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Abstract: The combined stress of high temperature and high relative air humidity is one of the most serious agrometeorological disasters that restricts the production capacity of protected agriculture. However, there is little information about the precise interaction between them on tomato fruit quality. The objectives of this study were to explore the effects of the combined stress of high temperature and relative humidity on the sugar and acid metabolism and fruit quality of tomato fruits, and to determine the best relative air humidity for fruit quality under high temperature environments. Four temperature treatments (32°C, 35°C, 38°C, 41°C), three relative air humidity (50%, 70%, 90%) and four duration (3, 6, 9, 12 d) orthogonal experiments were conducted, with 28°C, 50% as control. The results showed that under high temperature and relative air humidity, the activity of sucrose metabolizing enzymes in young tomato fruits changed, which reduced fruits soluble sugar content; in addition, enzyme activities involved phosphopyruvate carboxylase (PEPC), mitochondria aconitase (MDH) and citrate synthetase (CS) increased which increased the content of organic acids (especially malic acid). Eventually, vitamin C, total sugar and sugar-acid ratio decreased significantly, while the titratable acid increased, resulting in a decrease in fruit flavor quality and nutritional quality in ripe fruit. Specifically, a temperature of 32°C and a relative air humidity of 70% were the best cultivation conditions for tomato reproductive growth period under high temperature. Our results indicating that fruit quality reduced under high temperature at the flowering stage, while increasing the relative air humidity to 70% could alleviate this negative effect. Our results are benefit to better understand the interaction between microclimate parameters under specific climatic conditions in the greenhouse environment and their impact on tomato flavor quality.
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Nomenclature



	NI
	Neutral invertase



	AI
	Acid invertase



	SS-c
	Sucrose synthase activity in the sucrose cleavage direction



	SS-s
	Sucrose synthase activity in the sucrose synthetic direction



	SPS
	Sucrose phosphate synthase



	CA
	Citric acid



	Mal
	Malic acid



	TA
	Tartaric acid



	SA
	Succinic acid



	α-KG
	α-Ketoglutaric acid



	AA
	Acetic acid



	PEPC
	Phosphopyruvate carboxylase



	MDH
	Malate dehydrogenase



	ME
	Malic enzyme



	CS
	Citrate synthetase



	IDH
	Isocitrate dehydrogenase



	cyt-ACO
	Cytoplasm aconitase



	mit-ACO
	Mitochondria aconitase



	TSS
	Total soluble solids



	TAA
	Titratable acid



	VC
	Vitamin C



	TS
	Total soluble sugar



	S/A
	Sugar and acid ratio



	EP
	Expansion period



	PP
	Pink period



	MP
	Maturing period




1  Introduction

The IPCC report predicts that by the end of this century, the global temperature will rise by more than 4°C [1]. Global warming is not only leading to an increase in the daily maximum temperature, but also to an increased occurrence of unusual extreme temperatures [2]. Heat stress has significant implications on seed germination, plant development, photosynthesis, and reproduction, which leads to reductions in plant growth and crop yield [3]. Tomato (Solanum lycopersicum) fruit is an important dual-use (vegetable and fruit) product. Because of their high nutritional value and delicious tastes, tomato fruit is widely consumed worldwide [4].

Tomato is one of the most widely consumed horticultural crops [2], because it is believed to minimize the risk of crop failure caused by pests, diseases, and abiotic stresses [5]. However, the heat generated by solar radiation in early summer greatly increased the temperature in the greenhouse, coupled with the strong air tightness and poor ventilation, resulting in the indoor temperature being 20°C–30°C higher than that of outdoor [6,7]. High temperatures have become a common weather condition in summer greenhouse. The extreme variations during hot summers can damage the intermolecular interactions needed for proper growth, thus impairing plant development and fruit set [8]. In tomato management strategies, breeders usually use cheap spray systems to cool down [9,10], which increases the relative air humidity in the greenhouse. However, continuous hot and humid weather is prone to outbreaks of many plant diseases [11]. Therefore, high temperature and high humidity environments may increase the risk of abiotic and biotic stress [12]. Thus, increasing resource use efficiency, while avoiding risks related to high relative humidity, is a key for sustainable greenhouse technology [13].

Prolonged exposure to high temperatures can cause changes that affect plant development, including vegetative growth and reproduction [2]. Tomato is particularly sensitive to heat stress during the reproductive phase, causing flower abortion and limited fruit set, and thereby leading to substantial yield loss [14]. In recent years, the heat-tolerance of tomato varieties has been improved, which has alleviated the problems of poor pollen fertility and low fruit setting under high temperature to a certain extent [15]. However, in order to obtain higher yield, breeders ignore the improvement of flavor quality, which depends on sugar, acid, suitable sugar-acid ratio and volatile aromatic substances [16]. Soluble sugars and organic acids are important components of other fruit quality (aroma volatiles, carotenoids) [17,18]. Zhang et al. [19] found that sub-high temperature (35°C) treatment during flowering reduced the sugar-acid ratio of tomato fruits. Gautier et al. [20] found that temperature increase in the early stage of fruit development mainly affected the primary metabolites (soluble sugars and organic acids); while the temperature change during the ripening period had a greater impact on the secondary metabolites [20–23]. These studies focus on a single high temperature factor. Researches on the combined stress of high temperature and high humidity are also mainly focus on plant growth and pollen activity [24–26]. However, to our knowledge, little is known about the effects of relative air humidity on the sugar and acid metabolism and fruit quality of tomato fruits under high temperature.

Therefore, artificial environment control experiment was conducted to investigate the effects of different air humidity on the sugar and acid metabolism and fruit quality of tomato fruit under continuous high temperature during flowering, and screen the best humidity for tomato fruit quality under high temperature. The results contribute to a better understanding of the interactions between microclimate parameters inside a venlo-type glass greenhouse environment in a specific climate condition, and their effects on tomato flavor quality.

2  Materials and Methods

2.1 Experiment Site

The experiment was conducted in a venlo glass greenhouse at the agricultural meteorological test station of Nanjing University of Information Science and Technology (32°12´36"N, 118°43´1"E and 29 m above mean sea level) in Nanjing, Jiangsu Province, China. The greenhouse structure has an area of 30 m in length × 9.6 m in width, 4.5 m in height with north-south orientation (Fig. 1), covered with a 4 mm float glass with transmittance greater than 89% [27]. The study area experiences a subtropical monsoon climate. The annual average temperature is 15.4°C, and the annual extreme maximum and minimum temperatures are 39.7°C and −13.1°C, respectively [28]. The average annual rainfall is 117 days, and it occurred mainly from late June to early July, along with the precipitation of 1106 mm, relative humidity of 76%, sunshine hours of 1403 h [29]. An automatic weather station Watchdog 2000 (Spectrum Technologies Inc., USA) placed 1.5 m from the ground in the greenhouse was used to measure air temperature, relative air humidity and solar radiation. The data acquisition frequency was 1 time every 10 s, and the average value every 30 min was stored.
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Figure 1: Exterior view of venlo glass greenhouse in Nanjing, China. The greenhouse structure has an area of 30 m in length × 9.6 m in width, 4.5 m in height with north-south orientation

2.2 Experimental Design

The tomato seedlings (“Pink Roland”) were transplanted during 3–4 true-leaf stage in 28 cm (height) × 34 cm (bottom diameter) pots on 25 August 2018 and harvested on 16 January 2019. The contents of organic carbon, nitrogen, available phosphorus (P) and available potassium (K) of the soil in the pot were 116000, 1900, 29.3 and 94.2 mg kg−1, respectively. Design orthogonal test according to three factors: air temperature (T), relative air humidity (RH), and treatment days (D). The experiment had four T treatments (32°C, 35°C, 38°C, 41°C), three RH treatments (50%, 70%, 90%), and four D treatments (3 d, 6 d, 9 d, 12 d). The control (CK) was set to 26°C, 50%. The seventeen treatments were presented in Table 1. Treatments were replicated three times.
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We selected plants with similar growth trend after planting, and placed them in the artificial climate chamber (TPG1260, Thermoline, Australia) for high temperature treatment at the flowering stage (14–28 d after planting). 20 pots of plants were selected per treatment, and the existing inflorescences of the tomato were marked before treatment. The temperature in the artificial climate chamber was set according to the neural network method of simulating the daily change of summer temperature in the glasshouse in Nanjing [30], and the temperature setting was shown in Fig. 2. The relative air humidity and processing days were set according to Table 1. During the treatment, the photoperiod in artificial climate chamber was set to 12 h (6:00–18:00), and the photosynthetically active radiation (PAR) was 1000 μmol m−2 s−1, and the CO2 concentration was 400 ppm. The treated tomato plants were returned to the greenhouse for daily cultivation and management.
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Figure 2: Design of temperature daily variation in the artificial climate chamber (night/day)

The experimental cultivation was from August 25, 2018 to January 16, 2019. The daily average air temperatures in greenhouse during the cultivation period decreased with time over the growing season, ranging from 30.95°C to 7.31°C, and the average temperature was 17.84°C. The daily average relative air humidity in greenhouse during this period ranged from 47.73% to 93.30%, and the average relative humidity was 70.84% (Fig. 3A). The daily solar radiation at the study site ranged from 4.904 to 153.762 MJ m−2 d−1 during the cultivation period (Fig. 3B).
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Figure 3: Meteorological conditions in the greenhouse during tomato cultivation. (A) Daily average temperature and relative air humidity; (B) Daily solar radiation

2.3 Fruit Sampling

According to the morphology and color changes of tomato fruit, the dynamic process of fruit development was divided into three periods: expansion period (63–70 d after colonization, EP), pink period (77–84 d after colonization, PP) and mature period (91 d after colonization, MP). The fruits of these three periods were picked under each treatment, and fruit sampling was completed within one week. Five marked fruits at the same developmental stage were select, cut the seeds from the central equatorial area of the fruit to remove the seeds after removing the peel, shred the pulp and put it in a ziplock bag, then put it in liquid nitrogen for quick freezing, and stored at −80°C for sugar, organic acid, and key enzymes determination.

2.4 Determination of the Soluble Sugar and Organic Acid Contents

The contents of sugars and organic acids were measured by high performance liquid chromatography (HPLC) using the method reported by Liao et al. [31] and Zheng et al. [32] with some modifications. 3 g samples of frozen pulp were ground to a powder, homogenized in 6 mL of ethanol (80%) solution, incubated for 20 min in a 35°C water bath and then centrifuged at 10000×g for 10 min. This extraction procedure was repeated three times and the supernatants were combined, and made up to the final volume (25 mL) with distilled water. And then evaporate it with a rotary evaporator (JC-ZF-RE5000, JU CHUANG ENVIRONMENT, China) at 45°C for 4 h, the total volume was adjusted to 1 mL with distilled water, and filtered through a 0.22 μm, 13 mm diameter PES film. The filtered solution was used for sugar and organic acid analysis.

HPLC analysis of sugars. Acetonitrile: water (80:20) was used as the mobile phase with a flow rate of 1.0 mL min−1. The column was Innoval NH2 (4.6 × 250.0 mm, 5.0 μm) (Bonna-Agela Inc., China) at 30°C; eluted peaks were detected using a refractive index detector RID-10A (Jasco Corp., Japan). Injection amount was 20 μL. Each run was completed within 20 min. Quantification of individual sugars was made by comparison with peak areas of standard sugars.

HPLC of organic acids. 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. The eluted peaks were detected with a 2996 diode array detector (Waters Beckman Coulter Inc., Brea, CA, USA), and quantification of individual organic acids was made using peak areas of standard acids.

2.5 Extraction and Estimation of Key Enzymes in Sugar Metabolism

Enzyme extraction was performed as described previously [33] with some modifications. Briefly, each sample (1 g) of tomato pulp were homogenized with 10 mL of extraction medium containing 100 mM phosphate buffer (pH 7.5), 5 mM MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA)-Na2, 0.1% β-mercaptoethanol, 1%TritonX-100%, 2% PVP. The homogenate was centrifuged at 1000 r min−1 for 15 min at 4°C and then taken the supernatant and dilute it 5 times with distilled water as the crude enzyme extract, which was used to determine the activity of enzymes involved in sucrose metabolism.

Neutral invertase (NI) activity was determined in a reaction mixture that consisted of 0.1 mL of the crude enzyme extract and 1 mL of mixture buffer (1% sucrose, 100 mM phosphate buffer (pH 7.5), 5 mM MgCl2, 1 mM ethylenediaminetetraacetic acid (EDTA)-Na2). The reaction was carried out at 37°C for 40 min followed by boiling in water for 5 min. Then 2 mL DNS were added and they were all placed in a boiling water bath for 5 min, and then allowed to cool before reading absorbance at 540 nm. The blank contains the same mixture, but the extract was boiled for 5 min to inactivate the enzyme, and then mixed again and determined. The difference between the two absorbances was used to calculate the reducing sugar production rate, which represented the activity of the NI in mol g−1 h−1 FW. Acid invertase (AI) activity assay procedure was similar to that of NI, except that 1% sucrose and 100 mM phosphate buffer (pH 7.5) were used as the mixture buffer.

Sucrose synthase activity in the sucrose cleavage direction (SS-c) activity was determined in a reaction mixture consisting of 0.1 mL of the crude enzyme extract and 0.1 mL of mixture buffer (5 mM UDP, 0.1 M sucrose, 5 mM NaF, 0.08 M pH 5.5 MES buffer). Subsequent steps were as described for NI. Sucrose synthase activity in the sucrose synthetic direction (SS-s) activity was assayed at 37°C for 40 min in a 0.1 mL assay mixture that contained 0.05 mL of crude enzyme extract and 0.05 mL reaction mixture (100 mM pH 8.0 phosphate buffer, 4 mM UDPG, 6 mM fructose, 15 mM MgCl2). The reaction mixture was added 0.2 mL 30% KOH and then immediately placed in a boiling water bath for 10 min to terminate the reaction. After cooling the samples down to room temperature, added 1 mL anthrone reagent. Sucrose phosphate synthase (SPS) activity assay procedure was similar to that of SS-s, except that 10 mM UDPG, 5 M fructose-6-phosphate, 15 mM glucose-6-phosphate, 15 mM MgCl2, 1 mM EDTA, and 0.1 M boric acid buffer were used as the reaction mixture.

2.6 Extraction and Estimation of Key Enzymes in Organic Acid Metabolism

Enzyme extraction and purification were performed as described by Liu et al. [34] and Han et al. [35] with some modifications. 10 g frozen tomato pulp was homogenized with a mortar and pestle in 4 mL of ice-cold extract buffer containing 0.2 M Tris-HCl (pH 8.2), 0.6 M sucrose, and 10 mM erythorbic acid. The homogenate was centrifuged at 4000 r min−1 for 20 min at 4°C, and then taken the supernatant and made up to the final volume (10 mL) with ice-cold extract buffer as crude enzyme solution. 4 mL crude enzyme solution were taken to centrifuge at 12000 r min−1 4°C for 15 min, 1 mL of supernatant was taken and added extraction buffer to bring the volume to 2 mL to measure cytoplasm aconitase (cyt-ACO) enzyme activity. The remaining 3 mL of liquid was made up to 6 mL with extraction buffer (0.2 M pH 8.2 Tris-HCl, 10 mM erythorbic acid, 0.1% Triton X-100) to measure mitochondria aconitase (mit-ACO) and Isocitrate dehydrogenase (IDH) enzyme activity. Then 4 mL of crude enzyme solution was taken and added 4 mL extraction buffer to measure the activity of malic enzyme (ME) and malate dehydrogenase (MDH). The remaining 2 mL of crude enzyme solution was added to 2 mL extraction buffer, placed in a large amount of extraction buffer and dialyzed at 4°C overnight, and exchanged for 2–3 times to obtain phosphopyruvate carboxylase (PEPC) and citrate synthetase (CS) enzyme solution. PEPC, CS, IDH, ME, ACO and MDH were measured according to the method reported by scholars [34–36]. All enzyme activities were determined by using a UV-2600 spectrophotometer (Shimadzu, Kyoto, Japan).

2.7 Determination of Fruit Quality

Fruit quality was performed as described previously [37] with some modifications. Total soluble solids (TSS) was measured using a handheld refractometer (PR-32 α, ATAGO, Tokyo, Japan); vitamin C (VC) was determined using 2, 6-dichloro-phenol indophenols sodium salt solution; total sugar (TS) was measured using the anthrone colorimetric method; titratable acid (TAA) was measured with autosampler (SI Analytics) [38]; lycopene was determined by HPLC method [39].

2.8 Statistical Analysis

y1–y16 were the index values of the corresponding Y1–Y16 test treatments and were the arithmetic averages of three replicates. According to the method of Liu et al. [40], the orthogonal test data was processed, and the average value of each level index was calculated and then compared and analyzed. The specific process was shown in Table 2. Data analysis was conducted using SPSS 18.0 software (SPSS Inc., Chicago, IL, USA). Treatment effects were assessed using the one-way analysis of variance, and the differences between treatments were determined using the least significant difference test (LSD) at the 0.05 significance level. Correlation analyses were performed to investigate the relationship between organic acid and related metabolic enzyme activity.
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3  Results

3.1 Sucrose Metabolism

Soluble sugar content in fruit throughout tomato fruit development showed a significant increase (12.686–21.305 mg g−1 FW) at CK treatments, and reached the maximum in MP period, while the sucrose content was less affected by fruit development (Fig. 4). Metabolic enzyme activity also showed different changes. Notably, AI showed less marked changes, while SPS dramatically decreased at PP period but then sharply increased. Intriguingly, NI showed an increasing trend throughout fruit development; conversely, SS-c showed a sharp decrease at MP period.
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Figure 4: Sugar content and activity of sucrose-related metabolic enzymes of tomato fruit along development under CK conditions. Relative metabolite contents of fruits harvested from expansion period until maturing period. The unit of sugar content and enzyme activity are mg g−1 FW and μmol g−1 h−1 FW, respectively. EP (Expansion period, 63–70 d after transplanting); PP (pink period, 77–84 d after transplanting); MP (maturing period, 91 d after transplanting). Data are mean ± SD (n = 3); alphabetical letters (a, b and c) indicate significant differences, as determined by ANOVA followed by Tukey’s tests (P ≤ 0.05)

The sugar content and enzyme activities were measured to compare the effects of different treatments conditions (T, RH and D) at three stages of fruit development on sucrose metabolism in tomato fruit (Fig. 5). The results revealed large changes in metabolite levels throughout fruit development. Notably, high temperature treatment, especially high temperature intensity, elicited significant sucrose metabolism changes (Fig. 5A). Specifically, under T32°C conditions, the soluble sugar content of EP and PP periods increased by 51.613% and 3.542% compared with CK, respectively, while in MP period, the content was reduced by 24.403%. The soluble sugar content showed decreased as the increase of high temperature stress intensity (from 32°C to 41°C). Simultaneously, the sucrose content showed a similar pattern (higher than CK at T32°C condition). In addition, enzyme activities related to sucrose metabolism supplied with T32°C and T35°C treatment were significantly lower than that of the CK, especially in EP period. In contrast, a higher enzyme activity was observed with the T38°C and T41°C treatment compared to CK.
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Figure 5: Sucrose metabolic profiles of tomato fruit along development under different treatment conditions. Relative metabolite contents of fruits harvested from expansion period until maturing period. EP (Expansion period, 63–70 d after transplanting); PP (pink period, 77–84 d after transplanting); MP (maturing period, 91 d after transplanting). Data are mean ± SD (n = 3); alphabetical letters (a, b and c) indicate significant differences, as determined by ANOVA followed by Tukey’s tests (P ≤ 0.05)

There were significant differences in fruit sucrose metabolism between various relative air humidity treatments at high temperature (Fig. 5B). Notably, soluble sugar content of the three relative humidity treatments in the PP and MP phases was significantly lower than that of CK. The sucrose content was strongly affected by RH50% and RH70% relative humidity treatment but mainly, during PP period. Overall, few differences were observed in enzyme activities involved in NI, SS-c, SS-s and SPS between CK and relative humidity treatment at EP period, where they were slightly higher. However, the relative humidity treatment increased the enzyme activity during PP and EP periods, except for NI.

Within various duration treatments, there was a significant difference in sucrose metabolism (Fig. 5C). The soluble sugar content gradually decreased as the extension of the treatment, and was significantly lower than CK, especially in PP and EP periods. The activity of sucrose metabolizing enzymes increased under the various treatment times, except for AI in EP period and NI in MP period.

To investigate the effect of different T, RH and D condition on sucrose metabolism during fruit development, we used range analysis method to analyze the sucrose metabolism data obtained by the orthogonal experiment (Table S1). The range of sugar content (soluble sugar and sucrose) and enzyme activities in sucrose metabolism was RT > RD > RTH. Therefore, the sensitivity of T, RH and D to sucrose metabolism was T > D > RH, that was, T had the greatest impact on fruit sugar metabolism, indicating high temperature was the controlling factor of the fruit sugar metabolism, which ultimately affected the fruit quality. In the three stages of fruit development, the maximum range of T, RH, and D of soluble sugar content appeared in the EP period, while the range of sucrose content and the enzyme activities of AI, SS-s, SS-c and SPS was the largest in the MP period.

3.2 Organic Acid Metabolism

The most important organic acids in tomato fruits were citric acid (CA) (1.164 mg g−1 FW) and malic acid (Mal) (0.710 mg g−1 FW), and contained a small amount of tartaric acid (TA) (0.598 mg g−1 FW), succinic acid (SA) (0.502 mg g−1 FW), α-Ketoglutaric acid (α-KG) (0.252 mg g−1 FW) and acetic acid (AA) (0.231 mg g−1 FW). During tomato fruit development, CA content initially showed a sharp increase but then dropped significantly, reaching the maximum during PP period. In contrast, Mal content decreased from EP period, was lowest at PP period, and increased until the fruit ripening. The content of other small amounts of organic acids increased as the fruit matures (Fig. 6).
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Figure 6: Main organic acid content of tomato fruit along development under CK conditions. Relative metabolite contents of fruits harvested from expansion period until maturing period. CA (citric acid); Mal (malic acid); TA (tartaric acid); SA (succinic acid); α-KG (α-ketoglutaric acid); AA (acetic acid). EP (Expansion period, 63–70 d after transplanting); PP (pink period, 77–84 d after transplanting); MP (maturing period, 91 d after transplanting). Data are mean ± SD (n = 3); alphabetical letters (a, b and c) indicate significant differences, as determined by ANOVA followed by Tukey’s tests (P ≤ 0.05)

The organic acid components and contents were measured to compare the effects of different treatments conditions (T, RH and D) at three stages of fruit development on organic acid metabolism in tomato fruit (Fig. 7). The organic acid concentrations increased with high temperature treatment conditions, and with the increased of high temperature intensity, except for CA, the organic acid contents also increased, which was significantly higher than that of CK (Fig. 7A). Intriguingly, CA content was lower than CK from 32°C to 38°C, while it was slightly higher at T41°C compared with CK.
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Figure 7: Organic acid components and contents of tomato fruit along development under different treatment conditions. The unit of organic acid content is mg g−1 FW. EP (Expansion period, 63–70 d after transplanting); PP (pink period, 77–84 d after transplanting); MP (maturing period, 91 d after transplanting). Data are mean ± SD (n = 3)

Similarly, the organic acid contents showed an increase with various relative humidity treatments at high temperature conditions compared to CK (Fig. 7B). Among them, the contents of Mal, α-KG, and AA gradually increased with the increased of relative air humidity, and reached their maximum at RH90% treatments. In contrast, the contents of CA, TA, and SA were highest at RH70% condition, and then decreased with RH90% treatments.

The organic acid contents showed an increase under various duration conditions compared to CK (Fig. 7C). Among them, the contents of Mal, TA and AA were highest under D12 treatment, while SA and α-KG contents reached the maximum at D6 treatments.

Enzyme activity involved in organic acid metabolism throughout tomato fruit development at CK treatments showed a different trend (Fig. 8). Specifically, the activities of PEPC and CS initially showed a sharp increase but then dropped significantly and abruptly at the MP period; on the contrast, cyt-ACO and mit-ACO showed a different pattern (decreased at PP period followed increased). Intriguingly, MDH and IDH showed a significant increase trend, especially MDH, increased by 88.108% at MP period. ME enzyme activity was never significantly different throughout fruit development.
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Figure 8: Organic acid metabolism related enzyme activity of tomato fruit along development under CK conditions. Relative metabolite contents of fruits harvested from expansion period until maturing period. EP (Expansion period, 63–70 d after transplanting); PP (pink period, 77–84 d after transplanting); MP (maturing period, 91 d after transplanting). Data are mean ± SD (n = 3); alphabetical letters (a, b and c) indicate significant differences, as determined by ANOVA followed by Tukey’s tests (P ≤ 0.05)

The enzyme activities were measured to compare the effects of different treatments conditions (T, RH and D) at three stages of fruit development on organic acid metabolism in tomato fruit (Fig. 9). The enzyme activities increased with high temperature treatment conditions compared to CK (Fig. 9A), activities of PEPC, MDH and CS increased as the increased of temperature, and reached the maximum at T41°C condition, while IDH, cyt-ACO and mit-ACO was highest in activity at T38°C, and the enzyme activity decreased when the temperature was higher than 38°C. Similarly, enzyme activities showed an increase under relative air humidity treatments compared to CK (Fig. 9B). The enzyme activity was the largest under RH50% treatments, and there was no difference in enzyme activity between RH50% and RH90% treatments, especially in the EP and MP stages, except for IDH and cyt-ACO. The enzyme activity showed an increase under various duration conditions compared to CK (Fig. 9C), and was highest at D12 treatment condition, except for ME and cyt-ACO.
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Figure 9: Organic acid metabolism enzyme activity of tomato fruit under different treatment conditions. The unit of organic acid metabolism enzyme activity is μmol g−1 h−1 FW. EP (Expansion period, 63–70 d after transplanting); PP (pink period, 77–84 d after transplanting); MP (maturing period, 91 d after transplanting). Data are mean ± SD (n = 3)

The range of organic acid and enzyme activities in organic acid metabolism was RT > RD > RTH (Table S2). Therefore, the sensitivity of T, RH and D to organic acid metabolism was T > D > RH. The result indicates that organic acid metabolism was strongly affected by high temperature environment. Among the three stages of fruit development, the maximum R of CA appeared in MP period, while the maximum R of TA, α-KG and AA appeared in PP period. In addition, the R value of metabolic enzyme activity was the largest in EP period.

3.3 Fruit Quality

Tomato fruit qualities involved in TSS, lycopene, VC, TAA, TS, sugar and acid ratio (S/A) were measured at maturity. The tomato fruit quality showed a decreased trend in various T, RH and D treatment conditions (Table 3). Notably, TAA was increased in the various treatments, mainly due to higher accumulation of both Mal (23%, compared to CK) and AA (44%) (Table S3). On the contrary, TS accumulation was greatly reduced, especially in T41°C treatment (−52%) and D12 treatment (−50%). Hence the S/A was reduced by the three treatments, which seriously reduced the flavor quality of the fruit. The accumulation of TSS also decreased under various treatments. Nutritional quality lycopene content was no significantly affected by the various treatments compared with the change of sugar and acid accumulation, except for T38°C, T41°C and D3 treatments, increased by 16%, 11% and 13%, respectively. In contrast, the content of another nutritional quality VC was significantly reduced, especially in the treatment of T41°C (−76%).
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4  Discussion

Normally, the reproductive stage (flowering and fruit setting stage) was more sensitive to heat stress than the vegetative stage [14]. Early development (fruit cell division stage) was the golden period of the whole fruit development process, which played an important role in the final formation of the fruit [41]. In this study, the range of soluble sugar and organic acid content was the largest at the EP stage (Tables S1, S2), indicating that the external environmental conditions during the flowering period had the greatest impact on the sugar and acid content in the early stage of the fruit and affected the final quality. Researcher believed that the sensory and nutritional quality characteristics of ripe tomato fruits were also determined in the early stages [42].

Sugar accumulation was the key to the formation of tomato fruit quality [43]. Sucrose formed by photosynthesis of leaves was transported into the fruit through the phloem and was broken down into hexose under the action of sucrose metabolizing enzymes [18]. Environmental conditions could directly change the synthesis/degradation process of tomato fruit sugar metabolites. In this study, a decrease of soluble sugar content was observed at high temperature conditions compared to CK (Fig. 5). The reasons were as follows: firstly, SS activity decreased at high temperature treatment. Demnitz et al. [44] found that in the early stage of tomato fruit development, the change of SS activity could directly affect the accumulation rate of dry matter in the fruit and the decomposition index of sucrose, which in turn affected the sucrose input capacity in young fruit. Our study showed that SS-c activity was reduced under high temperature conditions, which reduced the sucrose content unloaded from the phloem to the fruit, resulting in a decrease in carbohydrates in the fruit. Secondly, under high temperature conditions, the respiration and material metabolism of the tomato fruit were stimulated, and cells that constituted the pulp tissue developed rapidly, which promoted the hypertrophy of the fruit, leading to the advancement of the fruit growth period, which may change the final fruit quality components. Soluble sugars in tomato fruits include fructose and glucose, which have different contributions to fruit sweetness. This article only studied the content of total soluble sugars. The changes of fructose and glucose content in fruits under high temperature and high humidity treatment and their relationship with sucrose metabolizing enzymes need to be further studied.

Organic acids were an important component of tomato flavor quality [16], and environmental conditions could also directly change the synthesis/degradation process of fruits organic acid metabolites. In this study, organic acids increased with high temperature stress, except for CA, which was consistent with the conclusion of Ruiz-Nieves et al. [45]. Below T38°C condition, CA content gradually decreased with the increased of the stress intensity and the stress time (Fig. 7), while it was higher compared to CK at T41°C. It was speculated that higher CA content may help plants resist heat stress according to Zhao et al. [46]. In our study, CA content was higher than CK at T41°C, which may be a way for plants to cope with heat stress. Organic acids in fruit mainly come from the tricarboxylic acid cycle (TCA) in mitochondrion. Under normal environment, organic acids in TCA will not accumulate in large amounts, but it will decrease or accumulate if certain enzyme activity changes in this pathway [47]. In our study, PEPC activity increased under high temperature (Fig. 9), and there was a significant positive correlation between PEPC and CA content (Table S4). This may be related to the increase in expression of certain genes at high temperatures, which makes PEPC activity no longer affected by the concentration of Mal [48]. Furthermore, cyt-ACO activity was significantly negatively correlated with CA, indicating that the decomposition site of CA may be in cytoplasm. Most importantly, Mal was significantly positively correlated with MDH, and MDH activity increases under high temperature, which was beneficial to the synthesis of Mal. Also, ME was not sensitive to ambient temperature [49]. Therefore, high temperature treatment resulted in the increased of Mal.

High temperature reduced tomato yield and quality and changed the sensory and nutritional quality of the fruit [22]. In our study, S/A sharply decreased with high temperature conditions (Table 3), which resulted from a decrease in soluble sugar content and an increase of TA, that ultimately led to a decrease of tomato taste. In addition, our results showed that TSS was reduced under various treatments. Similar results were reported by Li et al. [50] in that the reduction of transpiration, respiration and photosynthesis rate may help reduce the amount of carbohydrates entering peach fruit, thereby reducing the content of soluble solids. Furthermore, treatment with high temperature and duration resulted in a decrease of VC, which was attributed to the enhancement of ascorbateperoxidase and ascorbate oxidase activities and the decrease of dehydroascorbate reductase [23].

It was observed that TSS and S/A in ripe fruit under RH70% conditions were significantly higher than RH50% and RH90% treatments (Fig. S1), indicating that increasing the relative humidity to 70% at high temperature environment can alleviate high temperature stress and improve the negative effect of high temperature on fruit quality. Harel et al. [10] reported that during the hot summer in the Mediterranean, the daily temperature was achieved to 26°C and relative humidity 70%, that was conducive to pollen quality and fruit setting, which in turn increased the yield and quality of tomato. Huang et al. [25] also found that increased humidity (60%–70%) improved pollen and fertilization in comparison with humidity 30%–40% at high temperatures. This will help plants relieve high temperature stress and improve fruit sets rate, thereby improving the yield and quality.

5  Conclusions

The soluble sugar content in tomato fruits decreases at the environment of high temperature and relative humidity during flowering, and with the extension of high temperature intensity and duration, the content decreases more obviously. At the same time, PEPC, MDH and CS enzyme activities increase, leading to a large accumulation of organic acids, especially Mal, which result in a sharp decrease of S/A and flavor quality and nutritional quality. A temperature of 32°C and a relative air humidity of 70% were the best growth conditions for tomato fruit quality. The external environment (high temperature and relative humidity) during the flowering stage has the greatest impact on the sugar and acid metabolism during EP period. Taken together, our observations indicate that the combined stress of high temperature and relative humidity during flowering reduces fruit sugar content, increases organic acid content, and reduces fruit quality at maturity. The relative humidity is increased to 70% under high temperature, which can relieve high temperature stress and improve fruit quality. This study indirectly contributes to reducing risks of greenhouse tomato production and increasing profit.
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Figure S1: Tomato fruit quality at the mature stage under different relative humidity in high temperature environment. TSS, total soluble solids; Vc, Vitamin C; TAA, titratable acid; TS, total sugar; S/A, sugar and acid ratio. Data are mean ± SD (n = 3); alphabetical letters (a, b) indicate significant differences, as determined by ANOVA followed by Tukey’s tests (P < 0.05).

[image: images]

[image: images]

[image: images]

[image: images]







	[image: images]
	This work is licensed under a Creative Commons Attribution 4.0 International License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.






Table of Contents


	
Response of Tomato Sugar and Acid Metabolism and Fruit Quality under Different High Temperature and Relative Humidity Conditions






Guide


	
Response of Tomato Sugar and Acid Metabolism and Fruit Quality under Different High Temperature and Relative Humidity Conditions





OEBPS/Images/Phyton_19468-fig-3.png
. .
j=3 f=3 f=} f=4 f=3 f=3 (=}
o vy N = O o
X £ =

) £

@ (W M) uoneIper rejos Afreq

(%) Knpruny 2AnE[RY
m (=3 (=} (=3 (=}
— 3] o < N (=}
2
3
g
=
=
o
2
=]
R
[}
-4
L
g
2
<
g
2
g
)
T
.
[=lelele Nl llee )]

S O v 0l —

100
Bl
8

(A)

(Do) aamerodwo) a1y

40 60 80 100 120 140

Days after transplanting (d)

20

40 60 80 100 120 140

Days after transplanting (d)

20





OEBPS/Images/Phyton_19468-fig-8.png
30

—_

Enzyme activity (umol g h™' FW)
= X

(3]
W
1

N
(=}
1

W
1

wn
1

PEPC MDH ME CS IDH  cyt-ACO mit-ACO
Metabolic enzymes





OEBPS/Images/table-1.png
Table 1: The orthogonal test design table

Treatments T (°C) RH (%) D (d) Results

CK 26 50 - ck
Y, 32 50 3 y1
Y, 32 50 6 y2
Y; 32 70 9 ¥3
Y4 32 90 12 2
Ys 35 50 3 Ys
Y 35 50 6 Y6
Y, 35 90 9 y7
Yy 35 70 12 G
Yo 38 70 3 Yo
Y10 38 90 6 Y10
Y 38 50 9 Vi1
Y 38 50 12 yi2
Yi3 41 90 3 Y13
Yia 41 70 6 Y14
Yis 41 50 9 Yis

Y16 41 50 12 Yie
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Table 3: Relative differences in fruit quality contents under various treatments
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Note: Differences between each parameter (n = 3) were calculated as: % (%) = [(mean stress treatment-mean
control)/mean control] x 100. The percentages were scaled by color (green for high and red for low value).
TSS, total soluble solids; VC, vitamin C; TAA, titratable acid; TS, total sugar; S/A, sugar and acid ratio.
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Table S3: Relative differences in fruit organic acid contents under various treatment

Treatment CA Mal TA SA a-KG AA

T350c —4.071 —0.720 —24.737 14.684 —1.617 14.708
T350¢ —7.850 19.613 4.084 19.861 5.235 23.708
Tagoc —1.900 35.178 15.730 31.171 18.679 60.338
Taioc 19.877 39.533 32.940 15.203 7.140 77.905
RHsgo, 3.794 25.199 4412 19.088 4.076 49916
RH~qo, —3.240 18.086 19.926 26.367 6.317 19.969
RHggo, 1.707 25.121 —0.732 16.377 14.967 56.858
Ds —3.103 9.857 —12.222 10.176 2.294 36.519
D¢ —6.675 15.102 10.151 28.936 7.014 32.900
Do 6.156 32.126 19.623 23.112 14.633 50.542
D> 9.678 36.519 10.466 18.695 5.497 56.697
Mean 1.307 23.238 7.240 20.334 7.658 43.642

Note: Differences between each parameter (n=3) were calculated as: %(%) = [(mean stress treatment-mean control)/mean control] x 100.
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Table S1: Range analysis results of sucrose metabolism under various treatment condition (R value)

Sucrose metabolic Factors EP PP MP
T 12.848 9.583 7.865
Soluble sugar RH 3.228 1.457 2.472
D 8.541 7.102 7.503
T 0.006 0.018 0.019
Sucrose RH 0.006 0.016 0.023
D 0.006 0.014 0.016
T 1.083 2.041 0.535
NI RH 0.596 1.059 0.485
D 0.737 1.410 0.582
T 1.910 1.623 2.517
Al RH 0.467 2.626 3.490
D 0.364 0.501 2.329
T 0.570 0.511 0.668
SS-s RH 0.209 0.402 0.968
D 1.019 0914 0.241
T 1.861 1.018 1.384
SS-¢ RH 0.343 0.880 1.207
D 0.960 0.572 1.701
T 2.456 0.786 3.033
SPS RH 0.705 0.193 1.190
D 1.499 0.744 1.100

Note: T, high temperature treatment; RH, relative humidity treatment; D, duration treatment. EP (Expansion period, 63 d-70 d after transplanting); PP
(pink period, 77 d-84 d after transplanting); MP (maturing period, 91 d after transplanting).
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Table S4: Correlation analysis between malic acid and citric acid content and related metabolic enzyme

activities after high temperature treatment

Metabolic enzymes activity Mal CA
ME —0.36* 0.18
MDH 0.837%* 0.08

CS —0.25 0.64%**
IDH 0.65%* —0.18
mit-ACO 0.75%%* —0.22
cyt-ACO 0.17 —(0.55%*
PEPC 0.51% 0.65%*

Note: * and ** in the table indicate significant at the levels of 0.05 and 0.01, respectively.
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Table 2: Orthogonal test data processing

Treatments Calculation method
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Table S2: Range analysis results of organic acid metabolism under various treatment condition (R value)

Organic acid Factors EP PP MP  Metabolic enzymes Factors EP PP MP
T 0.226 0.202 0.322 T 7.790 4.995 6.708
CA RH 0.104 0.124 0.082 CS RH 5.344 4,678 3.346
D 0.060 0.117 0.190 4,736 2.502 1.436
T 0.252 0.125 0.286 T 5.234 7.195 11.365
Mal RH 0.056 0.034 0.051 MDH RH 1.858 2.228 6.380
D 0.178 0.248 0.189 1.832 2.756 2.740
T 0.250 0.428 0.173 T 2491 2454 1.462
TA RH 0.127 0.168 0.124 cyt-ACO RH 2480 2392 3.212
D 0.181 0.219 0.191 2286 1.114 2.064
T 0.129 0.093 0.082 T 4394 2.535 5.245
SA RH 0.068 0.046 0.050 PEPC RH 2.063 3.583 1.903
D 0.122 0.104 0.094 3.374 2276 1.853
T 0.029 0.103 0.051 T 1.294 1.799 4.464
a-KG RH 0.036 0.053 0.027 IDH RH 1.497 1.320 2.774
D 0.029 0.026 0.031 1.302 1.232 2.168
T 0.058 0.163 0.145 T 1.785 0.843 0.880
AA RH 0.023 0.091 0.085 mit-ACO RH 1.119 0.545 1.384
D 0.048 0.062 0.055 1.372 0.832 1.415
T 0457 1.191 0.913
ME RH 0.632 0.391 0.472
D 0.334 0.794 0.555

Note: T, high temperature treatment; RH, relative humidity treatment; D, duration treatment. EP (Expansion period, 63 d—70 d after transplanting); PP
(pink period, 77 d—84 d after transplanting); MP (maturing period, 91 d after transplanting).
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