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Abstract

:

We investigated the effects of elevated temperatures on the photosynthetic characteristics and fruit quality of the ‘Mihong’ peach (Prunus persica) under high carbon dioxide concentrations based on climate change scenario RCP 8.5. We simulated three different temperature conditions (control; the average temperature in normal years in Jeonju city, C+3.4 °C, C+5.7 °C) and 700 μmol·mol−1 CO2 (expected in the mid-21st century). The average photosynthetic rates were 10.64, 10.21, and 8.18 μmol∙m−2∙s−1 at C+3.4 °C, control, and C+5.7 °C, respectively. The chlorophyll content in the control and C+3.4 °C increased compared to that at the early stage of growth, but that of C+5.7 °C decreased rapidly. The fruit weight was the highest for C+3.4 °C (158.2 g), followed by C+5.7 °C (129.5 g) and the control (127.3 g). The shoot length increased at C+3.4 °C and C+5.7 °C when compared to the control, and there was no significant difference in the other growth characteristics. The carbohydrate content was the highest at C+3.4 °C, and the nitrogen content increased as the temperature increased. Moreover, the C/N ratio decreased as the temperature increased but there was no significant difference. The rate of floral bud differentiation decreased as temperature increased, and that of C+5.7 °C was the lowest due to the low C/N ratio, vegetative growth dominance, and early defoliation. Furthermore, the floral bud density was low in the C+5.7 °C treatment. These findings indicate that a temperature increase of 5.7 °C under 700 μmol·mol−1 CO2 conditions will negatively affect the physiological response and fruit quality of the early-maturing peach variety ‘Mihong,’ and yield is expected to decrease in the following year.
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1. Introduction


According to Climate Change Scenario RCP 8.5 (Representative Concentration Pathway), the CO2 concentration is expected to rise to 700 µmol·mol−1 in the mid-21st century (2041–2070). In addition, the average temperature on the Korean Peninsula is expected to rise by 3.4 °C in the mid-21st century and 5.7 °C in the late-21st century, accelerating global warming [1]. The concentration of CO2 in the global atmosphere continues to increase, and the current level has reached 419 ppm (https://climate.nasa.gov/vital-signs/carbon-dioxide, accessed on 17 October 2022). The increased atmospheric CO2 traps heat on the earth’s surface and raises temperature, which leads to climate change [2]. The global average temperature data indicated that 2016–2020 were the warmest 5 years in most regions [3,4]. Climate change affects various aspects of fruit trees, including phenological changes [5], physiological responses [6], plant anatomical structure, fruit quality [7], and yield [8].



Temperature is an important abiotic factor that greatly influences plant’s physiological response. The optimum temperature for photosynthesis depends on the crop and is generally between 14 and 32 °C [9]. However, at temperatures above optimum, photosystem II is generally damaged [10], and the respiration rate increases, resulting in a decrease in the net photosynthetic rate [11]. In addition, warming-induced soil moisture losses can cause water stress, ultimately leading to suppressed nutrient uptake and reduced photosynthesis [12]. Plant growth stages differ in their susceptibility to temperature stress: the reproductive organ development and other stages (including flowering, pollination, and fertilization) are more susceptible to temperature anomalies, leading to poor fruit set [13].



CO2 is an input for photosynthesis; therefore, its increased concentration acts as a fertilizer causing increased photosynthesis [14]. In most C3 plants, a CO2 increase directly increases net photosynthesis by increasing the carboxylation rate of Rubisco as the CO2 concentration of mesophyll cells increases and by inhibiting photorespiration [15], and photosynthesis increases to the CO2 saturation point [16]. Although elevated CO2 leads to increased photosynthesis, a combination of elevated CO2 and high temperature as well as increased respiration rate can reduce the positive impact of CO2 enrichment by affecting plant carbon balance, growth, development, biomass accumulation, yield, and quality [17,18]. In addition, long-term treatment with high CO2 concentrations may negatively affect plant growth and development [19].



Several studies have shown temperature-dependent photosynthesis and productivity changes in various crops over long periods [20,21]. However, studies on the combined effects of temperature and CO2 have mainly focused on forest crops [22,23], food crops [24], and vegetables [25], with less attention to fruit trees [26,27,28]. In addition, there are few studies on photosynthesis and fruit quality changes due to elevated temperature under high CO2 conditions, particularly in fruit crops. Therefore, this study was conducted to analyze the photosynthetic changes in the early-maturing peach cultivar ‘Mihong’ subjected to elevated temperatures and 700 µmol·mol−1 CO2, the expected CO2 concentration in the mid-21st century, and to investigate the effects on growth and fruit quality.




2. Materials and Methods


2.1. Plant Materials and Treatments


The plant material was 3-year-old ‘Mihong’ [Prunus persica (L.) Batsch], an early ripening peach variety, planted in 80-L pots at six pots per treatment. The experiment was conducted from 25 April to 5 July 2019, in a small glass greenhouse (W4.5 × D4.4 × H3 − 5 m) using natural light with a temperature and CO2 control system at the National Institute of Horticultural and Herbal Science, Wanju, Republic of Korea. The CO2 concentration in the control and all treatments was maintained at 700 µmol·mol−1 (mid-21st century levels) for 24 h during the experimental period using liquefied CO2 and a CO2 exposure equipment (Products assembled by DooYoung Ensys, Goyang-si, Seoul, Korea). The temperature of Jeonju from 1981 to 2010 was used as the control to simulate 24-h temperature fluctuations of the current situation. The average hourly temperature across 10 days was calculated based on the recorded temperatures in Jeonju and was used to implement a diurnal fluctuation. This diurnal fluctuation was then changed once every 10 days (Figure 1). The elevated temperature treatments were seen as an increase in the temperature of the control by 3.4 °C (mid-21st century) and 5.7 °C (late-21st century). To manage soil moisture, tensiometers (SR12; Irrometer Company Inc., Riverside, CA, USA) were installed into two pots in each treatment area, and when the average water potential reached −20 kPa, the pots were irrigated for 20 min to maintain proper soil water potential.




2.2. Gas Exchange Measurements


A fully expanded leave was selected from a shoot of average length in five pots of each treatment, tagged, and five leaves were used for measurements of photosynthetic parameters. The photosynthetic rate was measured using a portable photosynthesis system (Li-6400; LI-COR Biosciences, Lincoln, NE, USA) in the morning. Photosynthesis was measured at 1200 μmol∙m−2∙s−1 every 10 days from 20 May (10 days after foliation, DAF) to 27 June (48 DAF) to analyze changes in photosynthetic rate and stomatal conductivity. The temperature of the leaf chamber was set to the highest on the day of measurement for each treatment, and the relative humidity was 60–70%, the CO2 concentration was 700 µmol·mol−1, and the flow rate was 500 µmol·s−1.



For the light-curve, the photosynthetic rate was determined on May 20 (10 DAF) and 27 June (48 DAF) using light intensity (0, 50, 100, 200, 400, 800, 1200, and 1600 μmol∙m−2∙s−1) at 25 °C, 700 µmol·mol−1 CO2, and a flow rate of 500 µmol·s−1. The maximum photosynthetic rate, dark respiration rate, apparent quantum yield, and light compensation and light saturation points were calculated using the measured values of the photosynthetic rate and exponential model equations.




2.3. Chlorophyll and Starch Contents


Chlorophyll and starch contents were analyzed thrice at monthly intervals using randomly selected leaves of average size of three replications. Ten leaf discs with a radius of 0.5 cm per replication were collected, and 30 mL of MeOH was added for 24-h extraction. The absorbance of the extract was measured at 651 and 664 nm using a spectrophotometer (UV-2501PC; Shimadzu, Kyoto, Japan), and the total chlorophyll content was calculated as follows: total chlorophyll content (μg·cm2) = (25.5 × OD651 + 4 × OD664) × 0.3821656 [29]. The starch content was analyzed using 0.1 g of powder from the leaves used for chlorophyll analysis and a total starch assay kit (Megazyme, Wicklow, Ireland), according to the manufacturer’s instructions.




2.4. Fruit Quality and Tree Growth


To investigate mature fruit quality, the optimal physiological harvest date was determined when the coloration was more than 50% of the fruit skin and the firmness was less than 20 N. In this case, 30 fruits were harvested on 28 June (control), 24 (C+3.4 °C), and 19 (C+5.7 °C). Fruit weight, length, and width were measured. Fruit color was measured using a CR-300 Chroma Meter (Konica Minolta, Tokyo, Japan) at both centers in the vertical direction of the fruit suture. After peeling the fruit skin off the area where fruit color was measured in a circular shape with a diameter of 1 cm, firmness was measured using a texture analyzer (TAPlus; Lloyd Instruments, Bognor Regis, UK) equipped with an 8-mm probe. The fruit juice obtained by squeezing the firmness-measured flesh was used to determine the soluble solid and acid contents. The soluble solid content was measured using a digital refractometer (PAL-1; ATAGO, Tokyo, Japan). To measure the acid content, a solution obtained by adding 20 mL of distilled water to 5 mL of fruit juice was titrated against 0.1 N NaOH using an automatic titrator (TitroLine® 5000; SI Analytics GmbH, Mainz, Germany), and the amount of NaOH required until pH reached 8.2 was converted into malic acid.



The increase in the cross-sectional area of the trunk was calculated by measuring the diameter 10 cm above the base of the tree (six replications) in April (before starting temperature treatment) and July (after finishing the treatment). The leaf area, number of shoots, and shoot length were measured on July 1. The leaf area was measured using a leaf area meter (Li-3000C; LI-COR) by collecting 30 leaves of average size from 3 pots per treatment and then calculating the average value of one leaf. The number of shoots was calculated by counting the total number of shoots in six pots and calculating the average value. Shoot length was measured for 30 shoots selected as the average length. On 7 April 2020, the number of total floral and leaf buds in three pots was determined, and the floral bud differentiation rate was calculated by calculating the ratio of floral buds to the total number of buds.




2.5. Total Carbohydrate and Total Nitrogen


The total carbohydrate content was analyzed using powder from dried shoots of three replications collected in December 2019. Briefly, 0.5 g of powder was placed in test tubes, and then 20 mL of 0.7 N HCl was added for extraction at 100 °C for 3 h in a water bath. After extraction, the reaction was halted by adding a 2.5 mL dinitrosalicylic acid reagent. The carbohydrate content was determined at 550 nm using a spectrophotometer (Multiskan GO; Thermo Fisher Scientific, Waltham, MA, USA). Total nitrogen was analyzed using a CN element analyzer (Primacs SNC-100; Skalar Analytical B.V., Breda, The Netherlands).




2.6. Statistical Analysis


An analysis of both variance (ANOVA) and two-way ANOVA were performed in R version 4.0 (R Foundation for Statistical Computing, Vienna, Austria), and Duncan’s multiple range test was applied at p ≤ 0.05 for comparisons among treatments.





3. Results


3.1. Photosynthetic Characteristics


To investigate the changes in photosynthetic characteristics as growth progressed, the photosynthesis rate, stomatal conductance, intracellular CO2 concentration, and transpiration rate were measured at 1200 μmol∙m−2∙s−1 at 10-day intervals from 20 May (10 DAF). In all treatments, the photosynthetic rate decreased toward the later stages of growth. Overall, the photosynthetic rate of the C+5.7 °C treatment was lower than those of the control and C+3.4 °C treatment. The average photosynthetic rate was the highest in the C+3.4 °C treatment (10.64 μmol∙m−2∙s−1), followed by the control (10.21 μmol∙m−2∙s−1) and C+5.7 °C treatment (8.18 μmol∙m−2∙s−1) (Figure 2A). The stomatal conductance of all treatments decreased toward the later growth stage, particularly that of the C+5.7 °C treatment, which decreased sharply in the later growth stage rather than in the early stage (Figure 2B). The intracellular CO2 concentration of the control gradually increased after 30 May; however, those of the C+3.4 °C and C+5.7 °C treatments tended to decrease until 20 June, particularly that of the C+5.7 °C treatment, which was very low compared with those of the other treatments on 20 June, the harvest period (Figure 2C). The transpiration rate of all treatments decreased toward the later stages of growth with a similar trend to that of stomatal conductance (Figure 2D).



The light-curve was plotted using the photosynthetic rate measured on 20 May (10 DAF) and 27 June (48 DAF), and photosynthetic characteristics were calculated using the light-curve (Figure 3, Table 1). The maximum photosynthetic rate of all treatments decreased after harvest (48 DAF), particularly that of the C+5.7 °C treatment, which decreased by 74% and was the lowest at 3.25 μmol∙m−2∙s−1. The dark respiration rate showed no significant difference, but it tended to increase as temperature increased. The apparent quantum yield of all treatments decreased after harvest (48 DAF), whereas the light compensation points of all treatments increased after harvest (48 DAF). The light saturation points of all treatments were similar at 980–1100 μmol∙m−2∙s−1 on 20 May (10 DAF); however, on 27 June (48 DAF), those of the control and C+3.4 °C treatment increased, whereas that of the C+5.7 °C treatment decreased by 29% to 700 μmol∙m−2∙s−1 (Table 1).




3.2. Chlorophyll and Starch Contents


The content of chlorophyll, a photosynthetic apparatus, in the control and C+3.4 °C treatment increased on 27 June, after harvest, compared with that on 29 April. However, the chlorophyll content in the C+5.7 °C treatment increased on 29 May and then decreased sharply on 27 June (Figure 4). In addition, leaf chlorosis and foliation started earlier in the C+5.7 °C treatment than in the other treatments. The content of starch, a photosynthate, increased as growth progressed in all treatments, particularly that of the C+5.7 °C treatment, which increased sharply on 27 June (Figure 4).




3.3. Fruit Quality and Tree Growth


The harvest dates for the C+5.7 °C and C+3.4 °C treatments and the control were 19, 24, and 28 June, respectively, which became earlier as the temperature increased. The fruit weight in the C+3.4 °C treatment was 158.2 g, the heaviest, and those of the C+5.7 °C treatment and control were 129.5 and 127.3 g, respectively. Similar to the fruit weight trend, fruit length and width were largest at 63.2 and 69.6 mm, respectively, in the C+3.4 °C treatment. The firmness was higher in the elevated temperature treatments than control. As the temperature increased, the soluble solid content decreased, and acid content increased. Hunter L* and b* values decreased in the elevated temperature treatments compared with those in the control, whereas the a* value increased in the elevated temperature treatments relative to that in the control (Table 2).



There was no significant difference in the increase in trunk cross-sectional and leaf areas. However, the leaf area of the C+3.4 °C treatment was widest at 29.9 cm2. The number of shoots decreased in the elevated temperature treatments relative to that in the control, whereas shoot length increased in the elevated temperature treatments (Table 3).




3.4. Floral Bud Differentiation, Total Carbohydrate, and Total Nitrogen


In contrast, there was no significant difference in the number of floral buds, but that of the C+5.7 °C treatment was the lowest at 187 ea. Furthermore, the number of leaf buds was higher in the elevated temperature treatments than in the control. In addition, the total bud number was the highest in the control at 620 ea and lowest in the C+5.7 °C treatment at 440 ea. Therefore, the floral bud differentiation rate decreased with increasing temperature to 70.2% in the control, 53.2% in the C+3.4 °C treatment, and 41.3% in the C+5.7 °C treatment (Table 4). Moreover, although the shoot length of the C+5.7 °C treatment was greater, the floral bud differentiation rate was low, and these results show that the flower density of the C+5.7 °C treatment was relatively lower than that of the control (Figure 5).



The total carbohydrate and nitrogen contents of first-year shoots were analyzed, and the C/N ratio was calculated. Total carbohydrate content was the highest in the C+3.4 °C treatment, followed by the C+5.7 °C treatment and control. Furthermore, the nitrogen content increased as the temperature increased, and that of the C+5.7 °C treatment was the highest at 0.65%. There was no significant difference in the C/N ratio, but it decreased as the temperature increased, and the C/N ratio of the C+5.7 °C treatment was the lowest at 44.9% (Table 5).





4. Discussion


4.1. Changes in Photosynthetic Characteristics According to Temperature under High CO2 Concentration


As a result of measuring the photosynthetic rate at 10-day intervals under 700 μmol·mol−1 CO2 conditions, the average photosynthetic rate was the highest and lowest in the C+3.4 °C and C+5.7 °C treatments, respectively (Figure 2). In stone fruits, the photosynthetic rate increases with temperature up to 30 °C, above which the respiration rate increases and net photosynthetic rate decreases [30]. Therefore, the net photosynthetic rate at C+3.4 °C was increased because the temperature was increased within the range to promote photosynthesis. Moreover, in peach, increases in CO2 concentration of up to 700 μmol·mol−1 increase the photosynthetic rate as intracellular CO2 concentration (Ci) increases [31]. In addition, the photosynthetic performance was higher at ambient temperature+4 °C under 700 μmol·mol−1 CO2 concentration compared to the current situation [26,32]. Therefore, under the high CO2 concentration of 700 μmol·mol−1, temperature elevation by 3.4°C, which is a mild temperature increase, increases the net photosynthetic rate of the peach variety ‘Mihong,’ whereas temperature elevation above 5.7 °C decreases the net photosynthetic rate along with an increase in the respiration rate.



In addition, the light saturation points of the control and C+3.4 °C treatment increased, whereas that of the C+5.7 °C treatment decreased to 700 μmol∙m−2∙s−1 (Table 1). The light saturation point increases as the temperature increases but decreases at 25–30 °C or higher [33]. Therefore, the light saturation point of the C+5.7 °C treatment was reduced by increasing temperature, suggesting that the photosynthetic rate no longer increased when the light was above the saturation point during summer. In addition, these results indicate that the photosynthetic efficiency of the C+5.7 °C treatment is lower than those of the other treatments.



The chlorophyll content of the C+5.7 °C treatment decreased after harvest and was 70% lower than that of the control (Figure 4A), with leaf chlorosis and foliation starting earlier than those in the other treatments. Chlorophyll can be used to indirectly estimate photosynthetic efficiency, and an increase in chlorophyll content increases the photosynthetic rate [34]. However, in apples, the photosynthetic rate is reduced by leaf senescence as the growing season progresses [35], and harvest accelerates leaf senescence while breaking down chlorophyll [36]. In addition, senescence starts early in plants grown under long-term high temperatures and high CO2 conditions [37]. Therefore, these results confirm that the chlorophyll content of the C+5.7 °C treatment decreased, and early senescence was accelerated due to long-term exposure to high temperature and CO2 concentrations and early harvest.



The starch content of the C+5.7 °C treatment increased rapidly on June 27 (48 DAF) after harvest (Figure 4B). The translocation and partitioning of photosynthate are affected by sink strength. For example, in Rosaceae fruit crops, such as peaches and apples, photosynthate is stored in the leaves as starch, converted to sorbitol, and transferred to the fruit [38]. In addition, removing fruit, the sink organ, reduces photosynthesis [36], and assimilate accumulation in leaves increases [39]. These results suggest that, despite the low photosynthetic rate of the C+5.7 °C treatment, since the fruit was removed, translocation to the sink was not required; therefore, photosynthate was not converted to sorbitol but was accumulated as starch. Excessive accumulation of assimilates, such as starch, in leaves physically restricts the light reaching the thylakoids, inhibiting the light-dependent photosynthetic step. It can also destroy the photosynthetic apparatus [40], and the accumulation of nonstructural carbohydrates reduces chlorophyll content [41]. Accordingly, the reduction in chlorophyll content in the C+5.7 °C treatment is thought to be exacerbated by large amounts of accumulated starch particles. Therefore, the findings confirmed that harvest was accelerated by high temperatures in the C+5.7 °C treatment, resulting in negative feedback, including decreased photosynthate translocation due to removal of fruit and inhibition of photosynthesis and destruction of photosynthetic apparatus because of starch accumulation in the leaf.




4.2. Changes in Fruit Quality According to Temperature under High CO2 Concentration


The harvest date was earlier as the temperature increased, shortening the fruit growth period. Furthermore, the fruit weight of the C+5.7 °C treatment was similar to that of the control, but that of the C+3.4 °C treatment increased by 24% of the control (Table 2). In peaches, the temperature of the fruit growing season affects the harvest date and fruit growth, size, and quality at harvest [42]. In fruit crops, such as peaches [43] and grapes [44], harvest is advanced due to the increased temperature during the growing season. Additionally, the spring temperature within 30 days after flowering can be used to predict the harvest date of peaches, and high temperatures increase the rates of fruit growth but shorten the growing days [45]. Our results show that temperature elevation by 3.4 °C increases fruit weight by increasing fruit growth and photosynthetic rates, and that temperature elevation by 5.7 °C shortens the fruit growth period with decreasing photosynthetic rates. Fruit growth is also affected by CO2 concentration and is promoted as CO2 concentration increases up to the CO2 saturation point. Under ambient CO2 concentration conditions (400 μmol·mol−1), temperature elevation by 3.4 °C increased the fruit weight of ‘Mihong’ peaches by 10% compared with that of the control, whereas temperature elevation by 5.7 °C decreased fruit weight by 11% [43]. However, decreased fruit weight due to high temperature was ameliorated under high CO2 conditions in pears [26] and grapes [46]. Our results also show that the fruit weight of the C+5.7 °C treatment recovered to control levels due to high CO2 concentrations (700 μmol·mol−1). Therefore, these results suggest that the negative effect of fruit weight reduction due to the 5.7 °C temperature increase was mitigated by the high CO2 concentration.



The soluble solid content decreased, and acid content increased as temperature increased (Table 2). Soluble solids and acid contents are affected by growth temperature and CO2 concentration [47]. Under high CO2 conditions, the soluble solid content of tomatoes increased [48], that of strawberries increased, and their acid content decreased [49]. However, the soluble solid content of strawberries and tomatoes decreased as temperature increased [50,51], and there was a strong negative correlation between temperature and soluble solid content [52]. Our results also showed that the soluble solid content decreased with increasing temperature in a trend similar to that of previous studies. The color of the fruit skin is also affected by the external environment, including light and temperature [53], and in several crops, the anthocyanin content of the fruit skin decreases as temperature increases [54,55]. However, in the present study, the a* value, which indicates red color, was the highest in the C+3.4 °C treatment, whereas the L* and b* values were the lowest (Table 2). As apples reach maturity, ethylene concentration and pigmentation increase; ethylene content and anthocyanin accumulation are highly correlated [56]. Therefore, it is supposed that in the current study, maturity was quickly reached as temperature increased, and red coloration was promoted due to increasing ethylene.



Taken together, under high CO2 conditions (700 μmol·mol−1), temperature elevation by 3.4 °C improves fruit quality, including fruit weight, size, acid content, and skin color. In contrast, temperature elevation by 5.7 °C or more decreases fruit quality, including fruit weight and soluble solid content. In addition, temperature elevation by 5.7 °C accelerated harvest and shortened the fruit growth period, but fruit weight was maintained at control levels due to high CO2 concentrations (700 μmol·mol−1).




4.3. Changes in Floral Bud Differentiation According to Temperature under High CO2 Concentration


The floral bud differentiation of fruit trees depends on environmental conditions, such as weather conditions and cultivation methods, and its level affects the yield of the following year [57]. As the temperature increased, the number of floral and total buds decreased, and floral bud differentiation in the C+5.7 °C treatment was the lowest (Table 4). The floral bud differentiation of peaches begins in early summer, and after dormancy, the formation of flower organs is completed in winter [58]. However, floral bud differentiation may start earlier in warm regions but may be inhibited by high temperatures [59]. Therefore, our results show that although the initiation of floral bud differentiation was accelerated by the 5.7 °C temperature increase, flower development was abnormal due to the high temperature.



Floral bud differentiation is affected by nutrient accumulation, and flower differentiation and development are reduced by high N concentrations, i.e., a low C/N ratio [60]. In the present study, the C/N ratio decreased as temperature increased, being the lowest in the C+5.7 °C treatment (Table 5). This decrease in the C/N ratio was due to the high N content in the C+5.7 °C treatment, and N absorption increased seemingly as a result of increased irrigation due to high temperature [61]. Moreover, floral bud differentiation and vegetative growth compete, and when vegetative growth is vigorous, floral bud differentiation is reduced [62]. In the present study, the shoot length of the elevated temperature treatments increased relative to that of the control, and vegetative growth appeared to be dominant (Table 3). Vigorous shoot growth can reduce light penetration, and it is hypothesized that floral bud differentiation is suppressed due to light blocking [63]. In addition, low chlorophyll content and early defoliation were confirmed in the C+5.7 °C treatment at the late growth stage (Figure 4). Floral bud differentiation is reduced following the timing and intensity of early defoliation in various crops [64,65]. Therefore, it is presumed that the C+5.7 °C treatment reduced the floral bud differentiation rate due to the low C/N ratio, vegetative growth dominance, and early defoliation. However, a detailed analysis of growth, including node length and vegetative growth, should be performed in future research.





5. Conclusions


Temperature elevation by 3.4 °C relative to the control (current situation) under high CO2 concentrations (700 μmol·mol−1) increased the net photosynthetic rate and chlorophyll, thereby improving fruit quality by increasing fruit weight and size and enhancing pigmentation of the early-maturing ‘Mihong’ peach variety. In addition, the appropriate C/N ratio due to the high carbohydrate content had a positive effect on floral bud differentiation rate. However, temperature elevation by 5.7 °C decreased the net photosynthetic rate due to an increased respiration rate, rapidly decreased chlorophyll content, and increased starch accumulation in the leaf. In addition, the floral bud differentiation rate was decreased because of the low C/N ratio, vegetative growth dominance, and early defoliation. Fruit quality also deteriorated due to decreased fruit weight and soluble solid content. However, fruit size at the control level was maintained due to the high CO2 concentration (700 μmol·mol−1). Consequently, following the climate change scenario RCP 8.5 under 700 μmol·mol−1 CO2 concentration conditions in the mid-21st century, a temperature increase of 5.7 °C will decrease the physiological response, fruit quality, and floral bud differentiation of the early-maturing peach cultivar ‘Mihong,’ and also reduce its yield in the following year.
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Figure 1. Application of diurnal temperature fluctuation during the experimental period. The solid line, dotted line and dashed line represent control, C+3.4 °C and C+5.7 °C respectively. I, the first 10 days of a month; II, the middle 10 days of a month; III, the last 10 or 11 days of a month. 
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Figure 2. Changes in net photosynthetic rate (A), stomatal conductance (B), intercellular CO2 concentration (C), transpiration rate (D) at 1200 μmol∙m−2∙s−1 under different temperatures and a carbon dioxide concentration of 700 μmol·mol−1 during the 2019 growing season. The solid circle, square and triangle represent control, C+3.4 °C and C+5.7 °C respectively. Vertical bars represent the standard error of means from five replications. The asterisks * and ** indicate significant difference at p ≤ 0.05 and p ≤ 0.01, respectively. 
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Figure 3. Light-curve of peach trees grown under different temperatures and a carbon dioxide concentration of 700 μmol·mol−1 on 20 May (10 DAF) and 27 June (48 DAF). The solid circle, square and triangle represent control, C+3.4 °C and C+5.7 °C respectively. Vertical bars represent the standard error of means from five replications. The asterisks * and ** indicate significant differences at p ≤ 0.05 and p ≤ 0.01, respectively. 
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Figure 4. Changes in chlorophyll (A) and starch contents (B) in the leaves of peach trees grown under different temperatures and a carbon dioxide concentration of 700 μmol·mol−1 during the 2019 growing season. The solid circle, square and triangle represent control, C+3.4 °C and C+5.7 °C respectively. Vertical bars represent the standard error of means from three replications. The asterisks * and *** indicate significant differences at p ≤ 0.05 and p ≤ 0.001, respectively. 
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Figure 5. Flowering of peach trees grown under different temperatures and a carbon dioxide concentration of 700 μmol·mol−1 on 10 April 2020. Left, Control; Middle, C+3.4 °C; Right, C+5.7 °C. 
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Table 1. Changes in the photosynthetic parameters of ‘Mihong’ peaches affected by elevated temperature under a carbon dioxide concentration of 700 μmol·mol−1.






Table 1. Changes in the photosynthetic parameters of ‘Mihong’ peaches affected by elevated temperature under a carbon dioxide concentration of 700 μmol·mol−1.





	
Date

	
Treatment

	
Maximum Photosynthetic

Rate

(μmol∙m−2∙s−1)

	
Dark

Respiration

(μmol∙m−2∙s−1)

	
Apparent

Quantum Yield

(mol∙mol−1)

	
Light Compensation Point

(μmol∙m−2∙s−1)

	
Light Saturation Point

(μmol∙m−2∙s−1)






	

	
Control

	
15.15 a z

	
5.11 a

	
0.063 a

	
94 a

	
1062 a




	
20 May

(10 DAF y)

	
C+3.4 °C

	
15.12 a

	
5.24 a

	
0.062 a

	
97 a

	
1076 a




	

	
C+5.7 °C

	
12.69 ab

	
5.29 a

	
0.062 a

	
103 a

	
984 a




	
27 June

(48 DAF)

	
Control

	
4.76 b

	
4.55 a

	
0.022 c

	
316 a

	
1639 a




	
C+3.4 °C

	
8.24 a

	
4.99 a

	
0.036 b

	
175 a

	
1274 a




	
C+5.7 °C

	
3.25 b

	
5.22 a

	
0.050 a

	
190 a

	
700 b




	
Significance

	
Temperature (A)

	
***

	
NS

	
***

	
NS

	
***




	
Date (B)

	
***

	
NS

	
***

	
***

	
NS




	
A × B

	
NS

	
NS

	
***

	
NS

	
***








Z Mean separation within a column in each date by Duncan’s multiple range test at p ≤ 0.05. NS and *** indicate non-significant and significant at p ≤ 0.001, respectively, following a two-way ANOVA with temperature and harvest date as factors of variability. y Mean days after foliation.
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Table 2. Harvest dates and the fruit quality of ‘Mihong’ peaches affected by elevated temperature under a carbon dioxide concentration of 700 μmol·mol−1.
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	Treatment
	Harvest

Date
	Fruit

Weight

(g)
	Fruit

Length

(mm)
	Fruit

Width

(mm)
	Firmness

(N)
	Soluble

Solids Content

(Bx)
	Acid

Content

(%)
	L*
	a*
	b*





	Control
	6.28.
	127.3 b z
	60.5 b
	61.4 b
	2.92 b
	14.12 a
	0.168 b
	66.9 a
	17.2 b
	23.2 a



	C+3.4 °C
	6.24.
	158.2 a
	63.2 a
	69.6 a
	3.99 b
	13.26 b
	0.206 a
	62.1 b
	24.5 a
	20.2 b



	C+5.7 °C
	6.19.
	129.5 b
	59.8 b
	62.2 b
	5.60 a
	13.19 b
	0.202 a
	63.5 b
	23.9 a
	20.7 b







Z Mean separation within a column by Duncan’s multiple range test at p ≤ 0.05, following a one-way ANOVA.
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Table 3. Growth characteristics of ‘Mihong’ peaches as affected by elevated temperatures under a carbon dioxide concentration of 700 μmol·mol−1.
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	Treatment
	TCA Increase

(cm2)
	Leaf Area

(cm2/ea)
	Number of Shoots

Per Tree
	Shoot Length

(cm)





	Control
	0.77 a z
	26.8 a
	74.2 a
	7.1 b



	C+3.4 °C
	0.60 a
	29.9 a
	60.5 ab
	15.7 a



	C+5.7 °C
	1.06 a
	26.2 a
	52.5 b
	16.1 a







Z Mean separation within a column by Duncan’s multiple range test at p ≤ 0.05, following a one-way ANOVA.
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Table 4. The number of flowers and leaf buds of ‘Mihong’ peaches affected by elevated temperatures under a carbon dioxide concentration of 700 μmol·mol−1.
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	Treatment
	Floral Buds

(ea)
	Leaf Buds

(ea)
	Total Buds

(ea)
	Floral/Total Bud

(%)





	Control
	435 a z
	185 b
	620 a
	70.2 a



	C+3.4 °C
	321 a
	249 ab
	570 a
	53.2 ab



	C+5.7 °C
	187 a
	254 a
	440 a
	41.3 b







Z Mean separation within a column by Duncan’s multiple range test at p ≤ 0.05, following a one-way ANOVA.
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Table 5. Carbon and nitrogen concentrations and C/N ratios of 1-year-old ‘Mihong’ peach shoots affected by elevated temperatures and a carbon dioxide concentration of 700 μmol·mol−1.
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	Treatment
	T-C (%)
	T-N (%)
	C/N





	Control
	28.52 b z
	0.49 b
	60.4 a



	C+3.4 °C
	30.98 a
	0.59 ab
	53.4 a



	C+5.7 °C
	29.06 ab
	0.65 a
	44.9 a







Z Mean separation within a column by Duncan’s multiple range test at p ≤ 0.05, following a one-way ANOVA.
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