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Introduction

Environmental temperature and nitrogen (N) fertilizer are two important factors affecting the sugar and organic acid content of tomato fruit. N is an essential nutrient element for plant growth and development, and plays a key role in regulating plant growth, fruit quality and stress response. However, the comparative effect of different N fertilizer levels on the accumulation of soluble sugar and organic acid in tomato young fruit under high temperature stress and its mechanism are still unknown.





Methods

Three N fertilizer levels (N1, N2, N3) combined with two temperatures (28/18°C, CK; 35/25°C, HT) were used to study the effects of N fertilizer, HT and their interaction on the soluble sugar and organic acid components, content, metabolic enzyme activity and the expression level of key genes in tomato young fruit, revealing how N fertilizer affects the sugar and organic acid metabolism of tomato young fruit under HT at physiological and molecular levels.





Results

The content of soluble sugar and organic acid in tomato young fruit under HT exposure was increased by appropriate N fertilizer (N1) treatment, which was due to the accumulation of glucose, fructose, citric acid and malic acid. High N (N3) and HT exposure had a negative impact on soluble sugar and reduce sugar accumulation. Further studies showed that due to the up-regulation of the expression of sucrose metabolizing enzyme genes (CWINV2, HK2, SPS, PK) and sucrose transporter (SUT1, SUT4, SWEETs) in tomato, N fertilizer increased the accumulation of soluble sugar by improving the sucrose metabolism, absorption intensity and sucrose transport of fruit under HT exposure. Due to the increase of PEPC gene expression, N fertilizer increased the accumulation of citric acid and malic acid by improving the TCA cycle of fruit under HT exposure.





Discussion

Nitrogen fertilizer can improve the heat tolerance of tomato young fruits by improving sugar metabolism under HT exposure. The results can provide theoretical support for the correct application of N fertilizer to improve the quality of tomato fruit under HT exposure.
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1 Introduction

Tomato (Solanum lycopersicum L.) is one of the most important horticultural crops in the world. The most efficient method for obtaining premium fresh tomatoes for markets is the protective planting of tomato crops (Renau-Morata et al., 2021). China grows protected tomatoes on 810,000 ha cultivated land (Zheng et al., 2022). Since tomato is rich in sugar and organic acid, lycopene, β-carotene, flavonoids, ascorbic acid, phenolic acid, and other nutrients that contributes to the maintenance of human health and people’s taste (Wu et al., 2023), people have higher requirements for tomato flavor and quality. However, in late spring and early summer, the heat generated by solar radiation caused the temperature in the greenhouse to rise sharply. In addition, the greenhouse is a tightly sealed and inadequately ventilated environment, resulting in the interior temperature being 20°C to 30°C higher than the outside temperature (Shamshiri, 2017; Zheng et al., 2020; Zheng et al., 2022). Therefore, high temperature is always a common meteorological disaster in greenhouses.

High temperature (HT) is one of the important environmental factors affecting the sensory and nutritional quality of tomato fruits (Ayenan et al., 2021). Exposure to HT reduces the content of sugar, organic acid, lycopene, and other components in the fruit, thus impacting negatively tomato fruit quality (Hernández et al., 2018; Almeida et al., 2021; Hernández et al., 2022; Mesa et al., 2022). Previous studies mainly focused on the ripening stage of tomatoes; however, little is known about the impact of HT exposure on young fruits. The young fruit stage (< 10 days post-anthesis) is the most sensitive and golden period of the entire fruit development process (Quinet et al., 2019; Zheng et al., 2022). This stage is the peak of cell division activity, which determines the number of cells and, subsequently influences the size, weight, and shape of the fruit (Azzi et al., 2015). In addition to these morphological characteristics, the sensory and nutritional quality characteristics of mature tomato fruits are also identified early, including the accumulation of sugars and organic acids (Azzi et al., 2015; Bauchet et al., 2017). Eighty percent of the sugars in tomato fruits originate from the source organs (leaves) and are transported through the phloem and released into the fruit in the form of sucrose (Powell et al., 2012). Sucrose is broken down into monosaccharide and uridine diphosphate glucose (UDPG) under the action of invertase and sucrose synthase (SS), providing energy to the fruit for the synthesis of starch, cellulose, and various other cellular components (Li et al., 2012). The timely unloading and utilization of sucrose in the sink contributes to the formation of a sucrose concentration difference between the source leaves and the fruit, which promotes the continuous transport of sucrose to the fruit and plays a crucial role in regulating the distribution and intensity of photosynthetic compounds sink (Zhang et al., 2021). Moreover, sucrose and its hexose cleavage products can regulate plant development and stress response through carbon partitioning and sugar signaling (Vijayakumar et al., 2021; Zhang et al., 2022). Several molecular and physiological studies have shown that glucose serves as a signal to promote cell division in embryos during early development (Ruan et al., 2010). Research has shown that heat leads to a reduction in the source/sink ratio, which impairs fruit development by shortening cell division time and reducing cell number and size, ultimately leading to accelerated fruit development and reduced fruit quality (Adams et al., 2001; Bertin, 2005). Therefore, examining the effect of HT on sugar and acid metabolism during the young fruit stage is critical for understanding the effect of HT on fruit quality of tomato.

In addition to HT, nitrogen (N) fertilizer application during cultivation can also affect fruit development and quality (Erdinc et al., 2018). Experimental results indicate that sugar and organic acid content in tomato fruits is proportional to N fertilizer at a certain level, which improves fruit quality (Hernández et al., 2020; Ronga et al., 2020). Although N has a positive effect on fruit quality, excess N affects the carbon (C) and N balance, decreasing the amount of soluble sugar in tomato fruit, while increasing the organic acid content, and decreasing fruit flavor quality (Bénard et al., 2009; Gruda et al., 2018; Truffault et al., 2019).

Considering that both HT and N fertilizers are important factors affecting fruit quality, some studies have investigated the comprehensive effects of HT and N. N can reduce the reactive oxygen species toxicity in rice (Wei et al., 2018) and corn (Yan et al., 2017) to resist HT by increasing antioxidant concentration and photosynthetic utilization rate. Xu et al. (2022) found that adequate N fertilization can mitigate the adverse effects of HT during grain filling on milling quality and chalky occurrence to some extent. Previous research has shown that N fertilizer increases the sensitivity of maize (Ordóñez et al., 2015), rice (Tang et al., 2019), and wheat (Elía et al., 2018) to HT, and these studies suggest that excessive N exacerbates yield losses due to temperature increase. These results highlight the complex relationship between N levels and HT, suggesting that each crop species may have the best combination of HT and N levels (Yang et al., 2015). Unfortunately, few studies have shown the possibility of such interactions between HT and N fertilizer rates in tomato young stage.

The development of high-throughput sequencing and genome sequencing data for tomato offers important methods and references for exploring complex regulatory networks and identifying new key genes (Su et al., 2022). With the improved of RNA sequencing (RNA-seq) efficiency, transcriptome analysis has identified many genes involved in tomato response to heat stress. For example, Gul et al. (2021) and Su et al. (2022) discovered key genes associated with heat tolerance in tomato using RNA-seq technology. In addition, the key genes involved in the biochemical pathway and expression characteristics of transport, accumulation, and metabolism of sugars and organic acids in tomato fruit were also discovered using RNA-seq technology (Li et al., 2022; Tao et al., 2022; Wu et al., 2023). More importantly, the key genes that respond to N and regulate the metabolism of sugar and organic acids in fruits have been discovered (Wang et al., 2021; Cao et al., 2022). With the advancement of molecular biology technology, more genes involved in plant response to abiotic stress will be discovered and identified in the future.

We hypothesize that there is an interaction between HT and N fertilizer in young tomato fruit, and we also hypothesize that N fertilizer resists heat stress by regulating the activity of sugar and organic acid metabolism enzymes and gene expression. In this paper, three N levels and two temperature treatments were applied to compare the biochemical pathways of sugar and acid metabolism in tomato fruits under different N and temperature treatments. The objective of this study was to determine the interaction between N and HT and to investigate their comprehensive effects on the content, composition, and metabolic enzyme activity of soluble sugars and organic acids in young tomato fruits. RNA Seq analysis was used to identify the key genes involved in sugar and organic acid metabolism in tomato young fruits exposed to N and HT. The research results may provide a theoretical basis for appropriate N application rates under HT conditions to improve heat resistance in young tomato fruits.




2 Materials and methods



2.1 Experimental design

The experiment was conducted at the Agricultural Meteorological Research Station of Nanjing University of Information Science and Technology (32°13´N, 118°43´E; 29 m above mean sea level) in Nanjing, Jiangsu Province, China. “Powder crown” was used as test material, and once it formed 4-5 true leaves, it was planted in a flower pot with dimensions of 28 cm (height) × 34 cm (upper caliber) × 28 cm (bottom diameter), dated February 27, 2022. Soils contained fertilizers, including organic carbon (12.93 g kg-1), organic matter (22.29 g kg-1), available phosphorus (69.36 mg kg-1), available potassium (13.8 mg L-1), and total nitrogen (0.13%). Before transplanting, phosphate and potassium fertilizer were applied to the planting soil all at once as base fertilizer, with the amount of phosphate fertilizer (monocalcium phosphate) being 200 kg ha-1 (5.67 g plant-1) and the amount of potassium fertilizer (potassium sulphate) being 300 kg ha-1 (8.51 g plant-1). N fertilizer was applied in three levels: 188 kg ha-1 (N1), 250 kg ha-1 (N2), and 313 kg ha-1 (N3). The N application rate of 250 kg ha-1 is the rate currently used by the local farmers. N fertilizer (urea) was used as a topdressing (hole fertilization). Based on the planting density of tomatoes, we calculated that the N application for each tomato plant during the entire growth period was N1 (5.33 g plant-1), N2 (7.10 g plant-1), and N3 (8.88 g plant-1), respectively. We applied N in a ratio of 3:3:2:2 during the seedling, flowering, second, and fourth ear fruit expansion stages of tomato plants. Since our research focused on tomato young fruits, we didn’t consider topdressing after flowering. The specific N application was shown in Table 1. Each N level treatment was repeated 20 times (i.e. 20 pots), with one tomato seedling per pot, resulting in a total of 60 pots of tomatoes. After 10 days of transplanting (March 9, 2022), tomato seedlings with consistent growth were randomly selected for the first fertilization as topdressing during the seedling stage. Transplanted tomato potted plants grew in a Velon glass greenhouse. The greenhouse structure has an area of 30 m in length × 9.6 m in width, and 4.5 m in height with north-south orientation. The distance between pots was 35 × 40 cm, and watered every 2 days according to the needs of plant growth to maintain appropriate growth conditions. Until the first order of tomato flowers fully bloomed, N was applied again to the corresponding N level pots as topdressing (April 4, 2022). After 5 days, we conducted a heat stress test, during which the fruits that successfully set were marked and the date of set was recorded. To evaluate the interaction between temperature and nitrogen fertilizer application, we randomly divided pot plants with the same N level into two groups and simultaneously treated them at two different temperatures for 5 days (April 9, 2022)Two artificial climate chambers (Convion BDW40, Canada) were used, one designed for suitable temperature (CK) and the other designed for heat stress (HT). The temperature range of CK treatment was 18-28°C (with an error of ± 0.5°C), and the daily average temperature was 22.7°C; the temperature range of HT treatment was 25-35°C (with an error of ± 0.5°C), the daily average temperature was 29.6°C. The daily variation of temperature was similar to the daily variation of temperature in the natural atmosphere of Nanjing. The minimum and maximum temperatures occurred at 5:00 and 14:00 respectively, as shown in Figure S1. The tomato plants in the artificial climate chamber were arranged in three rows, one row (10 pots) at each N level. Plants at the same N level were randomized. The two artificial climate chambers had the same climate conditions except for temperature treatment. Photosynthetically active radiation (PAR) of the artificial climate room was set as follows: 6:00-10:00 (800 μmol m-2 s-1), 11:00-14:00 (1000 μmol m-2 s-1), 15:00-18:00 (800 μmol m-2 s-1), and the remaining period was 0 μmol m-2 s-1. The humidity was set to 60% at 6:00-18:00 in the daytime, 80% at night, and the CO2 concentration was set to 400 μmol mol-1. During heat stress, plants were watered once a day to ensure the necessary water for normal plant growth. Six treatments were set: N1 application in the CK environment (CKN1); N2 application in the CK environment (CKN2); N3 application in the CK environment (CKN3); N1 application in the HT environment (HTN1); N2 application in the HT environment (HTN2); N3 application in the HT environment (HTN3). After the heat stress test, three tomato young fruit samples that set on the same day were taken from each treatment, the skin and seeds were removed, the flesh was cut into silk and placed in a zipper bag. Then, it was quickly frozen in liquid nitrogen and stored at -80°C until subsequent analysis.


Table 1 | Application period and amount of N fertilizer (urea) (g plant-1).






2.2 Measurements and methods



2.2.1 Determination of soluble sugars

Fructose, glucose, and sucrose contents were measured following the procedure given by Ma et al. (2019) with slight modifications. The soluble sugars in the fruit were determined using the colorimetric method. The samples of tomato (5 g) were finely grounded using mortar and pestle with the addition of 10 ml of 80% ethanol, stirred evenly and keep it in a water bath at 80-85°C for 40 min. After cooling, added 0.2 g activated carbon for decolorization for 20 minutes, then centrifuged at 4000 r min-1 for 30 minutes. Take the supernatant into a 25 mL volumetric flask. This extraction procedure was repeated three times and the supernatants were combined and finally dilute to 25 mL with distilled water. The solution was then used for the sugar analysis.




2.2.2 Determination of organic acids

The contents of organic acids were measured by high performance liquid chromatography (HPLC) using the method reported by Zheng et al. (2022) with some modifications. The samples of tomato (1 g) were finely grounded using mortar and pestle with the addition of 3 mL of distilled water. The solution was transferred into a centrifuge tube and added distilled water to make a constant volume of 5 mL, and then centrifuged at 4000 r min-1 for 10 minutes at 4°C. For each sample, 20 μL of the supernatant was filtered through a 0.45 μm membrane and then injected into the HPLC system for analysis. 0.01 mol L-1 KH2PO4 (pH 2.55): methanol (97/3) (v/v) was used as the mobile phase with a flow rate of 0.5 mL min-1. The column was 0.5 µm C18 column (250 mm×4.6 mm, Agilent, USA) at 30°C. Organic acids were detected at a wavelength of 210 nm.




2.2.3 Extraction and determination of sucrose and organic acids metabolism-related enzymes

Enzymes involved in sucrose metabolism were extracted following the procedure proposed by Wu et al. (2020) with slight modifications. All procedures were conducted at 4°C. Tomato samples (1 g) were homogenized with 10 mL of 100 mmol L-1 phosphate buffer (pH 7.5) containing 10 mmol L-1 MgCl2, 1 mmol L-1 EDTA, 0.1% (v/v) tritonX-100, 0.2% 2-Hydroxy-1-ethanethiol, and 2% polyvinyl pyrrolidone (PVP). The homogenate was centrifuged at 4000 r min-1 for 15 min. The supernatant (crude enzyme extract) was used to determine the activity of enzymes involved in sucrose metabolism (acid invertase (AI), neutral invertase (NI), sucrose synthase-cleavage (SSc), sucrose synthase-synthesis (SSs), sucrose phosphate synthase (SPS)) following the procedure given by Zheng et al. (2022) with slight modifications.

Enzymes involved in organic acids metabolism were extracted following the procedure proposed by (Wu et al., 2020) with slight modifications. Tomato samples (10 g) were homogenized with 10 mL of 200 mmol L-1 Tris-HCl buffer solution (pH 8.2) containing 600 mmol L-1 sucrose and 10 mmol L-1 isoascorbic acid. The homogenate was centrifuged at 4000 r min-1 for 20 min, and then taken the supernatant and made up to the final volume (10 mL) with ice-cold extract buffer as crude enzyme solution. The solution was used to determine the activity of enzymes involved in organic acids metabolism, which included phosphoenolpyruvate carboxylase (PEPC), malate dehydrogenase (MDH), malic enzyme (ME), citrate synthase (CS), cytosolic aconitase (cyt-ACO), mitochondrion aconitase (mit-ACO) and isocitrate dehydrogenase (IDH).




2.2.4 Transcriptome sequencing analysis

The transcriptome analysis of tomato pulp grown under two temperatures and three N levels was carried out. There were 3 biological replicates per sample, a total of eighteen samples. Total RNA was extracted from the tissue using the TrizolLysis Reagent reagent (Qiagen, Germany) according to the manufacturer’s instructions. garose gel electrophoresis Biowest Agarose (Biowest, Spain) was used to detect whether RNA was degraded, and Nanodrop 2000 (Thermo Fisher Scientific, USA) was used to detect the concentration and purity of the extracted RNA. Then RNA quality was determined by 5300 Bioanalyser (Agilent, USA) and quantified using the ND-2000 (NanoDrop Technologies, USA). Approximately, 1μg of RNA per sample was used for cDNA library construction by Illumina NovaSeq Reagent Kit for Illumina (New England BioLabs, USA) following the manufacturer’s recommendations. The NovaSeq 6000 sequencing platform was used for high-throughput sequencing, and 150 bp double ended data was obtained. The sequencing process was completed by Shanghai Majorbio. To ensure the accuracy of subsequent biological information analysis, the original sequencing data was filtered through fastp (Renau-Morata et al., 2021) software to obtain high-quality clean data. The original data after quality control was compared with the reference genome (ftp://ftp.solgenomics.net/genomes/Solanum_lycopersicum/Heinz1706/assembly/build_4.00/) through HiSat2 software to obtain mapped data (reads), and the quality of the transcriptome sequencing comparison results was evaluated. RSEM was used to quantify gene abundances. Essentially, differential expression analysis was performed using the DESeq2 (Liao et al., 2022). DEGs with |log2FC| > 2 and FDR ≤ 0.05 (DESeq2) were considered significantly different expressed genes. In addition, functional-enrichment analysis including GO and KEGG was performed to identify which DEGs were significantly enriched in GO terms and metabolic pathways at BH-corrected P-adjust ≤ 0.5 compared with the whole-transcriptome background (Li et al., 2021).





2.3 Statistical analysis

Data were analyzed and graphed (bar graphs and heat maps) using Origin 2023 (Electronic Arts Inc, USA). The data significance was tested using the LSD method in one-way ANOVA with a significance level of P < 0.05. Values were presented as the means standard error (SE) in at least biological triplicate for each measurement.





3 Results



3.1 Effect of nitrogen-temperature treatments on sucrose metabolism

Under different temperatures (CK and HT), the main sugars (i.e. sucrose, fructose, and glucose) involved in sucrose metabolism in tomato young fruits showed varying degrees of response to N levels (Figure 1). The results showed that temperature, N levels, and their interactions had a significant impact on sucrose, glucose, and fructose content (P < 0.001). Under the same N level, HT exposure significantly reduced sucrose content. In addition, under the same temperature environment (CK and HT), the sucrose content was ranked as N3>N2>N1 (Figure 1A). Contrary to sucrose, HT exposure significantly increased glucose content at the same N level. In the CK environment, the glucose content increased with the increase of N application, while in the HT environment, N3 was significantly lower than N2 (10.045%) (Figure 1B). For fructose content, at the N1 and N3 levels, compared to CK, HT exposure significantly increased fructose content by 65.646% and 13.049%, respectively (Figure 1C). The highest soluble sugar content was observed under HTN1 treatment (Figure 1D).




Figure 1 | The contents of sucrose (A), glucose (B), fructose (C), and soluble sugar (D) in tomato young fruits under different nitrogen (N1, N2, and N3) and temperature (CK, control; HT, high temperature) treatments. Different alphabets (a, b, and c) indicate significant differences between means at P < 0.05 using the LSD method. Error bars indicate standard errors (n=3); T, N, and T × N represent temperature treatment, N fertilizer treatment, and their interaction, respectively; *** represents the significant level at P < 0.001.



Figure 2 shows the effect of N fertilizer on the key enzyme activity of sucrose metabolism (i.e. AI, NI, SSs, SSc, and SPS) in tomato young fruits under different temperature environments. The results showed that temperature, N levels, and their interactions had a significant impact on AI, NI, SSs, SSc, and SPS enzyme activities (P < 0.001). Fertilizing to N2 and N3, HT exposure increased AI activity by 193.647% and 95.716%, respectively (Figure 2A), and increased SSc activity by 25.177% and 23.416%, respectively (Figure 2B). At three N levels, HT exposure significantly increased the activity of NI and SPS (Figures 2C, D); on the contrary, HT exposure at the N1 and N2 reduced SSs activity by 52.673% and 26.223%, respectively. In addition, under the same temperature, the activity of SSs was negatively correlated with N application (Figure 2E).




Figure 2 | The activity of AI (A), SSc (B), NI (C), SPS (D), and SSs (E) in tomato young fruits under different nitrogen (N1, N2, and N3) and temperature (CK, control; HT, high temperature) treatments. AI, acid invertase; NI, neutral invertase; SSc, sucrose synthase-cleavage; SSs, sucrose synthase-synthesis; SPS, sucrose phosphate synthase. Different alphabets (a, b, and c) indicate significant differences between means at P < 0.05 using the LSD method. Error bars indicate standard errors (n=3); T, N, and T × N represent temperature treatment, N fertilizer treatment, and their interaction, respectively; *** represents the significant level at P < 0.001.






3.2 Effect of nitrogen-temperature treatments on organic acid metabolism

Figure 3 shows the effect of N fertilizer on organic acid composition (i.e. citric acid, malic acid, tartaric acid, α-ketoglutaric acid, and succinic acid) at different temperatures. The variance results showed that temperature, N levels, and their interactions had a significant impact on the organic acid compositions (P < 0.001). Under N1 and N2 treatments, compared to CK, HT exposure increased the citric acid content by 21.975% and 14.284%, respectively, while under N3 treatment, HT exposure reduced the citric acid content by 11.462% (Figure 3B). Fertilizing to N2 and N3, HT exposure increased the malic acid content by 47.743% and 121.448%, respectively (Figure 3C). On the contrary, at the same N level, HT exposure significantly reduced the content of tartaric acid, α-ketoglutaric acid, and succinic acid, compared to CK (Figures 3D–F). Overall, the organic acid content was highest at CKN1, and fertilizing to N2 and N3, HT exposure increased the organic acid content by 6.253% and 13.894%, respectively. In addition, CKN2 and CKN3, HTN1 and HTN3 treatments had no significant effect on organic acid content (Figure 3A).




Figure 3 | The content of organic acid (A), citric acid (B), malic acid (C), tartaric acid (D), α-ketoglutaric acid (E) and succinic acid (F) in tomato young fruits under different nitrogen (N1, N2, and N3) and temperature (CK, control; HT, high temperature) treatments. Different alphabets (a, b, and c) indicate significant differences between means at P < 0.05 using the LSD method. Error bars indicate standard errors (n=3); T, N, and T × N represent temperature treatment, N fertilizer treatment, and their interaction, respectively; *** represents the significant level at P < 0.001.



Figure 4 shows the effect of N fertilizer on the key enzyme activity of organic acid metabolism (i.e. PEPC, ME, MDH, CS, cyt-ACO, mit-ACO, and IDH) in tomato young fruits under different temperature environments. The results showed that temperature, N levels, and their interactions had a significant impact on the key enzyme activities (P < 0.001). At the same N level, compared to CK, HT exposure significantly reduced the enzyme activities of PEPC, MDH, cyt-ACO, mit-ACO, and IDH (Figures 4A, C, E–G). At HT environment, PEPC enzyme activity decreased with the increase of N application, while MDH enzyme activity increased with the increase of N application, and IDH enzyme activity had no significant effect on N application. At the N3 level, HT exposure significantly reduced CS enzyme activity by 31.078%, while at the N1 and N2 levels, CK and HT temperature treatments had no significant effect on CS enzyme activity (Figure 4D).




Figure 4 | The activity of three malate metabolism-related enzymes (PEPC (A), ME (B), and MDH (C)) and four citric acid metabolism-related enzymes (CS (D), cyt-ACO (E), mit-ACO (F), and IDH (G)) in tomato young fruits under different nitrogen (N1, N2, and N3) and temperature (CK, control; HT, high temperature) treatments. PEPC, phosphoenolpyruvate carboxylase; MDH, malate dehydrogenase; ME, malic enzyme; CS, citrate synthase; cyt-ACO, cytosolic aconitase; mit-ACO, mitochondrion aconitase; IDH, isocitrate dehydrogenase. Different alphabets (a, b, and c) indicate significant differences between means at P < 0.05 using the LSD method. Error bars indicate standard errors (n=3); T, N, and T × N represent temperature treatment, N fertilizer treatment, and their interaction, respectively; *** represents the significant level at P < 0.001.






3.3 Quality assessment of transcriptome sequencing results

To further explore the molecular events of sugar and organic acid metabolism as affected by N and temperature, RNA sequence analysis was performed on 18 tomato young fruit samples from 6 treatments and 3 biological replicates. The quality assessment of transcriptome sequencing was shown in Table 2. At least 46719846 raw reads were obtained in all samples, after screening and filtering, 138,086,648 clean reads and 44977486 clean bases were obtained. The proportion of clean reads in each sample was greater than 96%, Q20 was more than 98%, Q30 was more than 94%, and the GC content was higher than 43%. These results indicated that the sequencing quality was favorable for subsequent analyses.


Table 2 | Statistical results of transcriptome sequencing of young tomato fruit.






3.4 Screening results of DEGs

To study the transcription of tomato fruit under HT at the same N level, we compared and analyzed the transcriptome data of HTN1 vs CKN1, HTN2 vs CKN2, HTN3 vs CKN3. According to the volcano map Figure 5, a total of 5217 DEGs were screened from HTN1 vs CKN1. Among them, 2161 genes were up-regulated and 3056 genes were down-regulated in the HTN1group compared with the CKN1 group, respectively (Figure 5A). In HTN2 vs CKN2 group, a total of 1624 DEGs were screened, including 549 up-regulated genes and 1075 down-regulated genes, respectively (Figure 5B). A total of 1337 DEGs were screened out in HTN3 vs CKN3 group, of which 726 genes were up-regulated and 611 genes were down-regulated, respectively (Figure 5C). The group of HTN1 vs CKN1 had the largest value of DEGs, and the number of DEGs in the HTN2 vs CKN2 groups was greater than that in HTN3 vs CKN3 groups (Figure 5D and Table S1), indicating that some genes are differentially expressed in the various treatments of nitrogen-temperature and that the number of differentially expressed genes decreases with the increase of N fertilizer application.




Figure 5 | The volcano plot of DEGs. DEGs were selected by |log 2 FC| > 2 and padj < 0.05. The x-axis shows the fold change in gene expression, and the y-axis shows the statistical significance of the differences. (A–C) represent the GO functions of DEGs at HTN1 vs CKN1, HTN2 vs CKN2, and HTN3 vs CKN3. (D) The bar plot of DEG number generated by comparison of HTN1 vs CKN1, HTN2 vs CKN2, and HTN3 vs CKN3.






3.5 GO functional categorization of DEGs

To further characterize nitrogen-temperature treatment-responsive DEGs, GO analysis was performed. The top-20 GO enrichment histograms of the DEGs was presented in Figure 6 and Table S2. According to GO functional analysis, DEGs were mainly divided into three functional categories: molecular function (MF), cellular component (CC), and biological process (BP). The three groups (HTN1 vs CKN1, HTN2 vs CKN2, and HTN3 vs CKN3) of generated DEGs showed certain similarity in GO enrichment analysis. There were eight items enriched in BP, among which GO: 0009987 (cellular process), GO: 0008152 (metabolic process), and GO: 0065007 (biological regulation) were enriched in more DEGs. There were seven entries enriched in CC, among which GO: 0044464 (cell part), GO: 0044425 (membrane part), and GO: 0043226 (organelle) were enriched in more DEGs. There were five entries enriched in MF, among which GO: 0003824 (catalytic activity) and GO: 0005488 (binding) were enriched in more DEGs. The functional classification results of DEGs in metabolic process, cell part and catalytic activity showed that the metabolism and enzyme catalytic function of tomato young fruits would change with the variation of temperature and N fertilizer application.




Figure 6 | GO enrichment column plot. Differentially expressed genes generated by a comparison of (A) HTN1 vs CKN1, (B) HTN2 vs CKN2, (C) HTN3 vs CKN3 are grouped into different GO terms of three ontologies: biological process, cellular component and molecular function.






3.6 KEGG enrichment analysis of DEGs

To further investigate the possible molecular functions of DEGs in HTN1 vs CKN1, HTN2 vs CKN2, and HTN3 vs CKN3, KEGG enrichment analysis was performed, and 20 pathways with the most significant enrichment were selected for representation a bubble chart (Figure 7 and Table S3). The three groups were enriched with 1704, 549, and 461 DEGs, respectively, in which the categories of biosynthesis, signal transduction, and metabolism were the most enriched pathways. Notably, in the metabolism category, the most enriched pathway was carbohydrate metabolism, amino acid metabolism, and lipid metabolism. KEGG analysis showed that many DEGs were involved in starch and sucrose metabolism, purine metabolism, glycolysis/gluconeogenesis, glyoxylate and dicarboxylate metabolism, fructose and mannose metabolism, amino sugar and nucleotide sugar metabolism, and glycosaminoglycan degradation. These pathways were related to sugar and acid metabolism in tomato young fruits, indicating that nitrogen-temperature treatments during this period may have a significant regulatory effect on sugar and organic acid metabolism.




Figure 7 | KEGG enrichment bubble plot. Differentially expressed genes generated by a comparison of (A) HTN1 vs CKN1, (B) HTN2 vs CKN2, (C) HTN3 vs CKN3. Rich factor represents the ratio of the number of DEGs enriched by the pathway to the number of annotated genes. The color bar represents the significance test p value adjusted for multiple hypothesis testing. The number represents the number of DEGs enriched in the pathway.






3.7 Screening and differential expression of sucrose and organic acid-related genes

To further analyze the DEGs encoding enzymes related to sucrose and organic acid metabolism in HTN1 vs CKN1, HTN2 vs CKN2, and HTN3 vs CKN3, 115 DEGs related to sucrose and organic acid metabolism were screened from RNA-seqdata. Among them, 74 DEGs related to sucrose metabolism were compared in three groups, including 31 down-regulated genes and 26 up-regulated genes in every group. There were 41 organic acid-related DEGs in the three groups, including 21 down-regulated genes and 20 up-regulated genes in HTN1 vs CKN1 group, and 19 down-regulated genes and 22 up-regulated genes in HTN2 vs CKN2 and HTN3 vs CKN3 groups. In the three groups, the genes related to sucrose and organic acid metabolism were differentially expressed in different N-temperature treatments.

In the process of sugar metabolism, the DEGs were mainly annotated in the metabolisms of sucrose, fructose, and glucose (Figure 8A). Sucrose produced by photosynthesis is mainly converted into hexose by invertase. After HT exposure, the expression of Invertase was changed with the log2FC ranging from -4.483 to 3.545 (Figure 8B). HTN1 and HTN2 decreased the expression level of invertase and inhibited the conversion of sucrose into fructose and glucose. Additionally, six genes related to SS were found in 57 sucrose-related genes, of which HTN1 vs CKN1 and HTN3 vs CKN3 were down-regulated and HTN2 vs CKN2 were up-regulated. SPS had five DEGs, of which most were up-regulated at HT exposure. The expression of hexokinase (HK) increased at HTN1 vs CKN1, while it decreased at HTN2 vs CKN2 and HTN3 vs CKN3. Glucose 6-phosphate dehydrogenase (G6PD) had three DEGs, two of which were down-regulated. 6-phosphogluconate dehydrogenase (6PGD) and phosphofructokinase (PFK) had four and eight DEGs, respectively, of which most were down-regulated at HT exposure; while the expression levels of pyruvate kinase (PK) increased at HT exposure. These genes regulated the conversion between hexoses, further promoting the accumulation of sugars. In addition, sucrose transporters (sucrose transporter (SUT) and sugars will eventually be exported transporters (SWEET)) changed significantly under different nitrogen-temperature treatments. The expression of SUT decreased at HTN1 vs CKN1, while it increased at HTN2 vs CKN2 and HTN3 vs CKN3; conversely, the expression of SWEET increased at HTN1 vs CKN1, while it decreased at HTN2 vs CKN2 and HTN3 vs CKN3, which ensured sugar transportation.




Figure 8 | (A, B) represent sugar and organic acid metabolic pathways and heatmaps of gene expression for related enzymes, respectively. Small letters a, b and c represent HTN1 vs CKN1, HTN2 vs CKN2 and HTN3 vs CKN3, respectively. SUT, sucrose transporter; SWEET, sugars will eventually be exported transporters; INV, invertase; CWINV, cell wall invertase; SS, sucrose synthase; SPS, sucrose phosphate synthase; HK, hexokinase; G6PD, glucose 6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; PFK, phosphofructokinase; PK, pyruvate kinase; PEPC, phosphoenolpyruvate carboxylase; MDH, malate dehydrogenase; ME, malic enzyme; CS, citrate synthase; ACO, aconitase; IDH, isocitrate dehydrogenase.



The organic acid metabolism of tomato is mainly the tricarboxylic acid cycle (TCA cycle), mainly involving citric acid metabolism and malic acid metabolism. The expression of PEPC increased under HTN1 vs CKN1 and HTN2 vs CKN2, while it decreased at HTN3 vs CKN3. In the comparison of the three groups, the expression of CS was down-regulated, while the expression of IDH was up-regulated, and the increase of HTN2 vs CKN2 and HTN3 vs CKN3 groups was higher than that of HTN1 vs CKN1. The expression of cyt-ACO was up-regulated in HTN2 vs CKN2, it was down-regulated in HTN1 vs CKN1 and HTN3 vs CKN3. The differential expression of these genes regulates the synthesis and degradation of citric acid. The expression of PEPC under HTN1 and HTN2 was increased, thus promoting the synthesis of malic acid. The down-regulation of ME expression inhibited the oxidative decarboxylation of malic acid to pyruvate. The expression levels of MDH1 decreased at HT exposure. The expression of MDH2 was up-regulated in HTN1 vs CKN1 and HTN3 vs CKN3, it was down-regulated in HTN2 vs CKN2. The differential expression of these genes regulates the synthesis and degradation of malic acid.





4 Discussion

Global warming is causing temperature changes on a scale unprecedented in the last 500 thousand years (Tiwari et al., 2020), and the frequency and intensity of global heat stress are steadily increasing (IPCC, 2021), with significant negative impacts on agricultural production. As an important agricultural country, China must face the challenges posed by global warming. Against this background, this study aims to simulate heat stress events through pot control experiments and determine the response of sugar and organic acid metabolism in tomato young fruits to heat stress. These results will help to develop reasonable and effective cultivation strategies for greenhouse tomatoes.



4.1 Appropriate N application improved the sucrose metabolism and transport under HT exposure

Soluble sugars, especially sucrose, fructose, and glucose, play a central role in metabolite signaling and response to external stresses in fruit structure and metabolism (Vijayakumar et al., 2021; Zhang et al., 2022). Studies have shown that HT can promote the accumulation of sugar content in fruits (Lokesha et al., 2019), thereby increasing the cell osmotic potential, reducing the cell water potential, and protecting the cell components from pressure-induced damage (Alsamir et al., 2021). In this study, the order of soluble sugar content among the six treatments was HTN1>HTN2>HTN3>CKN2>CKN3>CKN1 (Figure 1D). This result confirms that HT exposure significantly increases soluble sugar content in fruits, which is consistent with previous reports (Mesa et al., 2022). We also found that the soluble sugar content in tomato fruit was more sensitive to heat stress, indicating that HT environment was the main reason for the increase in soluble sugar content compared to N fertilization. Soluble sugar components responded differently to N levels under HT exposure. At the same N level, HT exposure significantly reduced sucrose content, whereas the sucrose content of HTN3 was significantly higher than that of CKN1 (Figure 1A), indicating that excessive nitrogen application under HT exposure may offset the negative effect of HT on sucrose. Under HT exposure, N1 had the highest glucose and fructose content, and with the increase of N application, the hexose content decreased (Figures 1B, C), suggesting that excessive N application under HT exposure may reduce the positive effect of HT on hexose. The highest soluble sugar content was observed under HTN1 treatment (Figure 1D), indicating that N1 was the optimal N application for tomato young fruits under HT exposure. In conclusion, under the interaction of HT and nitrogen fertilizer, the decrease in sucrose and the concomitant increase in glucose and fructose indicate that sucrose degradation dominates its synthesis as a strategy for tomato resistance to heat stress.

The content of soluble sugars and their components in fruits are strongly regulated by metabolism and transport. Invertases (AI and NI) irreversibly catalyze the hydrolysis of sucrose to glucose and fructose, which is crucial for the normal fruit development and response to biotic and abiotic stresses (Qin et al., 2016; Chen et al., 2021). In this study, AI activity of HTN2 and HTN3 was significantly increased, and NI activity was significantly increased at three N levels (Figures 2A, C). We also found a significant negative correlation between sucrose content and NI, while glucose content was significantly positively correlated with AI and NI (Figure S2), indicating that the increase in invertase activity regulated by N fertilizer under HT exposure was the reason for sucrose degradation. In addition, N2 and N3 treatments under HT exposure resulted in up-regulation of invertase genes, particularly the cell wall invertase CWINV2 (Solyc10g085650.2 and Solyc10g085640.1) (Figure 8), indicating that N fertilizer has a positive regulatory effect on CWIN expression under HT exposure. Up-regulation of CWIN expression accelerates sucrose degradation while reducing sucrose concentration in the fruit, promoting phloem unloading and generating sugar signals to regulate cell division, ultimately providing more energy and carbon scaffold for fruit development (Palmer et al., 2015; Li et al., 2016). In the early stages of fruit development, tomato fruits are a strong carbohydrate pool, and previous studies have suggested that SSc plays an important role in the formation of the pool because it can control the ability of tomato young fruits to unload sucrose (Alsamir et al., 2021). However, in this study, the results obtained have large variations. The SSc activity in response to HT was significantly increased at N2 and N3 levels but still significantly lower than AI (Figures 2A, B), and we could not find any significant correlation between it and sucrose content (Figure S2). Therefore, we speculated that N fertilizer regulates sucrose unloading ability of tomato young fruits by affecting AI activity and gene expression under HT stress, rather than SSc. SPS is a key enzyme that promotes sucrose biosynthesis in the cytoplasm and supports sugar exchange between the cytoplasm and vacuoles (Quinet et al., 2019). In this study, SPS activity and gene expression were up-regulated under HT exposure at three N levels (Figures 2D, 8), suggesting that N fertilizer has a positive regulatory effect on SPS under HT exposure. We found a significant positive correlation among SPS activity, AI, and SSc, indicating that SPS can promote sucrose metabolism and contribute to increased sucrose unloading in fruits (Gao et al., 2022). N fertilizer regulates the interaction between sucrose and hexose in fruits by regulating the activity and gene expression of AI, NI, SS, and SPS under HT exposure, thereby controlling sugar content and composition.

Sucrose degrades to fructose and glucose, which are phosphorylated by HK and then enter glycolysis and the TCA cycle, providing energy for plant growth and development (Fernie et al., 2004; Zhu et al., 2013). HK activity is negatively correlated with hexose content (D'Aoust et al., 1999). In this study, HK expression was down-regulated under HT exposure at N2 and N3 (Figure 8), which may lead to a decrease in HK activity, limiting hexose metabolism and ultimately leading to hexose accumulation (Figures 1B, C). In particular, HK2 (Solyc06g066440.3) was most down-regulated and played an important role in hexose accumulation at high temperatures. PFK expression was significantly downregulated in HTN1 and HTN3, suggesting that HTN1 inhibits the entry of glucose into glycolysis more strongly, leading to glucose accumulation (Figure 1B). These results clarify that N fertilizer increases the heat resistance of tomato fruit by regulating hexose content and hexose sensor activity.

In addition to structural enzymes involved in sucrose metabolism, sugar transporters (SUTs and SWETs) also play a key role in the soluble sugar profile (Schroeder et al., 2013). In this study, SUT1 (Solyc11g017010.2) was up-regulated in HTN2 vs CKN2 (Figure 8), indicating that N2 treatment under HT could increase the concentration of sucrose in phloem sap. SUT4 was significantly up-regulated under HT exposure, indicating that it played an important role in sugar accumulation of tomato fruit under HT exposure. The above results indicated that N fertilizer had different regulatory effects on SUTs under HT exposure. Most SWEETs were up-regulated under HT exposure (Figure 8), which promoted the sugar flux between intercellular spaces or between pulp cells and phloem, while SWEET2 (Solyc07g062120.4) and SWEET1 (Solyc04g064610.3) were down-regulated, indicating that these genes may act as exporters to extract sugar from the vacuolar membrane and reduce its concentration, similar to that reported previously (Yue et al., 2015). In summary, the changes in soluble sugar content and components in fruits were not regulated by a few/single genes, but rather by the joint efforts of multiple metabolic pathways.




4.2 Nitrogen application improved CA synthesis and TCA cycle, which contribute to organic acid accumulations in tomato young fruit

Sugar and organic acid metabolism are closely linked through the TCA cycle. Organic acids are the material basis of the TCA cycle and glycolysis and play an important role in fruit development (Li et al., 2021). In this study, under HT exposure, citric acid content significantly increased at N1 and N2 (Figure 3B), malic acid content increased at N1 (Figure 3C), while succinic acid, α-ketoglutaric acid, and tartaric acid content significantly decreased at the three N levels (Figures 3D–F). Therefore, HT at the N1 level significantly decreased while the N2 and N3 levels significantly increased the total acid content (Figure 3A).

The synthesis and conversion of citric acid are affected by the activities of CS, ACO, and IDH (Liao et al., 2022). Chen et al. (2012) found that citric acid content was positively correlated with CS and negatively correlated with ACO and IDH. However, Liao et al. (2019) found that the citric acid accumulation was regulated by ACO and not CS. In this study, we found a significant negative correlation between citric acid content and mit-ACO, whereas there was no significant correlation with CS activity (Figure S2). Because HT exposure significantly decreased CS activity at N3, we speculated that N fertilizer-induced changes in organic acids are normally triggered under excessive N conditions (Parisi et al., 2004). Consistent with the changes in enzymes, CS gene expression was downregulated under HT exposure. At the same N level, HT exposure significantly reduced the activities of mit-ACO and IDH, inhibiting citric acid degradation. This suggests that the accumulation of citric acid content in response to HT under N regulation is due to the weakened degradation of citric acid. IDH is the major rate-limiting enzyme in the TCA cycle (Wu et al., 2023). And it's also the key enzyme of C-N metabolism involved in N metabolism, glyoxylate cycle, and other biochemical metabolic pathways in plants (Anderson et al., 2000). Interestingly, although the activity of IDH decreased during HT exposure, the expression of IDH (Solyc01g005560.3, Solyc11g011930.3, Solyc02g082860.3) was significantly upregulated (Figure 8), which may be due the fact that tomato is forced to produce free oxygen under HT stress, which increases the content of free ammonium in cells involved in the glutamine synthase/glutamate synthase (GS/GOGAT) metabolic pathway. Up-regulation of IDH expression provided the necessary α-ketoglutarate for this metabolic pathway, which may reduce the toxicity of free ammonium to plants.

N application can affect the nitrogen metabolism of fruits. This study mainly investigated the regulation of nitrogen application on sugar and organic acid metabolism in tomato young fruits under HT exposure, with little involvement in its impact on fruit nitrogen metabolism. Therefore, the results of this study are similar to those of previous studies, but there are some differences, which may be related to this. The next research work will focus on the effect of nitrogen-temperature treatment on the nitrogen metabolism of tomato fruit.





5 Conclusions

Nitrogen fertilizer, HT, and their interactions had significant impact on the soluble sugar and organic acid content, composition, and metabolic enzyme activity of tomato young fruits. N fertilizer improved sugar metabolism under HT exposure by increasing the activity of AI, NI, SSc, and SPS, upregulating the expression of CWINV2, HK2, SPS, and PK, and increasing sucrose transport by upregulating SUT1, SUT4, and SWEETs, thereby improving the heat tolerance of tomato fruits. In addition, N fertilizer upregulated the gene expression of PEPC under HT exposure and downregulated the expression of ACO, MDH, and ME, thereby reducing the degradation of citric acid and malic acid, leading to the accumulation of citric acid and malic acid. The soluble sugar content and organic acid content were the highest under HTN1 treatment, while the soluble sugar content was the lowest under HTN3 treatment. Therefore, we concluded that N fertilizer increased the heat resistance of tomato young fruits and improved fruit quality mainly due to the upregulation of sucrose metabolism enzyme gene expression, and N1 was the optimal nitrogen application under HT exposure. These results will help to further develop reasonable and effective tomato fertilization strategies in the context of global warming.





Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI Bioproject accession number: PRJNA948909.





Author contributions

The YZhe and ZY designed the experiments, analyzed the data and wrote the manuscript. JL, YZha, and NJ performed the laboratory measurements. YZhe and ZY discussed the results and provide critical idea in greenhouse experiment. WK revised manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported by National Natural Science Foundation of China (41975142).




Acknowledgments

The authors would like to thank Yanchen Li and Fengyin Zhang for their help in measuring physiological indicators.





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fpls.2023.1197553/full#supplementary-material

Supplementary Table 1 | Detailed table of expression differences between different control groups.

Supplementary Table 2 | Statistical table of GO classification between different control groups.

Supplementary Table 3 | Statistical table for KEGG enrichment analysis between different control groups.





Abbreviations

AI, acid invertase; NI, neutral invertase; SSc, sucrose synthase-cleavage; SSs, sucrose synthase-synthesis; SPS, sucrose phosphate synthase; HK, hexokinase; G6PD, glucose 6-phosphate dehydrogenase; 6PGD, 6-phosphogluconate dehydrogenase; PFK, phosphofructokinase; PK, pyruvate kinase; SUT, sucrose transporter; SWEET, sugars will eventually be exported transporters; PEPC, phosphoenolpyruvate carboxylase; MDH, malate dehydrogenase; ME, malic enzyme; CS, citrate synthase; cyt-ACO, cytosolic aconitase; mit-ACO, mitochondrion aconitase; IDH, isocitrate dehydrogenase.




References

 Adams, S. R., Cockshull, K. E., and Cave, C. R. J. (2001). Effect of temperature on the growth and development of tomato fruits. Ann. Bot. 88, 869–877. doi: 10.1006/anbo.2001.1524

 Almeida, J., Perez-Fons, L., and Fraser, P. D. (2021). A transcriptomic, metabolomic and cellular approach to the physiological adaptation of tomato fruit to high temperature. Plant Cell Environ. 44, 2211–2229. doi: 10.1111/pce.13854

 Alsamir, M., Mahmood, T., Trethowan, R., and Ahmad, N. (2021). An overview of heat stress in tomato ( Solanum lycopersicum l.). Saudi J. Biol. Sci. 28, 1654–1663. doi: 10.1016/j.sjbs.2020.11.088

 Anderson, S. L., Minard, K. I., and McAlister-Henn, L. (2000). Allosteric inhibition of NAD+-specific isocitrate dehydrogenase by a mitochondrial mRNA. Biochemistry 39, 5623–5629. doi: 10.1021/bi000272e

 Ayenan, M. A. T., Danquah, A., Agre, P. A., Hanson, P., Asante, I. K., and Danquah, E. Y. (2021). Genomic and phenotypic diversity of cultivated and wild tomatoes with varying levels of heat tolerance. Genes 12, 503. doi: 10.3390/genes12040503

 Azzi, L., Deluche, C., Gevaudant, F., Frangne, N., Delmas, F., Hernould, M., et al. (2015). Fruit growth-related genes in tomato. J. Exp. Bot. 66, 1075–1086. doi: 10.1093/jxb/eru527

 Bauchet, G., Grenier, S., Samson, N., Segura, V., Kende, A., Beekwilder, J., et al. (2017). Identification of major loci and genomic regions controlling acid and volatile content in tomato fruit: implications for flavor improvement. New Phytol. 215, 624–641. doi: 10.1111/nph.14615

 Bénard, C., Gautier, H., Bourgaud, F., Grasselly, D., Navez, B., Caris-Veyrat, C., et al. (2009). Effects of low nitrogen supply on tomato (Solanum lycopersicum) fruit yield and quality with special emphasis on sugars, acids, ascorbate, carotenoids, and phenolic compounds. J. Agric. Food Chem. 57, 4112–4123. doi: 10.1021/jf8036374

 Bertin, N. (2005). Analysis of the tomato fruit growth response to temperature and plant fruit load in relation to cell division, cell expansion and DNA endoreduplication. Ann. Bot. 95, 439–447. doi: 10.1093/aob/mci042

 Cao, X. J., Li, W. F., Wang, P., Ma, Z. H., Mao, J., and Chen, B. H. (2022). New insights into MdSPS4-mediated sucrose accumulation under different nitrogen levels revealed by physiological and transcriptomic analysis. Int. J. Mol. Sci. 23, 16073. doi: 10.3390/ijms232416073

 Chen, M., Jiang, Q., Yin, X. R., Lin, Q., Chen, J. Y., Allan, A. C., et al. (2012). Effect of hot air treatment on organic acid- and sugar-metabolism in ponkan (Citrus reticulata) fruit. Sci. Hortic. 147, 118–125. doi: 10.1016/j.scienta.2012.09.011

 Chen, T., Zhang, Z., Li, B. Q., Qin, G. Z., and Tian, S. P. (2021). Molecular basis for optimizing sugar metabolism and transport during fruit development. aBIOTECH. 2, 330–340. doi: 10.1007/S42994-021-00061-2

 D'Aoust, M. A., Yelle, S., and Nguyen-Quoc, B. (1999). Antisense inhibition of tomato fruit sucrose synthase decreases fruit setting and the sucrose unloading capacity of young fruit. Plant Cell 11, 2407–2418. doi: 10.1105/tpc.11.12.2407

 Elía, M., Slafer, G. A., and Savin, R. (2018). Yield and grain weight responses to post-anthesis increases in maximum temperature under field grown wheat as modified by nitrogen supply. Field Crops Res. 221, 228–237. doi: 10.1016/j.fcr.2018.02.030

 Erdinc, C., Ekincialp, A., Gundogdu, M., Eser, F., and Sensoy, S. (2018). Bioactive components and antioxidant capacities of different miniature tomato cultivars grown by altered fertilizer applications. J. Food Meas. Charact. 12, 1519–1529. doi: 10.1007/s11694-018-9767-7

 Fernie, A. R., Carrari, F., and Sweetlove, L. J. (2004). Respiratory metabolism: glycolysis, the TCA cycle and mitochondrial electron transport. Curr. Opin. Plant Biol. 7, 254–261. doi: 10.1016/j.pbi.2004.03.007

 Gao, L. J., Wang, W. X., Xu, C. Q., Han, X. T., Li, Y. N., Liu, Y. L., et al. (2022). Physiological and transcriptomic analyses reveal the effects of elevated root-zone CO2 on the metabolism of sugars and starch in the roots of oriental melon seedlings. Int. J. Mol. Sci. 23, 12537. doi: 10.3390/ijms232012537

 Gruda, N., Savvas, D., Colla, G., and Rouphael, Y. (2018). Impacts of genetic material and current technologies on product quality of selected greenhouse vegetables-a review. Eur. J. Hortic. Sci. 83, 319–328. doi: 10.17660/eJHS.2018/83.5.5

 Gul, S., Shah, K. N., Rana, R. M., Khan, M. A., El-Shehawi, A. M., and Elseehy, M. M. (2021). Phylogenetic and expression dynamics of tomato ClpB/Hsp100 gene under heat stress. PloS One 16, e0255847. doi: 10.1371/journal.pone.0255847

 Hernández, V., Hellín, P., Botella, M., Vicente, E., Fenoll, J., and Flores, P. (2022). Oligosaccharins alleviate heat stress in greenhouse-grown tomatoes during the spring-summer season in a semi-arid climate. Agronomy 12, 802. doi: 10.3390/agronomy12040802

 Hernández, V., Hellín, P., Fenoll, J., Cava, J., Garrido, I., Molina, M. V., et al. (2018). The use of biostimulants can mitigate the effect of high temperature on productivity and quality of tomato. Acta Hortic. 1194, 85–90. doi: 10.17660/actahortic.2018.1194.14

 Hernández, V., Hellín, P., Fenoll, J., and Flores, P. (2020). Impact of nitrogen supply limitation on tomato fruit composition. Sci. Hortic. 264, 109173. doi: 10.1016/j.scienta.2020.109173

 IPCC. (2021). “Summary for policymakers,” in Climate change 2021: the physical science basis. contribution of working group I to the sixth assessment report of the intergovernmental panel on climate change. Eds.  V. Masson-Delmotte, P. Zhai, A. Pirani, S. L. Connors, C. Péan, S. Berger, N. Caud, Y. Chen, L. Goldfarb, M. I. Gomis, M. Huang, K. Leitzell, E. Lonnoy, J. B. R. Matthews, T. K. Maycock, T. Waterfield, O. Yelekçi, R. Yu, and B. Zhou (Cambridge University Press) 3-32.

 Li, M. J., Li, D. X., Feng, F. J., Zhang, S., Ma, F. W., and Cheng, L. L. (2016). Proteomic analysis reveals dynamic regulation of fruit development and sugar and acid accumulation in apple. J. Exp. Bot. 67, 5145–5157. doi: 10.1093/jxb/erw277

 Li, W. X., Lu, X., and Li, J. M. (2022). The effect of organic nutrient solution on flavor in ripe cherry tomato fruit-transcriptome and metabolomic analyses. Environ. Exp. Bot. 194, 104721. doi: 10.1016/j.envexpbot.2021.104721

 Li, Z. M., Palmer, W. M., Martin, A. P., Wang, R. Q., Rainsford, F., Jin, Y., et al. (2012). High invertase activity in tomato reproductive organs correlates with enhanced sucrose import into, and heat tolerance of, young fruit. J. Exp. Bot. 63, 1155–1166. doi: 10.1093/jxb/err329

 Li, N., Wang, J., Wang, B. K., Huang, S. Y., Hu, J. H., Yang, T., et al. (2021). Identification of the carbohydrate and organic acid metabolism genes responsible for brix in tomato fruit by transcriptome and metabolome analysis. Front. Genet. 12. doi: 10.3389/fgene.2021.714942

 Liao, L., Dong, T. T., Qiu, X., Rong, Y., Wang, Z. H., and Zhu, J. (2019). Nitrogen nutrition is a key modulator of the sugar and organic acid content in citrus fruit. PloS One 14, e0223356. doi: 10.1371/journal.pone.0223356

 Liao, H. Z., Lin, X. K., Du, J. J., Peng, J. J., and Zhou, K. B. (2022). Transcriptomic analysis reveals key genes regulating organic acid synthesis and accumulation in the pulp of Litchi chinensis sonn. cv. feizixiao. Sci. Hortic. 303, 111220. doi: 10.1016/j.scienta.2022.111220

 Lokesha, A. N., Shivashankara, K. S., Laxman, R. H., Geetha, G. A., and Shankar, A. G. (2019). Effect of high temperature on fruit quality parameters of contrasting tomato genotypes. Int. J. Curr. Mic. Appli. Sci. 8, 1019–1029. doi: 10.20546/ijcmas.2019.803.124

 Ma, Y. P., Reddy, V. R., Devi, M. J., Song, L. H., and Cao, B. (2019). De novo characterization of the goji berry (Lycium barbarium l.) fruit transcriptome and analysis of candidate genes involved in sugar metabolism under different CO2 concentrations. Tree Physiol. 39, 1032–1045. doi: 10.1093/treephys/tpz014

 Mesa, T., Polo, J., Arabia, A., Caselles, V., and Munne-Bosch, S. (2022). Differential physiological response to heat and cold stress of tomato plants and its implication on fruit quality. J. Plant Physiol. 268, 153581. doi: 10.1016/j.jplph.2021.153581

 Ordóñez, R. A., Savin, R., Cossani, C. M., and Slafer, G. A. (2015). Yield response to heat stress as affected by nitrogen availability in maize. Field Crops Res. 183, 184–203. doi: 10.1016/j.fcr.2015.07.010

 Palmer, W. M., Ru, L., Jin, Y., Patrick, J. W., and Ruan, Y. L. (2015). Tomato ovary-to-Fruit transition is characterized by a spatial shift of mRNAs for cell wall invertase and its inhibitor with the encoded proteins localized to sieve elements. Mol. Plant 8, 315–328. doi: 10.1016/j.molp.2014.12.019

 Parisi, M., Giordano, L., Pentangelo, A., D'Onofrio, B., and Villari, G. (2004). Effects of different levels of nitrogen fertilization on yield and fruit quality in processing tomato. Acta Hortic. 700, 129–132. doi: 10.17660/ActaHortic.2006.700.19

 Powell, A. L. T., Nguyen, C. V., Hill, T., Cheng, K. L., Figueroa-Balderas, R., Aktas, H., et al. (2012). Uniform ripening encodes a golden 2-like transcription factor regulating tomato fruit chloroplast development. Science 336, 1711–1715. doi: 10.1126/science.1222218

 Qin, G. Z., Zhu, Z., Wang, W. H., Cai, J. H., Chen, Y., Li, L., et al. (2016). A tomato vacuolar invertase inhibitor mediates sucrose metabolism and influences fruit ripening. Plant Physiol. 172, 1596–1611. doi: 10.1104/pp.16.01269

 Quinet, M., Angosto, T., Yuste-Lisbona, F. J., Blanchard-Gros, R., Bigot, S., Martinez, J. P., et al. (2019). Tomato fruit development and metabolism. Front. Plant Sci. 10, 1554. doi: 10.3389/fpls.2019.01554

 Renau-Morata, B., Molina, R. V., Minguet, E. G., Cebolla-Cornejo, J., Carrillo, L., Marti, R., et al. (2021). Integrative transcriptomic and metabolomic analysis at organ scale reveals gene modules involved in the responses to suboptimal nitrogen supply in tomato. Agron. Basel 11, 1320. doi: 10.3390/agronomy11071320

 Ronga, D., Pentangelo, A., and Parisi, M. (2020). Optimizing n fertilization to improve yield, technological and nutritional quality of tomato grown in high fertility soil conditions. Plants-Basel 9, 575. doi: 10.3390/plants9050575

 Ruan, Y. L., Jin, Y., Yang, Y. J., Li, G. J., and Boyer, J. S. (2010). Sugar input, metabolism, and signaling mediated by invertase: roles in development, yield potential, and response to drought and heat. Mol. Plant 3, 942–955. doi: 10.1093/mp/ssq044

 Schroeder, J. I., Delhaize, E., Frommer, W. B., Guerinot, M. L., Harrison, M. J., Herrera-Estrella, L., et al. (2013). Using membrane transporters to improve crops for sustainable food production. Nature 497, 60–66. doi: 10.1038/nature11909

 Shamshiri, R. (2017). Measuring optimality degrees of microclimate parameters in protected cultivation of tomato under tropical climate condition. Measurement 106, 236–244. doi: 10.1016/j.measurement.2017.02.028

 Su, H. Z., Ma, S. Y., Ma, X. H., Song, Y., Wang, X. M., and Cheng, G. X. (2022). Transcriptome analyses show changes in heat-stress related gene expression in tomato cultivar 'Moneymaker' under high temperature. J. Plant Biochem. Biotechnol. 32, 328-337. doi: 10.1007/s13562-022-00808-y

 Tang, S., Zhang, H. X., Liu, W. Z., Dou, Z., Zhou, Q. Y., Chen, W. Z., et al. (2019). Nitrogen fertilizer at heading stage effectively compensates for the deterioration of rice quality by affecting the starch-related properties under elevated temperatures. Food Chem. 277, 455–462. doi: 10.1016/j.foodchem.2018.10.137

 Tao, X. Y., Wu, Q., Huang, S. Q., Zhu, B. W., Chen, F., Liu, B., et al. (2022). Exogenous abscisic acid regulates primary metabolism in postharvest cherry tomato fruit during ripening. Sci. Hortic. 299, 111008. doi: 10.1016/j.scienta.2022.111008

 Tiwari, J. K., Challam, C., Chakrabarti, S. K., and Feingold, S. E. (2020). “Climate-smart potato: an integrated breeding, genomics, and phenomics approach,” in Genomic designing of climate-smart vegetable crops. Ed.  C. Kole (Cham: Springer International Publishing), 1–46.

 Truffault, V., Ristorto, M., Brajeul, E., Vercambre, G., and Gautier, H. (2019). To stop nitrogen overdose in soilless tomato crop: a way to promote fruit quality without affecting fruit yield. Agron. Basel 9, 80. doi: 10.3390/agronomy9020080

 Vijayakumar, A., Shaji, S., Beena, R., Sarada, S., Rani, T. S., Stephen, R., et al. (2021). High temperature induced changes in quality and yield parameters of tomato (Solanum lycopersicum l.) and similarity coefficients among genotypes using SSR markers. Heliyon 7, e05988. doi: 10.1016/j.heliyon.2021.e05988

 Wang, F., Ge, S. F., Xu, X. X., Xing, Y., Du, X., Zhang, X., et al. (2021). Multiomics analysis reveals new insights into the apple fruit quality decline under high nitrogen conditions. J. Agric. Food Chem. 69, 5559–5572. doi: 10.1021/acs.jafc.1c01548

 Wei, H. H., Meng, T. Y., Li, X. Y., Dai, Q. G., Zhang, H. C., and Yin, X. Y. (2018). Sink-source relationship during rice grain filling is associated with grain nitrogen concentration. Field Crops Res. 215, 23–38. doi: 10.1016/j.fcr.2017.09.029

 Wu, K. J., Hu, C. X., Wang, J., Guo, J. D., Sun, X. C., Tan, Q. L., et al. (2023). Comparative effects of different potassium sources on soluble sugars and organic acids in tomato. Sci. Hortic. 308, 111601. doi: 10.1016/j.scienta.2022.111601

 Wu, Z. F., Tu, M. M., Yang, X. P., Xu, J. H., and Yu, Z. F. (2020). Effect of cutting and storage temperature on sucrose and organic acids metabolism in postharvest melon fruit. Postharvest Biol. Technol. 161, 111081. doi: 10.1016/j.postharvbio.2019.111081

 Xu, Y. Q., Guan, X. Y., Han, Z. Y., Zhou, L. J., Zhang, Y., Asad, M. A. U., et al. (2022). Combined effect of nitrogen fertilizer application and high temperature on grain quality properties of cooked rice. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.874033

 Yan, P., Chen, Y. Q., Dadouma, A., Tao, Z. Q., and Sui, P. (2017). Effect of nitrogen regimes on narrowing the magnitude of maize yield penalty caused by high temperature stress in north China plain. Plant Soil Environ. 63, 131–138. doi: 10.17221/6/2017-Pse

 Yang, J., Chen, X., Zhu, C., Peng, X., He, X., Fu, J., et al. (2015). Using RNA-seq to profile gene expression of spikelet development in response to temperature and nitrogen during meiosis in rice (Oryza sativa l.). PloS One 10, e0145532. doi: 10.1371/journal.pone.0145532

 Yue, C., Cao, H. L., Wang, L., Zhou, Y. H., Huang, Y. T., Hao, X. Y., et al. (2015). Effects of cold acclimation on sugar metabolism and sugar-related gene expression in tea plant during the winter season. Plant Mol. Biol. 88, 591–608. doi: 10.1007/s11103-015-0345-7

 Zhang, L. H., Sun, S. M., Liang, Y. H., Li, B. Y., Ma, S. Y., Wang, Z. Y., et al. (2021). Nitrogen levels regulate sugar metabolism and transport in the shoot tips of crabapple plants. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.626149

 Zhang, M. F., Xu, R. W., Sun, G. C., Cheng, Y. J., and Wang, Z. H. (2022). The effect of short-term temperature pretreatments on sugars, organic acids, and amino acids metabolism in Valencia orange fruit. J. Food Qual. 2022, 1–9. doi: 10.1155/2022/8188000

 Zheng, Y. J., Yang, Z. Q., Wei, T. T., and Zhao, H. L. (2022). Response of tomato sugar and acid metabolism and fruit quality under different high temperature and relative humidity conditions. Phyton-Int. J. Exp. Bot. 91, 2033–2054. doi: 10.32604/phyton.2022.019468

 Zheng, Y. J., Yang, Z. Q., Xu, C., Wang, L., Huang, H. J., and Yang, S. Q. (2020). The interactive effects of daytime high temperature and humidity on growth and endogenous hormone concentration of tomato seedlings. Hortic. Sci. 55, 1575–1583. doi: 10.21273/Hortsci15145-20

 Zhu, Z., Liu, R. L., Li, B. Q., and Tian, S. P. (2013). Characterisation of genes encoding key enzymes involved in sugar metabolism of apple fruit in controlled atmosphere storage. Food Chem. 141, 3323–3328. doi: 10.1016/j.foodchem.2013.06.025




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.


Copyright © 2023 Zheng, Yang, Luo, Zhang, Jiang and Khattak. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fpls-14-1197553-g002.jpg
600 4

SSc (ug g h™' FW)

T ek

- okok
N: 3

N
-

T ks

CK HT
Temperature ('C)

120

NI (ug g h' FW)

SPS (ug g b FW)

T #%x

N: %%

304

254

[S]
]
!

v
L

104

T: #%x

N ek
TxN: %

CK
Temperature ('C)

HT

20

SSs (ug g h!' FW)

CK

Temperature (‘C)

T: *%%
N: k%%

HT






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Transcriptome analysis of sugar and acid metabolism in young tomato fruits under high temperature and nitrogen fertilizer influence

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Discussion

        



        		

          1 Introduction

        



        		

          2 Materials and methods

        

          		

            2.1 Experimental design

          



          		

            2.2 Measurements and methods

          

            		

              2.2.1 Determination of soluble sugars

            



            		

              2.2.2 Determination of organic acids

            



            		

              2.2.3 Extraction and determination of sucrose and organic acids metabolism-related enzymes

            



            		

              2.2.4 Transcriptome sequencing analysis

            



          



          



          		

            2.3 Statistical analysis

          



        



        



        		

          3 Results

        

          		

            3.1 Effect of nitrogen-temperature treatments on sucrose metabolism

          



          		

            3.2 Effect of nitrogen-temperature treatments on organic acid metabolism

          



          		

            3.3 Quality assessment of transcriptome sequencing results

          



          		

            3.4 Screening results of DEGs

          



          		

            3.5 GO functional categorization of DEGs

          



          		

            3.6 KEGG enrichment analysis of DEGs

          



          		

            3.7 Screening and differential expression of sucrose and organic acid-related genes

          



        



        



        		

          4 Discussion

        

          		

            4.1 Appropriate N application improved the sucrose metabolism and transport under HT exposure

          



          		

            4.2 Nitrogen application improved CA synthesis and TCA cycle, which contribute to organic acid accumulations in tomato young fruit

          



        



        



        		

          5 Conclusions

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fpls.2023.1197553_cover.jpg
& frontiers | Frontiers in Plant Science

Transcriptome analysis of sugar and acid
metabolism in young tomato fruits under
high temperature and nitrogen fertilizer
influence





OEBPS/Images/fpls-14-1197553-g003.jpg
Orcgic acid (mg-g™")

Tartaric acid (mg-g™)

B
T I " Lok
ks I N
TXN: % s 10 SHEIBEER
15 o
o
on
E
2 67
10 -
2
=
S 4
5
2_
0 CK HT ’
E
5 15
T: *k %k T: *okk
N: Hokk N: ok k
TXN: *** 12 TN
154 i
on
an
E
5094
=
1.0 g=
g
206
=11)
=]
3
o
0.5 °
031
0.0

CK HT
Temperature ('C)

CK HT
Temperature ('C)

Succinic acid (mg-g™)

Malic acid (mg-g™")

1.0

o
o0
|

o
o
L

<
IS
L

T: #okok
N F*x

TXN: *k*

CK HT
Temperature ('C)





OEBPS/Images/fpls-14-1197553-g005.jpg
-Logl10(Padjust)

-Log10(Padjust)

180
Significant
. @ w(2161)
160 @ nosig(19921)
@ down(3056)
° °
140 4 .
L]
120 °
e © %0
L]
100 | °
L ]
. L L]
80+ ° 3 - .
L]
60 -
404
204
0
-14 -12 -10 -8 -6 -4 -2 0 4 6 8
Log2FC

50
Significant
@ up(726)
@ nosig(24453)
40 4 @ down(s11)

45

3549

30

254

204

154

70

Significant
65 @ up(549)
@ nosig(23290)
@ down(1075)

60
55
50
45
40
35

30

-Log10(Padjust)

25

20

-12-10 -8 6 -4 -2 0 2 4 6 8 10 12
b Log2FC

5000

4000

Number of DEGs
=
S

2000

1000

HTNI vs CKNI

HTN2vs CKN2 ~ HTN3 vs CKN3

Groups





OEBPS/Images/table2.jpg
Sample Raw reads Clean reads Clean bases Q20 (%) Q30 (%) GC ¢
CKN3-1 59711860 57773462 8389310670 98.09 94.41 43.56
CKN3-2 55895760 54011280 7945575293 98.14 94.50 4345
CKN3-3 50871570 49138204 7212091624 98.12 94.52 43.18
CKN2-1 48281446 46532680 6894668437 98.12 94.47 43.59
CKN2-2 54235798 52550584 7745223564 98.10 94.44 43,50
CKN2-3 58843248 56702642 8324739785 98.16 94.60 43.72
CKNI1-1 46859574 44977486 6626960613 98.00 94.15 43.18
CKN1-2 46719846 45752190 6726803489 98.44 95.11 43.38
CKN1-3 56527124 54751366 8076012865 98.22 94.74 43.30
HTN3-1 60819686 58929074 8628629685 98.19 94.67 4343
HTN3-2 53312832 51365932 7550787419 98.07 94.38 43.39
HTN3-3 52782316 50938414 7415134572 98.19 94.74 4349
I HTN2-1 58130288 56421662 8110418149 [ 98.12 94.49 43.59
HTN2-2 49348802 47686502 6967694734 98.21 94.72 43.62
I HTN2-3 55090132 53376982 7762799158 ' 98.17 94.65 43.61
HINI-1 50823150 49075548 7247235508 98.16 94.64 4352
HIN1-2 51939976 50196488 7375184416 98.07 94.35 4349
HIN1-3 52178858 50151088 7411129052 98.05 94.34 4344
mean 53465125.89 51685088
total 962372266 930331584

Q20: The percentage of the number of bases with a Qphred value not less than 20 in the total number of bases. Q30: The percentage of the number of bases with a Qphred value not less than 30 in
the total number of bases. GC Content: The percentage of the sum of the quantities of G and C in the total number of bases in high-quality reads.





OEBPS/Images/fpls-14-1197553-g007.jpg
KEGG pathway

Plant-pathogen interaction |

Carotenoid biosynthesis

MAPK signaling pathway - plant-|
Plant hormone signal transduction -
Phenylpropanoid biosynthesis -
Flavonoid biosynthesis -

Glutathione metabolism -

Stilbenoid, diarylheptanoid and ginger... -
alpha-Linolenic acid metabolism
Porphyrin and chlorophyll metabolism -
Circadian rhythm - plant -

Starch and sucrose metabolism |
Glycerophospholipid metabolism
Cysteine and methionine metabolism -

Ubiquinone and other terpenoid-quin

Phenylalanine metabolism
Phenylalanine, tyrosine and tryptopha... |
Arginine and proline metabolism -

Nicotinate and nicotinamide metaboli... {

Steroid biosynthesis -

C

KEGG pathway

Padjust
0.700
0601
0.501
0.401
0300
0201
o.101
0.00

Number
1

o
[
e
o

Photosynthesis - antenna proteins -
. Glutathione metabolism -
Cysteine and methionine metabolism -
Flavone and flavonol biosynthesis -
Purine metabolis
° Inositol phosphate metabolism -
Padjust Carotenoid biosynthesis -
° 0100 % ABC transporters
° 0.0800 z Ribosome biogenesis in cukaryotes -
. . H Faty scidclogaon
. ——_— G Glyeine,serne and threonine metabolim
000 %4 nine biosynthesis -
Tyrosine metabolis:
Number Glycosphingolipid biosynthesis - gangl... -
° P Other glycan degradation -
o Sulfur metabolism -
[ Sphingolipid metabolis
[ X Glycerophospholipid metabolism |
. Selenocompound metabolism -
. Stilbenoid, diarylheptanoid and gingero... |
0.20.220240.260.28 030,320 340.360.38 0.4 0.420.440.460.48
Rich Factor
Flavonoid biosynthesis -| [)
Cysteine and methionine metabolism -| [ ]
Steroid biosynthesis - °
Flavone and flavonol biosynthesis - .
Circadian rhythm - plant - °
Plant-pathogen interaction (@)
Arginine and proline metabolism - ® S
Taurine and hypotaurine metabolism . dabi
Phenylalanine, tyrosine and tryptopha... | ° 0400
Nitrogen metabolism - ° 0300
Glycolysis / Gluconeogenesis -| [ ] 0200
Amino sugar and nucleotide sugarme... @ 0.100
One carbon pool by folate - o 000
Carotenoid biosynthesis .
alpha-Linolenic acid metabolism - ° N""':’“
beta-Alanine metabolism - ° @
Stilbenoid, diarylheptanoid and ginger... - ® [ RO
Linoleic acid metabolism ° [ B
Glycosaminoglycan degradation - o
Anthocyanin biosynthesis - .

0005 0.1 0.15 0.2 025 0.3 0.35 0.4 045 0.5 0.55

Rich Factor

0005 0.1 0.15 02 025 0.3 035 04 0.45 0.5 0.5 0.6 0.65

Rich Factor





OEBPS/Images/fpls-14-1197553-g006.jpg
A

GO term

reproductive process
developmental process
cellular component organization or biogenesis
localization

response to stimulus
biological regulation
metabolic process

cellular process

extracellular region
protein-containing complex
organelle part

membrane

organelle

‘membrane part

cell part

molecular function regulator
transcription regulator activity
transporter activity

binding

catalytic activity

W molecular_function
M cellular_component
M biological_process

GO term

200 400 600 800 10001200 1400 1600 18002000 220024002600
‘Number of genes

reproductive process
developmental process

localization

cellular component organization or biogenesis
response to stimulus

biological regulation

metabolic process

cellular process

extracellular region

protein-containing complex

organelle part

‘membrane

organelle

membrane part

cell part

molecular function regulator

transcription regulator acti

transporter activity

binding

catalytic activity

GO term

cellular component organization or biogenesis

reproductive process
developmental process
localization

M molecular_function
M cellular_component
M biological _process

response to stimulus
biological regulation
metabolic process
cellular process
extracellular region
ing complex
organelle part

membrane

organelle

membrane part

cell part

‘molecular function regulator
transcription regulator activity
transporter activity

catalytic activity

binding

0 I(I]O 260 360 4(']0 5(')0 660 760 860
Number of genes

M molecular_function
M cellular_component
Ml biological_process

=TT T —T—r—1—7
050 100 150 200 250 300 350 400 450 500 550 600
‘Number of genes

|v
650





OEBPS/Images/fpls-14-1197553-g001.jpg
<o
)

<
o

Sucrose (mg-g™)

0.4

0.2

0.0

Fructose (mg-g-')

CK

CK

N
i
-

T: *%*

N: ***

TXN: ***

HT

Temperature ('C)

HT

25

20

Glucose (mg-g™)
O

—_
(=]

40

Soluble sugar (mg-g™)
e I} w w
=) W = W

—
W

—
(=)

T **

N: dkck
TXN; ***

T: *%*

N: deskk
TxN: #%%*

CK
Temperature (‘C)

HT






OEBPS/Images/logo.jpg
, frontiers ‘ Frontiers in Plant Science





OEBPS/Images/fpls-14-1197553-g004.jpg
A B (o]
12 4 8
pmpven T T Tk
N #hx NS N: # N *x
ol ISR — W TxN; 4% . L a THN; #4¢
i .
34 6] b b
b c
Z 84 < - S
E 5 E
g o - = d
] . =
£ g £
= 6 . o < 4
=) » S
9] & ==}
- =
= . = s
14 5
2]
0 0 0
CK HT HT CK HT
E F G
4 7
— 561 T T; e
N; ## h Nk
TXN: ++4 TXN; ## 6] . TxN: ##
. 2.54 b
~ g 5 b b
E i
- = 20 E
= g -
E £ =41
=2 o ik . 2
& B2 o g
o o 284
o
Z % g
s £ 104 2
14
0.54 14
0 00 0
K HT K HT CK HT

Temperature ('C)

Temperature (C)

Temperature ('C)

0.20
T ok
N: ok
TXN: *#k
a
0.154
E
=
o0
o
2
@
o [
0.05+
0.00
CK
Treatment






OEBPS/Images/table1.jpg
Growth First application of N fertilizer
stage
Seedling stage (10 days after transplanting, March
9, 2022)
N1 1.60

N2 213

N3 2.66

Second application of N fertilizer

Flowering period (the first order flower is in full bloom, April
4, 2022)






OEBPS/Images/fpls-14-1197553-g008.jpg
. CwWINY N

suT . 8 . SWEET
Fructose N v Pl

N ss

Sucrose <, Fructose
Glucose 1
sps i
HK

D-Glucose-6p ————>  Gluconolactone-6P

Gluconate-6P
6PGD

Ribulose-5p

Glyceraldehyde-3P v—]

|
|
|
i

PEPC z
Onaloacetate +— Phosphoenolpyruvate

MDHI i PK
ME v
Malate ———»  Pynuvate

Mitochondrion

Citrate

\ACO

Isocitrate

=

2-Oxoglutarate

TCA

Fumarate

\ Succimu/

SUT

G6PD

HK

SPS

SS

CWINV

INV

Solyc11g017010.2 -

Solyc04g076960.4
Solyc05g007190.4
Solyc05g015950.3
Solyc01g100960.3
Solyc07g045540.4
Solye11065220.2
Solyc12g008510.2
Solyc06g066440.3
Solyc02g091830.3
Solyc03g121070.3
Solyc04g081400.3
Solyc08g042000.3
Solyc09g092130.3
Solye11g045100.2
Solyc07g007790.3
Solycl1g045110.3 [ | ]
Solyc12009300.3
Solyc09g098590.4
Solyc02g081300.3
Solyc07g042520.4
Solyc03g098290.4
Solyc07g042550.3
Solyc10g085650.2
Solyc06¢064620.3
Solyc10g085360.3
Solyc10g085640.1
Solyc03g121680.3
Solyc10083300.2
Solyc08g079080.6
Solyc09g010080.4
Solyc10083290.4
Solyc03g083910.6

PFK

6PGD

Solyc06g160230.1 =-=
Solyc08g077180.3 cs

Solyc11g007690.3
Solyc09g082970.3 ACO
E |
]
IDH

Solyc01g106780.3
Solyc10g083720.3
Solyc04g008740.3
Solyc01g049650.4
Solyc06g051930.3

Solyc09g008840.5 [N |
Solyc03g007810.3

Solyc04g014270.3
Solyc08g066100.3
Solyc03g093520.3
Solyc04g015200.3
Solyc04g072580.1 [
Solyc11g010450.2 -=
Solyc07g045160.3 =
Solyc12g095880.2
Solyc04g064620.4
Solyc03g007360.3
Solyc08g082770.3
Solyc02¢071520.3
Solyc04g064610.3
Solyc02g085810.3
Solyc04g064630.3 |
Solyc07g062120.4

Solyc11g017010.2

Solyc04g005160.3 | PEPC
Solyc12g056120.1

Solyc05g010260.5

Solyc12g040570.1 [ [ |
a b ¢

ME

MDH2

RS v |

Solyc07g055840.3 [Ty
Solyc01g073740.4
Solyc12g011000.2 [ |
Solyc12g005860.2
Solyc07g052350.3
Solyc10g074500.2
Solyc08g077920.3 I
Solyc08g077930.3

Solyc02g082860.3 = I
Solyc02g086610.4

Solycl 1g011930.3
Solyc01g005560.3
Solyc05g050120.3
Solyc12g044600.3
Solyc082066290.3
Solyc03g120990.3
Solyc08g066360.3
Solyc03g121000.3
Solyc08g013860.3
Solyc01g094200.4
Solyc01g106480.4
Solyc03g115990.3
Solyc12g014180.2
Solyc09g091070.3
Solyc07g062650.4
Solyc09g090140.5
Solyc01g090710.4
Solyc02g063490.3
Solyc07g055060.3
Solyc09g015490.3
Solyc12g014250.2
Solyc11g020290.3
Solyc07g062530.3
Solyc10g007290.4
Solyc04g006970.4






