131 0526/ 0.030
Caffeic acid hexoside 0580° 0009  0548° 0005  0206° 0004 0.101° 0006 0.178° 0009 0.326' 0077 0.680% 0.008
Cryptochlorogenic acid 0.695% 0.151 1.076° 0047 0554* 0008 0.094° 0003 0.192° 0010 0.528° 0013 0.822' 0.090
Rutinhexoside 0.027% 0.002 0019°  0.000 0.009° 0.000 0.003¢ 0001 0010° 0000 0051" 0001 0.026° 0.005
Cumaroylquinic acid 0.072% 0.000 0025°  0.000 0042° 0.000 0.021¢ 0.001 0042° 0.000 0.041° 0002 0.034° 0.001
Feruloylquinic acid 0008% 0000 0012° 0000  0006° 0000 0.008" 0.000 0.006° 0.000 0.006° 0000 0.008* 0.000
Naringenin C hexoside 0.436° 0.005 0562 0.005 0.104° 0.006 0.120° 0.005 0.094° 0.004 0.201° 0005 0.200° 0.004
Eriodicthiol 0.180% 0.005 0.210°  0.006 0083° 0.002 00539 0.003 0039° 0004 0.048" 0004 0.0959 0.004
Tricaffeoilquinic acid 0.0312 0.001 0035°  0.002 0.026° 0.004 0.023° 0.003 0.024° 0002 0.026° 0001 0.027° 0.003
Caffeic Acid dihexoside* 0.580% 0.009 0614°  0.005 0.206° 0.004 0.101¢ 0.006 0.178° 0009 0.326' 0077 0.6809 0.008
Naringenin C diglycoside* 0.4322 0.015 0583 0016 0.160° 0.021 0.046° 0.002 0061¢ 0008 0.105" 0002 0.137° 0.007
Eriodicthiol O hexoside * 0.109* 0.002 0.156°  0.000 0019° 0000 0.022¢ 0001 0013° 0000 0019° 0001 0.035' 0.003
Quercetin O dihexoside * 0.0342 0.001 0.046°  0.001 0.009° 0.000 0.03¢ 0.001 0015° 0001 0.017° 0001 0026 0.00
Rutin O pentoside * 1.009* 0.008 1271° 0047 0.147° 0011 0.108° 0,003 0.201° 0004 039" 0035 04119 0.021
Floretindiglycoside * 0.662% 0.031 0.755°  0.030 0.233° 0.041 0067¢ 0004 0306' 0036 0.363" 0080 0.5969 0.025

Kaempferol 3-O-rutinoside * ~ 0.079° 0004  0.155> 0001  0.060° 0.002 0.025¢ 0000 0027° 0000 0077° 0006 0.094' 0.008

Results are expressed in mg/100g of fresh weight and reported as mean % SD from three independient experiments.
-9Different letters show a significant difference (o < 0.05) among the different typologies of canned tomatoes.
*Semi-quantification with rutin.
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Analyte Double concentrate  Triple concentrate Diced tomato  Peeled tomato  Crushed tomato  Tomato sauce  Cherry tomato

Mean +SD Mean +SD Mean £SD Mean +SD Mean +SD Mean +SD Mean +SD

Intestinal phase

Protocatechuic acid 0000° 0000 0001 0000 - - - - 0001° 0000 0001 0000 0.000° 0.000
Chiorogenic acid 11000 0120  2341® 0126  0963° 0024 0280° 0047 1123 0020 1452° 0082 3256' 0210
Caffeic acid 0.169* 0.104 0287*° 0131  0051>¢ 0001 0.045°¢ 0005 0.058%¢ 0000 0063% 0022 0.120° 0.056
p-coumaric acid 0008 0000  002° 0006  0011° 0000 0007% 0000 0009° 0000 0018' 0000 0027 0011
Fenlic acid 0059 0018  0.145° 0020  0097° 0014 0049° 0014 0114° 0000 0.142° 0008 0.186% 0.012
Genistin 0003 0001  0005> 0000 0018 0001 0001 0001 0025% 0000 0028 0003 0.038° 0.008
Naringin 00212 0009  0032° 0001  0028° 0000 0028* 0000 0024° 0000 0034° 0004 0032° 0.009

Quercetin 3-glucoside - - . . - : - - . . y . B .
Kaempferol 3-glucoside 00012 0000 0001* 0,000 - - - - - - - - . :

Rutin 1.658% 0.071 3.154° 0.037 0543° 0013 0266 0013 0426° 0011 1668 0045 1.520*° 0.130
Vitexin 0.0242 0.002 0.048> 0.004 0018° 0.000 0001 0001 0017° 0000 0018° 0.002 0.041° 0.009
Isorhamnetin 3-rutinoside 0.008* 0.001 0.008* 0.000 0.002° 0.000 0.002° 0000 0002° 0000 0001® 0001 0.008 0.002
Myricetin 0.003* 0.000 0.006> 0.000 o - » = ot = o o 0.004°  0.000
Naringenin 0.404* 0.024 0.478> 0.032 0098° 0.000 0.068° 0000 0.168° 0000 0.224' 0023 0.321% 0.140
Kaempferol 0.001% 0.000 0.002* 0.000 - - - = = ) = » 0.001*  0.000
Quercetin 0.002* 0.000 0.005" 0.000 0.003° 0.000 0.002* 0011 0002* 0000 0.003*¢ 0.001 0.004° 0.000
Apigenin 0.002* 0.000 0.004° 0.000 00028 0000 0001® 0000 0002°8 0000 0002° 0000 0.003° 0.000

The results are expressed in mg/100g of fresh weight and reported as mean  SD from three independent experiments.
a~IDifferent letters show a significant difference (o < 0.05) among the different typologies of canned tomatoes.
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Analyte Double concentrate Triple concentrate Diced tomato Peeled tomato Crushed tomatoes Tomato sauce Cherry tomato

Mean +SD Mean +SD Mean £SD Mean +SD Mean +SD Mean  £SD Mean +SD

Intestinal phase
Protocatechuic acid O-hexoside 0.015* 0001 0028 0001  0.006° 0.0000007° 0000 0008 0000  0008¢ 00010013° 0001

Vanillic acid hexoside 0.015% 0.001 0017°  0.000 0.002° 0.0000.016° 0.001 0.008%¢  0.001 0.007¢  0.0000.009° 0.000
Coumaric acid hexoside 0.160* 0.001 0.202°  0.008 0.025° 0.0010.012¢ 0001 0.008°  0.005 0.085'  0.0090.120° 0.000
Caffeic acid hexoside 0.330° 0.002 0.354°  0.000 0.134° 0.0000.089° 0.000 0.132¢  0.000 0.156'  0.0000.3209 0.000
Cryptochlorogenic acid 0.1922 0.005 0.272°  0.020 0.065° 0.0030.044° 0.000 0085°  0.004 0.125%°¢f 0,132 0.210' 0.089
Rutinhexoside 0.0122 0.000 0015°  0.000 0.006° 0.0000.001° 0.000 0.002¢  0.000 0.032°  0.000 0.018' 0.000
Cumaroylquinic acid 0.0152 0.001 0021 0001 0021°9°0,0020.008° 0001 0024¢ 0001 0.020**<d¢ 0,011 0.019° 0.002
Feruloyiquinic acid 0.003*°  0.002 0.002° 0000 0.003*° 0.0000.001® 0.000 0.02°  0.000 0.001  0.0000.008° 0.000
Naringenin C hexoside 0206 0004  0285° 0002 0.074° 0.0010085¢ 0001 0042° 0002 0.065°  0.009 0.101"  0.007
Eriodicthiol 0.058% 0.000 0.089°  0.001 0.036° 0.0010.049° 0001 0012°  0.000 0.041%¢  0.0090.047¢ 0.005
Tricaffeoilquinic acid 0.0212 0.003 0.021*  0.002 0.012° 0.0010.020° 0003 0014°  0.003 0.014°  0.0010.013° 0.001
Caffeic Acid dihexoside * 0.320° 0.001 0.380°  0.002 0.080° 0.0020.098° 0003 0.150°  0.003 0.215'  0.0030.250° 0.001
Naringenin C diglycoside * 03217 0000  0496° 0000  0.029° 0.0010.035¢ 0000 0.052°  0.001 0062 0.0010.089° 0.001
Eriodicthiol O hexoside * 0.089% 0.003 0.130°  0.008 0.001° 0.0010.009° 0.001 0.008%  0.001 0.019°  0.059 0.028' 0.022
Quercetin O dihexoside * 0.0212 0.001 0.041° 0,001 0.001° 0.0000.024° 0001 0.009°  0.001 0.009° 0.0010.011¢ 0.001
Rutin O pentoside * 0.726° 0.000 0.812°  0.002 0.086° 0.0000.081¢ 0.000 0.160°  0.001 0.142'  0.0120.2369 0.000
Floretindiglycoside * 0.3212 0.002 0.486°  0.000 0.213° 0.0000.052¢ 0001 0.280°  0.000 0.241"  0.0010.286¢ 0.005

Kaempferol 3-O-rutinoside * 0.063* 0.001 0.080°  0.001 0.056° 0.0010.012¢ 0001 0.005¢  0.000 0.060° 0.006 0.075' 0.003

The resuls are expressed in mg/100g of fresh weight and reported as mean  SD from three independent experiments.
a-9Different letters show a significant difference (p < 0.05) among the different typologies of canned tomatoes.
*Semi-quantification. with rutin.
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Sample Moisture content

g/100g +SD
Double concentrate 7472 05
Triple concentrate 638° 0.4
Diced tomato 89.4¢ 05
Pecled tomato 90.4° 07
Crushed tomato 89.8° 08
Tomato sauce 888° 08
Cherry tomato 89.6° 07

a~Different letters show significant difference (o < 0.05) among the different typologies
of canned tomatoes.
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Analyte

Protocatechuic acid
Epicatechin

Caffeic acid

Vanilic acid
Chiorogenic acid
Catechin

Daidzein
p-coumaric acid
Ferulic acid

Syringic acid
Genistin
Isoquercetin
Rutin
Naringin

Quercetin 3-glucoside
Vitexin
Diosmin

Ellagic acid

Isorhamnetin
3-rutinoside

Kaempferol
3-glucoside
Myricetin
Quercetin
Naringenin
Kaempferol
Apigenin

RT (min)

241
298
3.05
3.07
311
3.18

329
331
3.38

3.39
3.40
351
3.65
3.56

3.59
3.58
3.60

361

3.62

363

364
375
3.80
3.86
3.93

Chemical formula

CrHeO:
GCishiaO7
CoHgO:
GaHsO:
Gighis0s
Cish1a06

Ci5HgO4
CoHgOs
CioH100s

CgH100s.

CisH100s
Ca1Hz0012
Cz7H30018
CarHg2014

Ca1H20012
Ca1Ha0010
CasHazO15

Ci4HsO0s.
CasHa2018
CarHz00n
CisH100s
CisHi007
CisH120s

CisH100s
CisH100s

[M-H]" theoretical
mass (m/z)

15301930
289.07176
179.03498
167.03490
353.08780
289.07175

253.06063
163.04001
193.05063

197.04555
269.04564
463.08820
609.14611
579.17193

463.08820
431.00837
607.16684

300.99899

623.16117

447.09328

317.03029
301.03538
271.06120
285.04046
269.04556

[M-H]"found mass
(m/2)

153.01857
289.07202
179.03455
167.03428
353.08798
289.07205

253.04977
163.03937
193.06016

197.04503
269.04562
463.08853
609.14673
579.17212

463.08817
431.00824
607.16711

300.99911
623.16223
447.00332

317.03040
301.03508
271.06110
285.04086
269.04550

MS/MS fragment ions
(m/2)

109.02840
221.94647-203.09201-161.04478
134.99960
151.03905-123.04387
191.06594-84.98998

247.02241-206.107 12—
151.03923-126.02335

209.96429-225.00984
119.04917

178.02666-149.06009-
—134.99963

182.02153-166.99791
241.14435-213.14908-151.03935
431.00848-187.09698-174.95542
300.99911-271.06026-266.12390

515.11951-477.10406-
463.08841-359.07724

447.09344-359.07730
317.03000-174.95531

593.16240-463.08836—
447.09323-317.03027

245.91669-229.93712-185.01208-
117.00336

507.10849-447.09338-
317.03012-253.05043

300.99915-273.07690-227.07104

300.99899-253.05046-128.95857
174.95561
235.92595-151.08917
93.00679
248.96060-174.95637-91.00249

Accuracy
(A ppm)

—4.77064
0.89943
—2.40177
-3.71180
0.60979
1.03780

—3.39853
—3.92542
—2.43459

—2.63898
0.29735
0.71261
1.01782
0.32805

-0.06478
—0.30156
0.44469

0.39867

1.70100

0.08947

0.34697
—-0.99656
—0.36892

1.40331
—0.18584

LOD (mg/kg)

0.026
0.013
0.013
0.026
0.013
0.026

0.062
0.026
0.013

0.026
0.013
0.013
0.013
0.026

0.026
0.026
0.013

0.013

0.026

0.026

0.013
0.013
0.013
0.013
0.013

LoQ (mgrkg)

0.078
0.039
0.039
0.078
0.039
0.078

0.156
0.078
0.039

0.078
0.089
0.039
0.039
0.078

0.078
0.078
0.039

0.039

0.078

0.078

0.039
0.089
0.089
0.039
0.039
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Treatments P K Ca Mg Na Cu Fe Mn Zn

CK 8244£030° 6513+£56.45% 1.31£0.04> 1.47 +£0.09* 0.089+0.0132 0.334+£0.076* 0.159+0.022° 0.0246 + 0.003* 0.0856 = 0.009*
al 752+0.33° 50.25+288" 1534003 1.60+004* 0.067 +0.002° 0.199+0.014> 0.121+0005° 0.0252 4 0.004* 0.0433 = 0.008°
T2 7.31£0.17° 51.05+3.62° 1.60+0.05° 1.49+ 008" 0.072+0.006 0.236 +0.076® 0.148 +0.016% 0.0256 + 0.004* 0.0567 + 0.009°

The data are expressed as average values (n = 3). Different lowercase letters indicate significant differences between treatments (P < 0.05) according to Duncan’s multiple range test.
CK, no light supplementation control: T1, light supplementation for 3h in the morning; T2, light supplementation for 3h in the evening.





