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Abstract: Tomato (Solanum lycopersicum) is a perishable fruit because of its fast water loss and susceptibility to pathogens in the post-harvest stage, which leads to huge economic losses every year. In this study, firstly from 19 tomato cultivars, we screened out two cultivars, Riogrand and SalarF1, having long and short shelf-life spans, respectively. Secondly, shelf-life analysis was carried out for both cultivars at room temperature. Results exhibited that Riogrand showed higher firmness and less weight loss than SalarF1. The ethylene production was higher in SalarF1, compared with Riogrand during post-harvest storages. We performed transcriptomic analysis of both cultivars in different storage stages. We discovered 2913, 2188, and 11,119 differentially expressed genes (DEGs) for three post-harvest stages (0, 20, and 40 Days Post-Harvest (DPH)), respectively. These genes are enriched in ethylene biosynthesis and response, as well as cell wall-related genes. Ethylene response factor (ERF) ERF2 and ERF4 were highly expressed in SalarF1 with a short shelf life in 40 DPH, and the ethylene biosynthetic genes ACO1, ACO4, ACS6, and ACS2 were significantly upregulated in SalarF1. Regarding cell wall loosening and cell wall-related genes XTH3, XTH7, XTH23, 1,3;1,4-β-D-Gluc-like, pGlcT1, Cellulase, PGH1, PL5, PL-like 1, PL-like 2 exhibited the highest levels of significance, being notably upregulated in the last stage of SalarF1. The quantitative real-time polymerase chain reaction (qRT-PCR) analysis validated these gene expressions, which is in line with the transcriptome analysis. The findings suggested that the extension of tomato fruit shelf life is mostly dependent on ethylene biosynthesis, signaling pathway genes, cell wall loosening, and cell wall-associated genes.
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1  Introduction

Tomato is a Solanaceae family member and is notable for being an economically significant food crop. There are many health benefits linked to eating tomatoes in a consumption diet. Tomatoes are a great source of minerals, vitamins C and K, lycopene, and folate. According to several research, eating more tomatoes may lower one’s risk of developing cancer and heart disease [1,2]. The unique flavor of tomatoes and their valuable health advantages render them appealing and in great demand among consumers. Despite this, tomato is a seasonal and perishable fruit that makes up a sizable number of crops that are classified as vegetables. The global yearly production of tomatoes is estimated to be around 160 million tons [3,4].

It is grown worldwide for industrial processing and consumption as fresh vegetables [5,6]. Despite the development of numerous solutions, preserving the freshness and extending the shelf life of fresh tomatoes remain a crucial difficulty in the food sector [7,8]. Numerous scholars have made significant efforts to extend shelf life through diverse postharvest technologies [9–13]. The categorization of fruits into climacteric and non-climacteric types can be determined by examining their respiration patterns and the peak of ethylene assembly during the ripening process. Tomatoes, bananas, apples, and mangoes are examples of climacteric fruits, while strawberries, grapes, and watermelon are non-climacteric fruits [9]. The tomato ripening process depends on effective softening activated by a brief period of ethylene biosynthesis, increased respiration, and up-regulation of the expression of essential genes associated with fruit ripening [14].

Postharvest storage life is crucial for tomato commercial success [9]. The processes of overripening (OR) and susceptibility to diseases like Botrytis cinerea determine how long tomatoes can be stored for keeping for storage life [15]. Deterioration after harvest is one of the main problems facing the fruit and vegetable industry [16]. The main element affecting fruit’s postharvest decline is how quickly it softens. This shortens the fruit’s shelf life and affects things like waste, vulnerability to illnesses caused by postharvest pathogens, and how often the fruit is harvested [17]. Hence, there is potential value in developing fruit products with enhanced resistance to postharvest spoilage and diseases. Fruit softening during storage might result in a significant loss of quality [18]. Changes in cell wall structure during the development and ripening phases are directly linked to fruit texture [19]. Fruit softening is largely dependent on a few cell wall-related enzymes, including β-Galactosidase (β-GAL), polygalacturonase (PG), pectinesterase (PE), and cellulase (Cel) [20]. Additionally, these enzymes’ activity rises with ripening and positively correlates with cell wall modifications [21]. As tomato undergoes ripening, numerous varieties tend to soften rapidly, rendering them vulnerable to damage and decay when transported and stored at room temperature [22,23]. Tomatoes are a good model plant for studying the growth and ripening of fleshy fruits since they are representative climacteric plants.

The accessible genome data for tomatoes offers a valuable opportunity to conduct comprehensive transcriptome analysis, enabling the study of gene expression patterns under diverse conditions [24]. Next-generation RNA sequencing (RNA-seq) has been used to identify all expressed genes at the transcriptome level to fully comprehend the hormonal regulation mechanism of tomato fruit ripening [25,26]. Next-generation sequencing is used to sequence cDNA in RNA-seq directly. The number of reads repeated indicates the transcription levels from a particular genomic region [27]. This technique is the most advanced and effective instrument available for transcriptome research [28]. There is now much transcriptomics and metabolomics research on grape, pear, and strawberry fruit, but not much on tomato fruit [24,25].

In the current work, firstly, we have conducted shelf-life screening for 19 different tomato cultivars with different sources from Afghanistan to identify the longest and shortest shelf-life of tomato cultivars according to visual screening; after that, in the second year, we have compared the shelf-life of the two cultivars namely Riogrand and SalarF1. Riogrand, the regulated tomato cultivar, was shown to have a superior shelf life than SalarF1. We conducted a thorough transcriptome study of the Riogrand and SalarF1 throughout storage periods of 0 (Day Post-Harvest) DPH, 20 (DPH), and 40 (DPH) to investigate the underlying regulation of the two cultivars. Differential gene expression patterns were found, and transcription changes at various developmental phases were examined. The genes responsible for cell wall loosening and ethylene production were also assessed.

2  Materials and Methods

2.1 Plant Materials and Growing Conditions

Seeds of 19 different tomato (Solanum lycopersicon) cultivars from various sources were collected from Afghanistan and grown in the open field condition using an RCBD experimental design with three replications. Information on nineteen tomato cultivars is given in Table S1. All Good Agricultural Practices (GAP) were typically done until the fruits were harvested. Flowers of every cultivar were tagged during anthesis for storage screening. In the second-year trial, two lines having the highest and lowest shelf life, namely Riogrand and SalarF1, have been selected for the next shelf-life screening from firmness and shelf-life observations that were first cultivated under typical greenhouse conditions (16/8 h, 25°C Day and night, and roughly 80% humidity) and watered daily and later on moved to the open field condition. For transcriptome analysis, the tissues of fresh fruits and samples during storage at 0 (DPH), middle point 20 (DPH), and last point 40 (DPH), were collected from both Riogrand and SalarF1 cultivars. Samples were collected, liquid nitrogen-frozen immediately, and stored at −80°C for RNA extraction and further analysis. In the studies, fresh fruit material was used to evaluate other experiments.

2.2 Shelf-Life Analysis

In order to determine the shelf life initially, ripe fruits from all 19 cultivars were separated and surface sterilized with 70% ethanol. Following this, 6–10 fruits were put in a carton box and kept between 23°C to 25°C and 55% to 60% relative humidity at room temperature. Fruits’ visual weakening and collapse were evaluated. In the second year of the trial, two lines with the highest and lowest shelf life, Riogrand and SalarF1, were chosen for the following shelf-life screening based on firmness and shelf-life observations harvested at the red ripe stage [29]. At least four fruits from each of the two cultivars were placed in a carton box and maintained in a growth chamber with a daily average temperature of 25°C and 70% relative humidity. At least fifteen fruits were chosen from different plants for study.

2.3 Fruit Texture Analysis

Fruit firmness was measured using the skin puncture strength and compression mass of fresh, undamaged fruit at different storage stages. A GY-4 digital fruit sclerometer (Hangzhou, Zhejiang, China) was used for this assessment. A circular probe was included with the equipment, and newtons (N) were used to record the data. At each stage, fruits from different plants were chosen, and each fruit was tested twice at locations evenly spaced throughout the fruit’s equatorial plane. The values (n = 15) are the means of Standard Error (SE). At least three fruits were measured for each storage stage in the postharvest fruit firmness analysis.

2.4 Ethylene Production

After being collected from both plant cultivars, tomatoes were measured, sealed, and placed on a lab table in a 2300 mL airtight container for a duration of 2 h, this sealed jar was subjected to room temperature settings ranging from 22°C to 24°C. To measure ethylene generation, 50 μL of gas was drawn out of the jar using an airtight syringe. A Flame Ionization Detector (FID)-equipped Gas Chromatograph (GC) (Agilent 7890B) was used for the analysis, and samples were injected in a sterile manner. The detector was set to run at 300°C, while the GC was configured to function at a column temperature of 60°C. With a known amount of ethylene, the amount generated was computed in relation to a standard curve created with the same instrument and operating settings.

2.5 Isolation of RNA and Library Preparation

As directed by the manufacturer, total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). RNA purity and quantity were evaluated using the Fast pure universal plant total RNA isolation kit (Vazyme Biotech, Nanjing, China) and NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA). The RNA’s integrity was assessed using the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). The libraries were then constructed using the VAHTS Universal V6 RNA-seq Library Prep Kit, following the guidelines provided by the manufacturer. OE Biotech Co., Ltd. (Shanghai, China) conducted the transcriptome sequencing and analysis.

2.6 RNA Sequencing and Analysis of Differentially Expressed Genes

The libraries were sequenced using a llumina Novaseq 6000 platform, producing 150 bp paired-end reads. For every sample, raw readings were produced. Fastp1 was first used to process the raw reads in the fastq format, eliminating low-quality reads to provide clean reads. After that, each sample’s clean readings were saved for later analysis. The clean reads were mapped to the reference genome using HISAT2 [30]. FPKM [31] of each gene was determined, and each gene’s read counts were acquired using HTSeq-count [32]. PCA analysis was performed using R (v3.2.0) to evaluate sample biological duplication. DESeq2 was utilized for the examination of differential expression [33]. A hierarchical cluster analysis of DEGs was performed using R (v3.2.0) to display the gene expression pattern in different samples and groups. The criterion for genes with significantly differential expression (DEGs) was set at Q value < 0.05 and foldchange > 2 or foldchange < 0.5. Using R packet grader, a radar map of the top 30 genes was created to display the expression of DEGs that were up- or down-regulated. Based on the hypergeometric distribution, GO [34], KEGG [35], R (v3.2.0) was used to conduct enrichment analysis of DEGs based on the hypergeometric distribution, GO, KEGG pathway, Reactome, and WikiPathways, to identify the relevant enriched word. The important enrichment term’s bubble, chord, and column diagram were created using R (v 3.2.0). Software for Gene Set Enrichment Analysis (GSEA) was used [36,37]. A predetermined gene set was employed for the analysis, and the genes were rated based on how Differentially they were expressed in the two types of samples. Next, the predefined gene set is evaluated to see if it was enriched at the top or bottom of the ranking list.

2.7 RNA Extraction and Quantitative Polymerase Chain Reaction (qPCR)

To confirm distinct gene expressions in the RNA-seq data, qRT-PCR was used by Using the FastPure Universal Plant Total RNA Isolation Kit (Vazyme Biotech, Nanjing, China), we isolated RNA from six different treatments: 0 (DPH), 20 (DPH), and 40 (DPH) for Riogrand and 0 (DPH), 20 (DPH), and 40 (DPH) for SalarF1 with three replication. Yeasen Biotechnology (Shanghai, China) produced the Hiffair® III 1st Strand cDNA Synthesis Kit (gDNA digest plus) for the synthesis of the first cDNA, and Hieff® qPCR SYBR Master Mix was utilized for qRT-PCR. The typical PCR amplification process involved five minutes of pre-denaturation at 95°C, 40 cycles of 10 s at 95°C and 30 s at 60°C. After being created on NCBI, the primers were delivered to General BIOL Company in Anhui, China, for synthesis. Relative expression level is determined using the 2−ΔΔCt technique [38]. The primers (forward and reverse) sequences and reference genes are mentioned in Table S2.

2.8 Statistical Analysis

Every experiment was run independently three times, and the results can be repeated. Statistics are shown using the means of standard error. When comparing group differences using GraphPad Prim 9 software and the multiple t-test, p-values less than 0.05 were deemed significant.

3  Results

3.1 Shelf-Life Analysis

Fruits of SalarF1 and Riogrand cultivars were picked when they were red and ripe and then were kept at 25°C and 70% relative humidity until they completely degraded. SalarF1 fruits exhibited wrinkling after 8–9 days of storage, while Riogrand did not display similar signs of senescence until 20 days in storage. When SalarF1 fruits experienced juice effusion and loss of texture and integrity, Riogrand fruits retained their texture and firmness. Comparative images examination of fruit stored for 0, 20, and 40 Days Post Harvest (DPH) were compared, and the results showed that Riogrand fruit had fewer wrinkles than SalarF1 fruit (Fig. 1A). After 40 days of storage, Riogrand fruit lost less weight than SalarF1, but the weight loss was the same during the first few days (Fig. 1B). Additionally, it was observed that Riogrand fruits maintained their overall appearance and firmness for a longer duration compared to SalarF1, indicating a superior shelf life. This was evident not only through weight loss measurements but also through visual phenotypic characteristics such as wrinkling. The results clearly indicate a significant difference between the two cultivars regarding their shelf life, with Riogrand demonstrating prolonged preservation over SalarF1. It revealed that Riogrand fruits exhibited delayed onset and slower deterioration rates compared to SalarF1. These findings further underscored Riogrand’s superior shelf life, indicating its ability to withstand environmental stressors and maintain quality attributes for an extended period.
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Figure 1: Riogrand and SalarF1 shelf-life analysis. (A) Riogrand showed a significantly enhanced shelf life compared to SalarF1. Red Ripe (RR) fruit from both cultivars is stored at room temperature (25°C and 70% relative humidity) for 40 Days Post Harvest (DPH). (B) Weight loss in both fruit cultivars. The weight loss per fruit was calculated every 4 days during 0–40 days after storage. Values represent means SE (n = 15). The asterisk indicates significant differences between fruit with p < 0.05 and p < 0.01, as determined by multiple t-test

3.2 Fruit Firmness

By evaluating the compression mass and skin pierce strength of fresh, undamaged fruit at different points during the storage period, fruit firmness for both cultivars was evaluated. As the fruit ripened, the firmness of SalarF1 fruit rapidly decreased, with mean values of 26.8, 22, 16.1, 11.4 and 5.8 newtons (N) for 0, 10, 20, 30, and 40 days respectively while the mean values of fruit firmness in Riogrand is 29.4, 26.9, 23.5, 20.7, and 17.94 N for 0, 10, 20, 30, and 40 days, respectively. As seen in Fig. 2, Riogrand demonstrated minimal losses in firmness during the storage experiment. There is a significant difference between the two cultivars concerning firmness. The result clearly showed that Riogrand had high firmness, which indicates long shelf life compared to SalarF1.

[image: images]

Figure 2: Change of fruit firmness in Riogrand and SalarF1. The fruit firmness per fruit was measured after storage of 0, 10, 20, 30 and 40 days. Average values were calculated for 15 individual fruits. Values represent means SE (n = 15). Asterisk indicates significant differences between both fruit cultivars with p < 0.05 and p < 0.01 respectively as determined by multiple t-test

3.3 RNA Sequencing Analysis of Riogrand and SalarF1 Tomato Fruits in Different Storage Stage

This analysis completes the sequencing of the reference transcription group of 18 samples, including six different treatments namely Riogrand 0 (DPH), Riogrand 20 (DPH), Riogrand 40 (DPH), SalarF1 0 (DPH), SalarF1 20 (DPH), and SalarF1 40 (DPH) with three replications for each, and obtained a total of 124.33 G of clean data. Each sample’s effective data was distributed at 6.33~7.06 G, with an average GC of 96.65%~97.47% in the Q30 base distribution. The genome comparison of each sample is produced by comparing reads to the reference genome, yielding a comparison rate of 38.52%~97.84% (Table 1). The analysis of the protein-coding gene’s expression was done based on the comparison results. Based on the expression of protein-coding genes in various samples, both cultivars have three primary storage stages, with three replications for each group. The number of distinct genes found are 2913, 2188, and 11,119, respectively. The findings showed that, for the most part, the sequencing data satiated the quality requirements needed for further research.
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3.4 Differentially Expressed Genes Discovered by Contrasting Two Cultivars under Various Conditions

The gene expression patterns of Riogrand and SalarF1 fruit were compared at 0 DPH (Riogrand-1-vs.-SalarF1-1), 20 DPH (Riogrand-2-vs.-SalarF1-2), and 40 DPH (Riogrand-3-vs.-SalarF1-3) using the DESeq2 program to standardize the counts number of each sample gene (using Base Mean value to estimate expression). The differences between Riogrand-1 vs. SalarF1-1 (0 DPH) significantly differentially expressed genes (DEGs). Overall, 2913 genes were found in Riogrand-2-vs.-SalarF1-2 (20 DPH), 2188 genes total, of which 1159 were up-regulated and 1029 were down-regulated, and 11119 genes total, of which 5693 were up-regulated and 5426 were down-regulated, were found in Riogrand-3-vs.-SalarF1-3 (40 DPH). In all three comparisons, there were varying numbers of DEGs (Fig. 3A). Riogrand-3-vs.-SalarF1-3 (40 DPH) had the highest number of DEGs and appeared to express Differentially in the SalarF1 and Riogrand cultivars. It was observed that each cultivar exhibited distinct responses to the treatment. Among all the genes that showed upregulation and downregulation, 50 were consistently identified in all groups. The number of shared genes identified in Riogrand-vs.-SalarF1 in the three 0, 20, and 40 (DPH) stages were 301, 821, and 1107, respectively. Among all groups, the third stage has shown a significant number of genes compared to others (Fig. 3B). In several comparison groups, a large number of genes were particularly identified, indicating notable differences in the regulation processes of fruit under various storage conditions. The PCA result also shows the deferent expressions for both cultivars and the PCA result is shown In the Figs. S1 and S2. This result suggested that the two cultivars’ fundamental mechanisms differed significantly. These findings clearly show the general patterns of gene expression in different comparisons.
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Figure 3: Statistical histogram of differential expression genes. (A) The horizontal axis is the three stages of storage of both cultivars in the comparison group, and the vertical axis is the number of different genes in the comparison group, where up is the number of up-adjusted genes with significant differences, and down is the number of down-adjusted genes with significant differences. (B) Common and unique differential expression genes between different comparison groups

3.5 GO Enrichment Analysis of DEGs

After obtaining the differential expression genes, DEGs were analyzed by GO enrichment. GO enrichment analysis of the top 30 (filter the GO entries corresponding to PopHits ≥ 5 in the three categories and sort each ten items according to the –log10 p-value from large to small corresponding to each entry) was identified. The bar chart is shown in Fig. 4. Various comparisons displayed analogous distribution patterns concerning the quantity and category of the top 30 enriched Gene Ontology (GO) terms. These terms could be categorized into three primary functional groups: ten biological processes, ten cellular components, and 10 molecular functions (Fig. 4). The biological process terms that best describe the high expression of DEGs were “plant cell wall losing,” “defence response,” “reaction to chitin,” and “reaction to the abscisic acid process.” These processes account for most DEGs, particularly in the 20 DPH storage (Riogrand-2-vs.-SalarF1-2). The bulk of DEGs were connected to the extracellular space, cell wall, plasma membrane, and chloroplast in terms of cellular components. Iron ion binding, lipid binding transcription factor, and heme binding were among the other highly prevalent molecular function names. However, for every functional comparison, there were variations in the enrichment level (p-value). Notably, additional functional comparisons that were significantly enriched involved various biological process pathways, including the response to chitin, the cell wall losing related genes, and the plant hormone signal transduction pathway (further details regarding totals up and down GO term are provided in Table S3). The findings indicated that these genes most significantly influence the tomato’s shelf life.
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Figure 4: GO enrichment analysis results display of Riogrand vs. SalarF1 in the three stages of the storage with, total top 30 GO term. The vertical axis in the figure is the name of the GO item, and the horizontal axis is –log10 p-value

3.6 KEGG Pathway Analysis of DEGs

Using the Kyoto Encyclopaedia of Genes and Genomes (KEGG) for pathway enrichment analysis, we investigated the roles played by these two tomato cultivars in biological processes during room temperature storage, ultimately identifying specific Differentially Expressed Genes (DEGs). The pathways enriched by DEGs varied between the two cultivars with different shelf life in each comparison group. In Riogrand-1-vs.-SalarF1-1 (0 DPH), the most enriched pathways for total DEGs were phenylpropanoid biosynthesis (40 DEGs) and plant hormone signal transduction (38 DEGs). The two pathways with the highest total DEG enrichment in Riogrand-2-vs.-SalarF1-2 (20 DPH) were the MAPK signalling pathway–plant (24 DEGs) and phenylpropanoid biosynthesis (27 DEGs). In Riogrand-3-vs.-SalarF3-1 (40 DPH), the most enriched pathways for total DEGs were Protein processing in the endoplasmic reticulum (118), and plant-pathogen interaction (118) were enriched. Details and information for every KEGG pathway, including total, up, and down, are given in Table S4. These findings indicate that plants adapt to various metabolic pathways at distinct stages of the storage period for the two tomato cultivars. It was demonstrated, meanwhile, that the different comparison groups shared a few induced pathways. These pathways are linked to several processes, such as the generation of phenylpropanoid, the transmission of plant hormones, interactions between plants and pathogens, and adaptation to different storage durations. Fig. 5 illustrates our enrichment experiments, focusing on the top 20 KEGG pathways with the lowest p-values to assess the significance of pathway variations between DEGs. The two cultivars are very different in terms of the various storage times. These data demonstrated that the three comparison groups’ most significant enrichment channels differed significantly, and it is plausible that these pathways are essential to the shelf life of two tomato cultivars.
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Figure 5: KEGG enrichment top20 bubble diagram of Riogrand vs. SalarF1 in the three storage stages. The horizontal axis enrichment score in the figure is the enrichment score, where the vertical axis in the figure is the name of the KEGG pathway term. The larger the bubble, the more different protein-coding genes it contains. The bubble colour changes from blue-white-yellow-red. The smaller the enrichment p-value value, the greater the significance

3.7 The Genes and Expression Profiles Involved in Ethylene Biosynthesis and Signalling Pathway

In this extensive investigation, we carefully assessed the expression patterns of 11 genes known to be differentially regulated in both cultivars in response to differing storage times, emphasizing the genes related to ethylene biosynthesis signalling pathways. We created a matching heat map to illustrate how the length of storage affected the varied gene expression in tomato fruit from both cultivars. Our findings, depicted in the heat map (refer to Fig. 6), revealed notable discrepancies between the two cultivars across different storage periods regarding the expression levels of relevant genes, with distinct patterns of upregulation and downregulation observed. Among all the genes examined, ERF2 emerged as the most significantly upregulated gene, followed closely by ERF4. The ethylene biosynthetic genes ACO1, ACO4, and ACS2 in SalaF1 are all upregulated at 40 DPH (Fig. 6). Based on these findings, we hypothesize that the ethylene biosynthesis and response likely play fundamental functions in determining the shelf life of tomato fruit. However, further in-depth investigation is warranted to elucidate the precise mechanisms by which these genes influence tomato fruit shelf life and to unravel their potential applications in enhancing fruit storage and preservation strategies.
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Figure 6: A Hierarchical clustering and heat map of expression levels of different ethylene synthesis and signalling genes. The heat map yellow is associated with a high expression level, and blue is associated with a low expression level. Data represented the average of three biological replications of both cultivars with 0, 20, and 40 Days Post Harvest (DPH)

3.8 Expression Profiles of Genes Involved in Cell Wall Loosening and Cell Wall-Related Pathway

After thoroughly analyzing the SalarF1 and Riogrand cultivars, 30 Differentially Expressed Genes (DEGs) linked to cell wall-related softening mechanisms and cell wall breakdown were found. We created an appropriate heat map to clarify how the length of storage affected the varied gene expression profiles in tomato fruit from both cultivars. Fig. 7 shows the heat map, and the results indicate significant differences in the expression levels of upregulated and downregulated genes between the two cultivars at different storage times. Among the selection of genes examined, XTH3, XTH7, XTH23, 1,3;1,4-β-D-Gluc-like, pGlcT1, Cellulase, PGH1, PL5, PL-like 1, PL-like 2 exhibited the highest levels of significance, being notably upregulated in the last stage of SalarF1 as highlighted in Fig. 7. We hypothesized that these discovered genes significantly influence the shelf life of tomato fruit. Their clarification provides insightful information and stimulates additional research to clarify the fundamental mechanisms controlling tomato fruit shelf life.
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Figure 7: Hierarchical clustering and heat map of expression levels of differentially cell wall losing and cell wall-related expressed genes. In the heat map, yellow is associated with high expression level, and blue is associated with a low expression level. Data represented the average of three biological replicates of both cultivars with 0, 20, and 40 Days Post Harvest (DPH)

3.9 qRT-PCR Analysis for RNA-seq Data Validation

To confirm the accuracy and reliability of the RNA-seq data, we carried out quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR) analysis on 11 chosen differential genes associated with ethylene production and signalling pathways. These genes were selected following the findings of the RNA-seq analysis of their differential expression patterns. For every qRT-PCR study, three biological duplicates were employed to ensure the consistency and reliability of the results. To reduce variances, these chosen genes’ expression levels were normalized to those of a constitutively expressed control gene. Fig. 8 shows the verification results derived from the qRT-PCR analysis. The qRT-PCR experiment primers are listed in Table S2. Overall, consistent regulatory tendencies were seen across the chosen genes when the qRT-PCR data and the RNA-seq results were compared. The alignment of the two independent techniques provides a strong indication that the RNA-seq data accurately reflect the gene expression profiles under inquiry. The consistency between the RNA-seq and qRT-PCR results highlights the validity and reliability of the RNA-seq methodology used in this investigation. The reliability of the gene expression data produced by RNA-seq analysis is increased by this verification procedure, which supports the validity of the research project’s findings and conclusions.
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Figure 8: Expression validation of 11 selected ethylene synthesis and signalling genes. The qRT-PCR was utilized to ascertain the relative expression levels in both Riogrand (R) and SalarF1 (S) with 0, 20, and 40 Days Post Harvest (DPH). Relative expression levels were calculated by log2 2−ΔΔCt method. The Y-axis indicates relative expression levels, and X-axis indicates each cultivar with three storage periods. An empty histogram suggests that the expression level was low

3.10 Ethylene Production

We hypothesize that SalaF1 fruits had more ethylene production because the genes involved in ethylene biosynthesis were increased in SalarF1 fruits. Therefore, we monitored the ethylene production from fruits in both Riogrand and SalarF1 cultivars using the gas chromatograph (GC) method. All fruits exhibited progressive ethylene production during ripening with significant differences between Riogrand and SalarF1 fruits, as shown in Fig. 9. Compared to Riogarnd during shelf-life screening, SalarF1 had a far shorter shelf life due to its much higher ethylene production. These findings indicated that the SalarF1 cultivar’s ethylene production may have been the primary factor in its decreased shelf life, as it was shorter than Riogrand’s.
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Figure 9: Ethylene production in fruits of Riogrand and SalarF1 cultivars. Data represent mean values for three independent biological replicates (n = 3). * represents significant differences between Riogrand and SalarF1 cultivars by multiple t-test with p < 0.05

4  Discussion

Tomato fruits boast a wealth of vitamins, fibre, minerals, and antioxidants, all of which play crucial roles in human nutrition. Reducing post-harvest losses caused by fruit softening and increased vulnerability to post-harvest infections by different pathogens is one of the tomato industry’s most considerable difficulties. Biotechnology methods have been used to increase tomato’ shelf life, frequently at the sacrifice of texture, flavour, and scent [39]. Fruit softening results from cell wall-associated hydrolases breaking down or changing the cell wall polymers [17,40]. However, it is impossible to use a lot of enzymes to regulate how soft fruit gets genetically. RNA-seq technology, also known as “whole transcriptome shotgun sequencing,” is a powerful approach for thoroughly analyzing the complete transcriptome using high-throughput sequencing [41]. Unlike conventional hybridization techniques, RNA-seq technology can analyze the complete transcription data for any species at the single-nucleotide level and doesn’t require complex probe design. This technology has increasingly emerged as a new tool in genome and transcriptome research due to its advantages, including high throughput, user-friendly operation, quantitative capabilities, and cost-effectiveness. It finds widespread application in differential gene detection, identifying new genes, and analyzing gene functions. RNA-seq technology, as a next-generation sequencing method, has made significant advancements in investigating post-harvest mechanisms in fruits. Lately Guo et al. [42] conducted investigations on the tomato cultivars “JF308” and “YS006” for metabolomic analysis, transposase accessible chromatin sequencing (ATAC-seq), and a thorough transcriptome study while they were in storage. The results showed that extending the shelf life of tomato (Solanum lycopersicum) fruit requires the phenylpropanoid pathway, carbohydrate metabolism, and cell wall metabolism. In this study, two tomato cultivars with different shelf-life properties were investigated for their shelf life using RNA-seq analysis. Through the use of this method, we were able to gather accurate data that basic genome sequence analysis is unable to provide regarding the process and mechanisms at the molecular and genetic levels. After being picked when they were fully ripe, tomatoes were kept for 40 days at room temperature, during this time shelf-life analysis were done for measuring different shelf-life parameters like weight loss, firmness and production of ethylene after that samples were chosen from 0, 20 and 40 DPH stages of the storage from both cultivars. Respiration is the main means of maintaining biological activity in fruit during postharvest storage. Through our analysis, we discovered that the shelf life of tomato kept at room temperature was significantly influenced by genes linked to ethylene biosynthetic signaling. Interestingly, compared to Riogrand, the SalarF1 cultivar showed increased expression of these genes, especially during the last storage stage. The role that ethylene plays in the ripening of fruit is well established.

The two steps in the production of ethylene from S-adenosyl-L-methionine are catalyzed by 1-aminocyclopropane-1-carboxylic acid (ACC) synthase (ACS) and ACC oxidase (ACO) [43]. The rate-limiting stage in the production of ethylene is the ACS-mediated process. The transcriptional regulation of ACS genes is primarily responsible for the precise regulation of ethylene production. According to our findings, the final stage of SalarF1 had considerably higher levels of ACO1, ACO4, ACS2, and ACS6 (Fig. 6). As a result, the SalarF1’s ethylene production increased (Fig. 9). These findings suggested that the increased ethylene synthesis is the primary factor causing SalarF1’s shortened shelf life. It is also possible that the increased ERF genes are influencing SalarF1’s shelf life because they are also involved in fruit ripening and softening [44].

Fruit softening usually accompanies increased expression levels of necessary cell wall enzymes such as PG, PE, β-galactosidase (β-GAL), and β-(1,4)-glucanase and changes in other cell wall components. These factors ultimately lead to the senescence of the fruit [21]. Research indicates that in caramstar fruit kept at LT, the expression levels of PG, PE, β-galactosidase (β-GAL), and β-(1,4)-glucanase are blocked, which delays the fruit’s softening process [45,46]. A thorough investigation into how genes related to cell walls affect fruit senescence has been carried out [47,48]. Research supports the hypothesis that fruit senescence and cell wall deterioration occur simultaneously [49,50]. Complex changes in elemental texture are associated with changes in cell adhesion, turgor, and wall remodeling [51,52]. Increased enzymatic activity, such as those produced by β-Gal, CESA, PL, EXPA, and XTH encoding products, may affect textural alterations. Recent extracellular enzymology experiments have shown that CesA can promote cellulose accumulation in the presence of UDP-glucose, suggesting that no additional conditions are required for CesA activity [53].

Furthermore, additional enzymes that break down cell walls have been found, including PL [13,52], XTH [54,55], and EXPA [56,57], all of which encourage textural alterations and the thinning of cell walls. The current findings indicate that SalarF1 fruit longevity may be attributed to the up-regulated expression of fruit softening-related genes, as seen in Fig. 8, compared to Riogrand fruit longevity. We identified hundreds of DEGs linked to both cultivars across three comparison groups using RNA-seq techniques. The obtained data demonstrated the involvement of these DEGs in signal transduction, secondary metabolite synthesis, self-immunity, ethylene biosynthesis, signalling genes, cell wall loosening and related genes, signal transduction, and other biological activities. The outcomes demonstrated that the transcriptome sequencing output and assembly quality we achieved satisfy transcriptome analysis criteria. We can get much transcriptional data using RNA-seq technology, which opens up a wealth of resources and directions for future study. Most of these genes showed increased expression, suggesting that a considerable fraction of Differentially Expressed Genes (DEGs) actively prolong the tomato’ shelf life. Significantly, fewer DEGs were found in Riogrand than in SalarF1, indicating that SalarF1 is more susceptible to deterioration in the shelf life at room temperature than Riogrand. According to KEGG analysis, plant hormone signal transduction was the most enriched pathway. One of the most crucial factors in preserving tomatoes for an extended period is their shelf life, which may be extended by preventing deterioration. Research has shown that ethylene production, weight loss, and firmness contribute to this. Therefore, finding related genes through RNA-seq technology is the best way to identify the associated genes and alter those genes through biotechnological approaches. In this study, we found different genes that may play an essential role in tomato shelf life, which can be useful for further research.

5  Conclusions

The differences in transcriptomic analysis between Riogrand and SalarF1 tomato fruits with different shelf-life parameters were investigated. This study showed that Riogrand, with a firmer structure, maintaining less weight loss during storage, and producing a low level of ethylene, had a much longer shelf life than SalarF1. SalarF1 had greater expression levels of genes linked to cell wall loss, signaling, ethylene production, and cell wall loss. By the final stage of storage in SalarF1, compared to Riogrand, the expression of genes linked to ethylene production, signaling, cell wall losses, and cell wall-related genes increased. The findings proposed a theoretical foundation for delaying quality degradation during post-harvest storage. This indicates that ethylene production and signaling genes, cell wall losses, and cell wall-related genes are involved in tomato fruit shelf-life during storage. Thus, the unique genes found in this study may be helpful for further research aiming at comprehending the mechanisms controlling tomato shelf life.
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Table 1: RNA sequencing data summary and reads linked to the reference genome
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